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Abstract
Objective
To determine whether free water (FW) content, initially developed to correct metrics derived
from diffusion tensor imaging and recently found to be strongly associated with vascular risk
factors, may constitute a sensitive biomarker of white matter (WM)microstructural differences
associated with cognitive performance but remains unknown.

Methods
Five hundred thirty-six cognitively diverse individuals, aged 77 ± 8 years, received yearly
comprehensive clinical evaluations and a baseline MRI examination of whom 224 underwent
follow-up MRI. WM microstructural measures, including FW, fractional anisotropy, and mean
diffusivity corrected for FW andWM hyperintensity burden were computed within WM voxels
of each individual. Baseline and change inMRI metrics were then used as independent variables
to explain baseline and change in episodic memory (EM), executive function (EF), and Clinical
Dementia Rating (CDR) scores using linear, logistic, and Cox proportional-hazards
regressions.

Results
Higher baseline FW and WM hyperintensity were associated with lower baseline EM and EF,
higher baseline CDR, accelerated EF and EM decline, and higher probability to transition to
a more severe CDR stage (p values <0.01). Annual change in FW was also found to be
associated with concomitant change in cognitive and functional performance (p values <0.01).

Conclusions
This study finds cross-sectional and longitudinal associations between FW content and tra-
jectory of cognitive and functional performance in a large sample of cognitively diverse indi-
viduals. It supports the need to investigate the pathophysiologic process that manifests
increased FW, potentially leading to more severe WM territory injury and promoting cognitive
and functional decline.
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Cerebrovascular disease (CeVD), along with neurodegeneration
and mixed pathologies, are predominant contributors to cogni-
tive decline and risk of dementia.1,2 Nonetheless, while major
efforts have been deployed to characterize the cascade of cerebral
events associated with neurodegeneration,3 pathophysiologic
mechanisms associated with vascular disease and their chronol-
ogy have received less attention.

Recent diffusion tensor imaging (DTI) studies suggest that
DTI-derived fractional anisotropy (FA) and mean diffusivity
(MD) constitute biomarkers of subtle white matter (WM)
injury in association with vascular risk factors,4 even among
younger adults, decades before white matter hyperintensity
(WMH) appear or cognition declines.5,6 These DTI-derived
metrics, however, are likely contaminated by extracellular wa-
ter, and a method to correct DTI data for extracellular water
contamination has been proposed.7 The “extracted” extracel-
lular water content, which reflects the amount of water mole-
cules that are relatively unrestricted by their local
microenvironment referred to as free water (FW), are not only
shown to improve specificity of DTI-derivedmetrics8,9 but also
to significantly reduce their test-retest reproducibility error.10

Of interest, FW has received recent attention as a measure of
interest itself for its sensitivity to reflect cerebral injury in
association with cognition11,12 but also with vascular risk
factors in relatively healthy adult individuals.13 Given this
evidence, we examined the potential of FW to predict change
in cognitive and functional performance that is not fully
explained by neurodegeneration as measured by hippocampal
atrophy in a community-based population.

Methods
Study population
Individuals included in this study are a subgroup of the Uni-
versity of California, Davis, Alzheimer’s Disease Center co-
hort. Approximately 74% of the participants were recruited
through community-based recruitment protocols designed to
enhance racial and ethnic diversity and the spectrum of cog-
nitive dysfunction with an emphasis on normal cognition and
mild cognitive impairment (MCI).14 The other 26% of the
sample initially sought a clinical evaluation at the University of
California, Davis, Alzheimer’s Disease Center. Exclusion cri-
teria included unstable major medical illness, major primary
psychiatric disorder, and substance abuse or dependence in
the last 5 years.

The baseline MRI sample included 536 individuals who received
a standardizedMRI scan of the brain including a DTI acquisition
(table 1) close in time to initial clinical examination. Yearly clinical
and cognitive assessments were completed for nearly all subjects.
A subsample of 224 individuals from the baseline sample also
underwent one or more repeated MRI examinations.

Standard protocol approvals, registrations,
and patient consents
The institutional review boards at all participating institutions
approved this study, and individuals or their legal repre-
sentatives gave written informed consent.

