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Abstract: Aging-related differences in white matter integrity, the presence of amyloid plaques, and
density of biomarkers indicative of dopamine functions can be detected and quantified with in vivo
human imaging. The primary aim of the present study was to investigate whether these imaging-
based measures constitute independent imaging biomarkers in older adults, which would speak to the
hypothesis that the aging brain is characterized by multiple independent neurobiological cascades. We
assessed MRI-based markers of white matter integrity and PET-based marker of dopamine transporter
density and amyloid deposition in the same set of 53 clinically normal individuals (age 65–87). A mul-
tiple regression analysis demonstrated that dopamine transporter availability is predicted by white
matter integrity, which was detectable even after controlling for chronological age. Further post-hoc
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exploration revealed that dopamine transporter availability was further associated with systolic blood
pressure, mirroring the established association between cardiovascular health and white matter integ-
rity. Dopamine transporter availability was not associated with the presence of amyloid burden. Neu-
robiological correlates of dopamine transporter measures in aging are therefore likely unrelated to
Alzheimer’s disease but are aligned with white matter integrity and cardiovascular risk. More gener-
ally, these results suggest that two common imaging markers of the aging brain that are typically
investigated separately do not reflect independent neurobiological processes. Hum Brain Mapp 37:621–
631, 2016. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

In vivo human imaging is able to identify prominent
aging-related differences in brain biomarkers of white mat-
ter integrity, the presence of amyloid plaques and neuro-
transmitter functions, even in the absence of a clinically
diagnosed neurological disorder. Because of the expense
and methodological difficulties required for multimodal
imaging studies, however, the majority of human imaging
studies of the aging brain have relied on a single neurobio-
logical marker, which has led to largely parallel research
lines investigating the functional implications of specific
neurobiological cascades.

Comparisons across studies suggest that white matter
integrity, accumulation of amyloid plaques, and neuro-
transmitter cell loss, in particular of the dopamine system,
may arise from dissociable mechanisms [Buckner, 2004;
Hedden and Gabrieli, 2004; Jagust, 2013]. Imaging meas-
ures of white matter integrity correlate with cardiovascular
risk factors including hypertension and risk for stroke
[Breteler et al., 1994; Debette and Markus, 2010; Englund
et al., 2004; Fazekas et al., 1993; Jagust et al., 2008;
Longstreth et al., 1996]. Elevated amyloid burden is a bio-
marker of the amyloid plaques that are a hallmark of Alz-
heimer’s disease (AD) and is detectable in a subset of
clinically normal older adults who are at high risk to
develop AD [Klunk, 2011; Rabinovici and Jagust, 2009; Soj-
kova and Resnick, 2011; Sperling et al., 2011]. Cross-
sectional imaging studies that have investigated imaging
markers of white matter damage and amyloid deposition
in the same set of individuals have found these markers to
be independent [Hedden et al., 2012a,b, 2014; Marchant
et al., 2012; Rutten-Jacobs et al., 2011].

Imaging studies of the human dopamine system have
suggested reduced density of molecular markers at 5–10%
per decade starting from middle age [e.g., Volkow et al.,
1996, 1998]. However, there is considerable variability
around the estimates of this trajectory. Particularly in
adults over the age of 60, some studies have reported a
less steep decrease of dopamine markers compared to the
estimates for middle adulthood [Cham et al., 2008; Mozley
et al., 1999]. Post-mortem studies have confirmed notable

loss of nigrostriatal dopamine neurons in clinically normal
older adults [Fearnley and Lees, 1991] and both presynap-
tic dopamine transporter (DAT) markers and postsynaptic
receptor markers show relations with cognitive perform-
ance in aging [B€ackman et al., 2006; Li et al., 2010]. Little
is known about risk factors and neurobiological correlates
of molecular markers of the dopamine system in clinically
normal aging. The primary aim of the present study was
to investigate whether imaging-based measures of the
dopamine system constitute a cascade independent of
changes in white matter integrity and amyloid accumula-
tion. We consider this investigation important because the
results influence how we frame aging-related neurobiolog-
ical cascades in cross-sectional studies of normal brain
aging and interpret studies that focus on functional impli-
cations of single imaging markers.