Cognitive and functional outcomes
All participants received a comprehensive clinical evaluation
and neuropsychological testing from a standardized test bat-
tery on a yearly basis. The primary cognitive outcome meas-
ures in this study were executive function (EF) and episodic
memory (EM) from the Spanish and English Neuro-
psychological Assessment Scales designed specifically to
measure cognition across a broad range of cognitive abilities
and language preference.15 Mixed-model random-effects re-
gression analyses were used to model rate of change of the
cognitive outcome measures.16

The second outcome included the Clinical Dementia
Rating (CDR) scale. The CDR characterizes cognitive and
functional performance applicable to Alzheimer disease
(AD) and related dementias and is one of the most widely
used measures for determining dementia severity.17 Indi-
viduals were divided into 3 groups according to their
baseline CDR stage: 199 persons with CDR = 0 (normal
elderly without dementia), 259 with CDR = 0.5 (ques-
tionable dementia or mild cognitive impairment), and 78
with CDR ≥1 (mild to severe dementia) and into 2 groups
according to their CDR trajectory dissociating those who
transitioned between baseline and any of the follow-up
examinations to a more severe CDR state from those who
did not. Time of event was defined as the time difference
between the baseline examination date and either the ex-
amination date at which an increase of CDR was first
recorded, or, if no CDR increase occurred, the most recent
examination date available for the individual.

Image processing
All brain imaging was performed at the University of Cal-
ifornia, Davis, Imaging Research Center on a 1.5T GE Signa

Glossary
AD = Alzheimer disease; CDR = Clinical Dementia Rating; CeVD = cerebrovascular disease; EF = executive function; EM =
episodic memory; FA = fractional anisotropy; FACOR = corrected fractional anisotropy; FLAIR = fluid-attenuated inversion
recovery; FOV = field of view; FSL = FMRIB’s Software Library; FW = free water;MCI = mild cognitive impairment; MD =
mean diffusivity;MDCOR = correctedmean diffusivity;NAWM = normal-appearing white matter;OR = odds ratio;TCV = total
cranial volume; TE = echo time; VaD = vascular dementia; WM = white matter; WMH = white matter hyperintensity.

e2222 Neurology | Volume 92, Number 19 | May 7, 2019 Neurology.org/N

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


Horizon LX-Echospeed system (GE Healthcare, Waukesha,
WI). Three sequences were used: a 3-dimensional T1-
weighted coronal spoiled gradient-recalled echo acquisition
(inversion recovery–prepped, echo time [TE] = 1.9 milli-
seconds [ms], flip angle = 20°, field of view [FOV] = 24 cm,
matrix = 256 × 256, 124 contiguous slices, slice thickness =
1.6 mm), an axial-oblique 2-dimensional fluid-attenuated in-
version recovery (FLAIR) fast spin echo sequence (TE = 144
ms, repetition time = 11,000 ms, TI = 2,250 ms, flip angle =
90°, FOV = 22 cm, matrix = 256 × 192, contiguous slices, slice
thickness = 3 mm), and DTI using the diffusion-weighted
echo-planar sequence (TE = 94 ms, repetition time = 8,000
ms, flip angle = 90°, FOV = 22 cm, matrix = 128 × 128, slice
thickness = 5 mm). Diffusion-weighted images were gener-
ated using gradients applied in 6 directions, repeated 4 times,
given by (Gx,Gy,Gz) = (1,1,0), (1,−1,0), (1,0,1), (1,0,−1),
(0,1,1) (0,1,−1) with total gradient diffusion sensitivity mea-
sured at b = 1,000 s/mm2.

We used DTI measures of FW content, of FW-corrected
fractional anisotropy (FACOR), and FW-corrected mean dif-
fusivity (MDCOR). Briefly, DTIs were first preprocessed using
FMRIB’s Software Library (FSL) software tools,18 including
correction for eddy current–induced distortions and partici-
pant head movements. Individual uncorrected FA maps were
coregistered to the FSL FA DTI template using linear and
nonlinear transformations. Resulting transformation
parameters were inversed and applied to the FSL WM labels
atlas to provide a mask ofWM region in the native DTI space

of the individual. For each individual, overall measures of
mean FW, FACOR, and MDCOR were computed by super-
imposing individual WM masks onto the respective in-
dividual DTI-derived maps and averaging values within
these WM voxels.

In addition, we included hippocampal volume as a measure of
neurodegeneration. Segmentation of WMH, hippocampus,
and total cranial volume (TCV) were performed from FLAIR
designed to enhance WMH segmentation19 and T1-weighted
images by automated procedures previously described and
which demonstrates high interrater reliability.14,20,21 For each
individual, overall WMH burden and hippocampus volume
were computed and normalized by TCV to account for dif-
ferences in head volume. Resulting WMH burden was also log-
transformed to normalize population variance. WMH maps
were finally coregistered onto the native DTI space of the
individual and subtracted from the WM mask to generate
a mask of normal-appearing WM (NAWM).

Baseline FW, FACOR, MDCOR, andWMHwere defined as the
mean FW, FACOR, and MDCOR and WMH burden available
at the first MRI date. Individual annual change in FW, FACOR,
MDCOR, and WMH was computed using mixed-model
random-effects regressions.

Statistical analysis
The goal of this study was to explore the sensitivity of FW,
FACOR, and MDCOR and WMH burden to predict variability

Table 1 Patient characteristics

Baseline MRI only Baseline + follow-up MRI p Value

No. 312 224 —

Age, y 77.73 (7.65) [55.44; 96.07] 76.33 (7.74) [50.01; 94.73] 0.039

Female 164 (52.6) 142 (63.4) <0.001

Hypertension 227 (73.9) 151 (71.2) <0.001

Diabetes mellitus 103 (33.9) 66 (29.9) <0.001

CDR 0.52 (0.53) [0; 3] 0.3 (0.34) [0; 2] <0.001

Episodic memory 85.47 (17) [36.15; 131.68] 92.35 (17.64) [36.96; 140.02] <0.001

Executive function 88.61 (18.31) [20.99; 135.04] 95.42 (16.24) [47.87; 146.59] <0.001

FA 0.501 (0.032) [0.4; 0.873] 0.502 (0.021) [0.461; 0.65] 0.71

FW 0.225 (0.051) [0.132; 0.441] 0.204 (0.041) [0.12; 0.32] <0.001

MD 0.587 (0.02) [0.541; 0.85] 0.587 (0.011) [0.55; 0.69] 0.89

Hippocampus, % TCV 1.2 (1.4) [0.03; 9.99] 0.9 (1.05) [0.03; 5.99] <0.001

WMH, % TCV 0.44 (0.06) [0.23; 0.58] 0.46 (0.06) [0.27; 0.59] 0.0027

TCV, mm3 1,302.72 (141.81) [999.58; 1,756.22] 1,284.76 (131.32) [964.66; 1,650.27] 0.13

Abbreviations: CDR = Clinical Dementia Rating; FA = fractional anisotropy; FW = free water; MD = mean diffusivity; TCV = total cranial volume; WMH = white
matter hyperintensities.
Data are presented as mean (SD) [range] or n (%).
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in cognitive and functional performance, as well as to predict
longitudinal trajectory of these measures. We addressed this
objective by investigating associations described below. All
models were adjusted for baseline age, sex, education level,
hypertension, diabetes mellitus status, and TCV. Hippo-
campus volume was also used as an additional covariate to
control for variability in cognitive and functional perfor-
mance associated with neurodegeneration.22 Continuous
measures were standardized to facilitate regression co-
efficient comparisons.

Baseline associations between MRI measures and
cognitive and functional performances
Model 1 used linear regression for continuous measures (EM
and EF) and multinomial logistic regression for categorical
variables (i.e., CDR stage) using baseline scores of EM and EF
and CDR stage as dependent variables and, in separate
models, each of baseline mean FW, FACOR, MDCOR, and
WMH burden as independent variables.

Baseline MRI measures as predictor of change in
cognitive and functional performances
Model 2 used linear regression models for continuous
measures (EM and EF) and Cox proportional-hazards re-
gression models for categorical variables (i.e., CDR increase
status). Annual change in EM and EF as well as time to event
of CDR increase constituted the dependent variables. Each of
the 4 MRI metrics was used in a separate model as the in-
dependent variable.

Concomitant change in MRI measures and cognitive
and functional performances
Model 3 consisted of model 2’s design but with the addition of
annual change in eachMRI metric as an independent variable,
along with the corresponding baseline MRI metric.

Replication in individuals free of dementia
To ensure that associations between MRI measures and EM
and EFs were not overestimated by inclusion of individuals
with dementia in the analysis, we replicated models 1, 2, and 3
including only individuals with a baseline CDR ≤0.5.

Mediation analyses
Because FW appeared to be a more sensitive measure of
cognitive and functional performance than WMH (table 2),
we conducted mediation analyses23 to investigate whether the
independent associations between measures of cognitive and
functional performance and WMH were still significant after
including FW as a mediator. Finally, we also investigated
whether the associations between measures of cognitive and
functional performance with FW persisted when mean FW
was computed within NAWM voxels only.

Data availability
The data from this Alzheimer’s Disease Center, University of
California, Davis, used in the present study are made publicly
available through request via the study’s website (ucdmc.
ucdavis.edu/alzheimers/).

Results
Demographics
As compared with individuals who underwent at least 2 MRI
examinations, individuals who underwent a baseline MRI
examination only were older, had higher baseline CDR, lower
EM and EF scores, larger WMH burden, larger hippocampus,
and higher mean FW (table 1). The proportion of males and
of individuals with hypertension and diabetes was lower in the
longitudinal sample.

Baseline associations between MRI measures
and cognitive and functional performances
Larger baseline FW andWMHwere found to be associated
with worse concomitant baseline EM (β = −0.16, p =
0.0014, and β = −0.14, p = 0.0012, respectively; table 2)
and EF (β = −0.29, p < 0.001, and β = −0.17, p < 0.001,
respectively).

Multinomial logistic regressions revealed a strong effect of
baseline FW and a weaker effect of WMH on baseline CDR
severity (χ = 20.22, p < 0.001, and χ = 6.98, p = 0.030,
respectively). CDR stage-by-stage comparisons indicated that
an increase in 1 SD of baseline FW almost doubled the risk of
having a CDR of ≥1 rather than 0.5 (odds ratio [OR] = 1.87,
p < 0.001, 95% CI 1.30–2.72; table 2) and tripled the risk of
having a CDR of ≥1 rather than 0 (OR = 3.14, p < 0.001,
95% CI 1.89–5.55). An increase in 1 SD baseline WMH was
found to increase by 61% the risk of having a CDR of ≥1
rather than 0 (OR = 1.61, p = 0.035, 95% CI 1.04–2.56).
Figure 1 illustrates these associations.

Baseline MRI measures as predictor of change
in cognitive and functional performance
Larger baseline FW and WMH burden were found to predict
accelerated decline in EM (β = −0.17, p = 0.0012, and β =
−0.18, p < 0.001, respectively; table 2) and EF (β = −0.33, p <
0.001, and β = −0.21, p < 0.001, respectively). Larger baseline
MDCORwas found to be associated with accelerated decline in
EM (β = −0.13, p = 0.035).

Cox proportional-hazards regression revealed that larger
baseline FW and WMH burden increased the risk of
shifting to a more severe CDR state over time (hazard
ratio = 1.40, p < 0.001, 95% CI 1.18–1.66, and hazard
ratio = 1.23, p = 0.011, 95% CI 1.05–1.43; table 2).
Figure 2 illustrates the associations between baseline FW
and WMH burden and trajectory of cognitive and func-
tional performance.

Concomitant change in MRI measures and
cognitive and functional performance
Among the 4 MRI metrics, only change in FW was related to
change in cognitive performance (table 2) with a larger in-
crease in FW being associated with concomitant accelerated
decline in EM and EF (β = −0.34, p < 0.001, and β = −0.38, p <
0.001, respectively).
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Among the 4MRI metrics, none was found to be related to an
increased risk of shift to a more severe CDR state over time
(table 2).

Effect of hippocampal volume on cognition
As described in the methods section, all analyses were per-
formed adjusting for age, sex, education, diabetes, hyperten-
sion, TCV, and hippocampal volume to account for effect of
degeneration on cognitive and functional measures. Although
the present study did not aim to investigate these specific
associations, we performed preliminary models that did not
include WM microstructure measures. Hippocampal volume
was significantly associated with both cognitive measures
(table 3). Including FW in the models with hippocampal
measures neither altered the significance nor the regression
coefficient for hippocampus substantially. For example, the
relationship between hippocampal volume and baseline EM
was β = 0.44, p < 0.001, with only hippocampus in the model
and β = 0.41, p < 0.001, with the addition of FW. Similarly,
omitting hippocampal volume did not significantly change
association strength between FW and cognitive outcomes.
These results suggest that these 2 variables are measuring
relatively independent processes.

Additional analyses
Excluding individuals with advanced stage of cognitive im-
pairment did not significantly alter associations between MRI

metrics and cognitive performance described above (data not
shown).

Figure 3 summarizes results of the mediation analyses in-
vestigating whether significant direct effects of baselineWMH
on cognition and CDR in models 1 and 2 may be mediated by
FW. After including FW as a mediator, effects of WMH were
no longer significant. Mediation effects, as well as mediator’s
direct effects were found to be strongly significant (p values
<0.01). These results suggest that effect of WMH burden on
cognitive and functional performance and on their rate of
change, as shown in models 1 and 2, are fully mediated by FW
content. Reversed mediation using baseline FW as the pre-
dictor and WMH as the mediator did not reveal mediation
effect of baseline WMH on associations between baseline FW
and cognitive and functional output (data not shown).

Similarly, computing mean FW in NAWM voxels did not
affect the associations reported above. Baseline FW remained
significantly associated with EM and EF (β = −0.87, p = 0.37,
and β = −0.21, p < 0.001, respectively). FW also remained
significantly associated with accelerated decline in EM and EF
(β = −0.13, p = 0.0046, and β = −0.23, p < 0.001, respectively),
baseline CDR severity (χ = 16.23, p < 0.001), and increased
risk of shifting to a more severe CDR state over time (OR =
1.2, p = 0.0089, 95% CI 1.05–1.38).

Table 2 Cross-sectional and longitudinal associations between MRI metrics and cognitive and functional performance

Baseline FW
Baseline
FA

Baseline
MD

Baseline
WMH

Change in
FW

Change in
FA

Change in
MD

Change in
WMH

Baseline episodic
memory

−0.16a 0.0012 −0.051 −0.14a — — — —

Baseline executive
function

−0.29b 0.004 −0.064 −0.17b — — — —

Change in episodic
memory

−0.17a −0.024 −0.13c −0.18b −0.34b 0.13 0.11 −0.088

Change in executive
function

−0.32b −0.043 −0.046 −0.21b −0.38b 0.14 0.12 −0.065

Baseline CDR

0.5 vs 0 1.29 [0.98;
1.71]

0.86 [0.67;
1.1]

0.99 [0.78;
1.26]

1.27 [1; 1.62] — — — —

≥1 vs 0.5 1.87b [1.3;
2.72]

1.1 [0.81;
1.52]

1.01 [0.73;
1.41]

1.27 [0.89;
1.82]

— — — —

≥1 vs 0 3.14b [1.89;
5.55]

0.88 [0.62;
1.26]

0.88 [0.59;
1.3]

1.61c [1.04;
2.56]

— — — —

Transition to more
severe CDR

1.4b [1.18;
1.66]

1.04 [0.92;
1.19]

1.12 [0.99;
1.26]

1.23c [1.05;
1.43]

1.18 [0.94;
1.49]

0.83 [0.66;
1.05]

1.04 [0.82;
1.31]

1.04 [0.85;
1.27]

Abbreviations: CDR = Clinical Dementia Rating; FA = fractional anisotropy; FW = free water; MD = mean diffusivity; WMH = white matter hyperintensities.
Statistics relating cognitive and functional performances to baseline and annual change inMRImetrics, including FW, FA,MD, andWMH. For episodicmemory
and executive function, statistics are expressed as standardized regression coefficients from the linear regressions. For baseline CDR stage and transition to
more severe CDR, statistics are expressed as odds and hazard ratios, and their respective confidence interval, from the multinomial linear and Cox
proportional-hazards regressions.
a p < 0.01.
b p < 0.001.
c p < 0.05.
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For illustration only, maps of mean FW computed across all
individuals, as well as mean FW difference according to CDR
stage, are shown in figure 4.

Discussion
The main finding of this large longitudinal DTI study is that,
among the 4 MRI metrics of overall WM microstructure,
including FACOR andMDCOR, FW andWMH, FW content in
WM features as the strongest predictor of cognitive and
functional trajectories among older individuals, even when
accounting for the effect of hippocampal volume, a frequently
used measure of neurodegeneration.22 A second important
finding is that the effect of FW on cognitive and functional
performance prevails over that of WMH, to the extent that
FW measures fully mediate WMH associations with cogni-
tion. Third, WM FW and WMH appear to measure patho-
logic processes different from conventional measures of
neurodegeneration (i.e., hippocampus). Finally, our analyses
did not reveal associations between overall measures of
FACOR and MDCOR, cognitive and functional performance.
We discuss the significance of these findings below.

Increasing numbers of DTI studies have reported that cor-
recting for extracellular water content improves sensitivity of
conventional FA and MD and thus shows that correction for
extracellular water content is a promising method to identify
more subtle changes in WM microstructure.7,10 Of interest,
however, the resulting extracted water content, referred to as
FW, has only recently received attention as an independent
measure of cerebral injury, with preliminary studies of indi-
viduals with Parkinson disease, schizophrenia, or genetic and
sporadic small vessel disease.12,24,25 The underlying patho-
logic process by which extracellular water occurs, however, is
unknown, and no study to date has explicitly investigated
whether increased FW may result from processes linked to
neurodegeneration, vascular disease, or both. Although ex-
tracellular water may originate from different physiologic
mechanisms, CSF diffusion, perfusion effects (signal coming
from plasma), atrophy (signal coming from CSF), edema,
neuroinflammation, and microscopic degradation/cellular
density, MRI and histologic studies support its in-
terpretation as mainly age-dependent interstitial water
fraction.26,27 Although this question did not constitute the
objective of our study, previous findings from our laboratory

Figure 1 Association between baseline MRI-derived metrics and cognitive and functional performance

Association between baseline mean (A) FW and (B) WMH burden and baseline episodic memory, executive function, and CDR scale. CDR = Clinical Dementia
Rating; FW = free water; TCV = total cranial volume; WMH = white matter hyperintensity.
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support the hypothesis of vascular disease involvement in
association with increased WM FW. For example, we recently
showed that, among healthy adults, FW was strongly associ-
ated with perturbed hemodynamic function, as expressed by
elevated blood pressure and increased arterial stiffness,13

which, in addition to advancing age, rank as the top-2 risk
factors for vascular brain injury. This finding among a group of
relatively young individuals (51 years of age on average) in
whom cerebral atrophy andWMH likely have a less significant
effect on WM microstructure led us to postulate

Figure 2 Association between baseline MRI-derived metrics and change in cognitive and functional performance

Association between baseline mean (A) FW and (B) WMH burden and annual changes in episodic memory and executive function and survival function to
transition in the CDR stage. Survival probability to CDR increase is displayed for different levels of baseline FWandWMHusing tertiles. Because survival time is
a continuousmeasure, the number of individuals at risk is reported on a 2-year interval basis and indicated, for each corresponding interval, above the x-axis.
CDR = Clinical Dementia Rating; FW = free water; TCV = total cranial volume; WMH = white matter hyperintensity.

Table 3 Hippocampal volume was significantly associated with both cognitive measures

FW effect Hippocampus effect

Hippocampus
included

Hippocampusnot
included FW included

FW not
included

Baseline episodic memory −0.16a −0.23b 0.41b 0.44b

Baseline executive function −0.29b −0.33b 0.23b 0.28b

Change in episodic memory −0.17a −0.26b 0.39b 0.43b

Change in executive function −0.32b −0.38b 0.29b 0.35b

Abbreviation: FW = free water.
Standardized regression coefficients for the linear regressions relating baseline FW and baseline hippocampus volumes to baseline and change in episodic
memory and executive function performances, including or not FW and hippocampus in the models.
a p < 0.01.
b p < 0.001.

Neurology.org/N Neurology | Volume 92, Number 19 | May 7, 2019 e2227

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


a biomechanical model of brain injury wherein increasing
arterial stiffness results in transmitted pressure waves to high-
resistance cerebral vessels resulting in endothelial injury,
subtle breakdown of the blood-brain barrier, transudation of
FW that either introduces toxic serum cytokines or reduces
the clearance of interstitial toxins that lead to breakdown of
WM microstructure, eventually leading to WMH and in-
creased risk of MCI and dementia.28 Further longitudinal
studies are needed to test this hypothesis.

Our study also showed that baseline FW content and WMH
burden were both associated with concomitant measures of
cognition and function in this large sample of older individ-
uals. Associations between WMH and cognitive performance
have been widely reported in cognitively normal
individuals,29,30 as well as in individuals with MCI or AD.31–34

Our results support the hypothesis that, in older individuals,
larger baseline WMH burden is associated with worse cog-
nitive and functional performance as well as accelerated de-
cline in cognition and functional status. We did not find an
association between the rate of change inWMH and cognitive
and functional trajectory, confirming previous findings35 and
contrasting with others,36 emphasizing the need to identify
new biomarkers sensitive to early and subtle change in WM
microstructure.

Of note, FW was found to fully mediate the effects of WMH,
which feature as a common biomarker of vascular disease. The
mediating effect of FW on WMH, while not biological proof,
does suggest that the 2 measures may reflect similar physio-
logic processes. Again, further study is needed to confirm such
a hypothesis.

In addition to various DTI measures, we included hippo-
campal volume as a covariate to account for neuro-
degeneration in all of the models.22 A deleterious effect of FW
on cognition and function persisted, supporting our hypoth-
esis that FW indicates a pathologic change in WM micro-
structure and suggesting an independent and additive role of
FW as a mediator of cognitive ability.

The present study suggests that FWmay constitute a new and
promising candidate to quantify WM territory injury in as-
sociation with cognitive and functional outcomes. Reports
using the FW metric as a marker of WM territory injury to
study AD and other dementias are rare. This cross-sectional
study found that FW was associated with dementia severity in
a sample of 115 individuals with mixed vascular and neuro-
degenerative dementia,11 including patients with AD, with
AD + CeVD, and vascular dementia (VaD). Their findings
indicated that patients with AD + CeVD and VaD had higher
FW content than patients with AD, who in turn had higher
FW than controls. In addition, among individuals with AD +
CeVD, VaD, and AD, increased FW was also found to be
associated with a more severe CDR stage and poorer execu-
tive functioning, visual construction, and visuomotor perfor-
mance. These results indicate that FW measures, while
generally differing from cognitively normal individuals, also
may be capable of distinguishing vascular disease from neu-
rodegenerative processes and they also reinforce the notion
that extracellular water in the WM is a sensitive measure of
pathophysiologic processes. Our study confirmed this hy-
pothesis by extending these findings to cognitively normal
individuals and those at very early stages of cognitive and
functional impairment. Indeed, even in the subsample of 224
individuals with longitudinal MRI data, increased FW was
associated with reduced performance in EM and EF, but also
with more severe CDR. Our longitudinal analyses also high-
light that measures of FW predict future cognitive decline. In
addition to the clinical implication of these findings, our
findings call for immediate efforts to determine factors that,
besides hemodynamic alteration,13 promote extracellular
water within WM territories among normal individuals.

Another important finding is that conventional DTI metrics
corrected for extracellular water, including FACOR and
MDCOR, did not appear as significant predictors of cognitive
and functional performance. Previous studies reported asso-
ciations between cognitive and functional performance with
localized measures (i.e., at voxel- or ROI-based level) of FA or
MD with mixed results.11,37–42 It should be noted that most

Figure 3 Mediation analyses

For eachmodel, i, ci, and ci’ indicate the direct
and indirect effects of the predictor (i.e.,
baselineWMH), βi themediation effect by the
mediator (i.e., baseline FW), bi the effect of
the mediator, and ai the effect of the pre-
dictor on the mediator. Outcomes included
baseline episodic memory and executive
functions (i = 1 and i = 2, respectively), change
in episodic memory and executive functions
(i = 3 and i = 4, respectively), baseline risk of
having a CDR of ≥1 rather than 0 (i = 5), and
survival time linked to an increase in CDR (i =
6). Coefficients for models 1 to 4, 5, and 6
represent standardized regression, odds and
hazard ratio coefficients, respectively. *p <
0.05; **p < 0.01; ***p < 0.001. CDR = Clinical
Dementia Rating; FW = free water; WMH =
white matter hyperintensity.
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studies used DTI metrics that were not corrected for extra-
cellular water. A large, recent study including individuals with
genetic and sporadic small vessel disease showed that (1)
reductions and increases in conventional FA and MD, that is,
FW-uncorrected FA and MD, were mostly driven by in-
creased FW, (2) compared with FW, alterations in the tissue
compartment, that is, FACOR and MDCOR, were relatively
mild, and (3) among all imaging markers, FW showed the
strongest association with clinical deficits.12 The objective of
our study was not to investigate the legitimacy of FW-
corrected over that of FW-uncorrected FA and MD, as the
multisite longitudinal study described above provides strong
evidence of the improved test-retest reproducibility of FACOR

and MDCOR as compared to conventional FA and MD.11 We

believe that rather than invalidating results from previous
DTI studies, the concept of correcting for extracellular water
offers a deeper understanding of the underlying pathologic
process. It suggests that WM microstructure, including
myelin membranes and sheaths of axons as expressed by
FACOR and MDCOR, may be less damaged than initially
hypothesized, and that the interstitial environment may ac-
tually be preferentially affected. Although not yet fully un-
derstood, increases in the interstitial fluid compartment are
likely to be part of the cascade of events associated with
vascular disease,13 leading to cognitive decline and dementia
later in life. Furthermore, whileWMHdevelopment is one of
the last pathophysiologic manifestations of this cascade and
is likely to reflect permanent damage,43–45 it is unknown

Figure 4 FW spatial distribution maps

Average map of FW values across all individuals (gray scale)
within white matter voxels and differences in FW values
between CDR group stages (colored scale). CDR = Clinical
Dementia Rating; FW = free water.
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whether increased FW content might be potentially
modifiable.

The strengths of this study include the large cross-sectional and
longitudinal samples of mostly community-based individuals,
with quantitative and sensitive measurements of WM micro-
structure and cognitive and functional performance. However,
there are limitations including our focus on global associations
between cognitive and functional outcomes with overall MRI
measures, sidelining potential localized associations, notably with
FACOR or MDCOR, at the voxel-based level. Second, the design
of the present study does not enable identification of the com-
ponents within FW that may be implicated in the degenerative
process leading to cognitive and functional decline. Studies with
acquisition sequences dedicated to address this issue are needed.
Finally, we reported findings using mean FW, FACOR, and
MDCOR measures computed within voxels covering the entire
WM mask, independently of the presence of WMH. Additional
analyses were performed by computing these measures within
voxels of the normal-appearing WM only, that is, after excluding
regions of WMH, and the results did not differ from those
reported in the present work (data not shown). Third, mis-
registration and failure to account for variable ventricle sizes may
cause deviation of voxels within individual WMmasks into CSF-
filled regions, in which case the amount of CSF in the brain
rather than changes in interstitial water may affect the results.
Finally, we did not fully investigate the effect of neuro-
degeneration on cognitive and functional performance. We only
used hippocampal volume to account for neurodegeneration
effect and found it too had an important but independent effect
on cognitive and functional performance, as widely reported in
the literature.46 Although hippocampus volume and FW content
were independent of one another in this study, additional studies
are needed to better characterize the degree of interactions be-
tween these 2 measures.

This study found cross-sectional and longitudinal associations
between cerebral FW content and trajectory of cognitive and
functional performance, including EM, EF, and CDR scores in
a large sample of cognitively diverse individuals. Our work
supports the need for DTI studies to correct DTI metrics for
extracellular content and investigate the pathophysiologic pro-
cess that manifests through increased FW within the WM, po-
tentially leading tomore severeWM injury and possibly resulting
in subsequent accelerated cognitive and functional decline.
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