Data are presented from 53 clinically normal older
adults who underwent a magnetic resonance imaging
(MRI) scan and two positron emission tomography (PET)
scans to characterize this sample in terms of white matter
integrity, amyloid burden and presynaptic DAT availabil-
ity. White matter integrity was assessed as white matter
hyperintensities (WMH) on a T2-weighted MRI scan and
as fractional anisotropy (FA) on a diffusion tensor image
(DTI). Amyloid burden was measured as 11C-PIB binding
in a large cortical areas and DAT availability was meas-
ured as 11C-Altropane binding in striatum.

To foreshadow the main results of this study, a multiple
regression analysis revealed that striatal DAT availability
was associated with measures of white matter integrity,
even after accounting for their shared association with
chronological age. We replicate this association in an inde-
pendent sample that used a different molecular marker of
the dopamine system and present two further analyses to
better understand the relation. First, we investigate
whether the association between DAT availability and
white matter integrity was specific to white matter or
reflective of a more general association between striatal
PET signal and measures of brain structural integrity [i.e.,
partial volume effects (PVE)]. For this purpose, MRI-based
measures of cortical and subcortical atrophy and measures
of striatal microstructure (T1 signal inhomogeneity and a
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T2-weighted index of striatal iron accumulation) were
computed. Second, we investigate whether an association
between DAT availability and white matter integrity could
be explained by common risk factors. Here, we specifically
investigate high blood pressure, as it is an established risk
factor for WMH and common in clinically normal older
adults.

MATERIAL AND METHODS

Participants

The sample consisted of 53 community-dwelling and clin-
ically normal older adults (28 female), who were recruited
as part of the larger Harvard Aging Brain Study [Dagley
et al., 2015]. Participants were well educated, with high
average estimated verbal IQ rating and high socioeconomic
status (Table I). The Clinical Dementia Rating (CDR) scale
was administered by a trained neuropsychologist at the
time of study enrollment in a semi-structured interview
probing six domains of cognitive and functional perform-
ance associated with AD, and corroborated by an independ-
ent collateral source [Morris, 1993]. All participants were
non-demented (CDR 5 0). Thirty-three subjects reported
current use of anti-hypertensive medication for treatment of
hypertension as prescribed by their physician. Systolic
blood pressure (BP) was assessed at study enrollment (data
missing for three subjects). Subjects with a history of neuro-
logical or psychiatric disease or who were found ineligible
for MRI were excluded. In addition, a radiologist reviewed
MRI images to rule out cortical infarcts, tumor, or other
brain abnormalities. All experimental procedures were per-
formed with the understanding and written consent of the
subject and the study was approved by the Partners Human
Research Committee.

Procedure

Participants completed one 11C-Altropane PET scan,
one 11C-PIB PET scan and one MRI session over a period
of several months (mean 5 8.36, range 1–18 months).

The 11C-Altropane PET scan was used to measure stria-
tal DAT availability [Fischman et al., 2001]. Quantification
of available DAT binding sites using PET is a marker of
the pathological state of striatal dopamine neurons in
numerous disorders including Parkinson’s disease [Brooks
and Pavese, 2011]. DAT availability in human brain is con-
sistent with known dopaminergic pathways and is most
dense in striatal presynaptic dopamine terminals.

The 11C-PIB scan was used to assess amyloid burden.
11C-PIB binds to fibrillar amyloid in cortex, and is a
marker of the pathological amyloid deposition associated
with AD [Klunk et al., 2004].

Four MRI sequences that were acquired in the same
MRI session were utilized in this study. A fluid-attenuated
recovery inversion (FLAIR) scan was used to compute

WMH, and a DTI scan to estimate voxelwise FA. WMH
and FA were used as measures of white matter integrity
and included in the analyses of primary interest, which
addressed whether striatal DAT availability is predicted
by white matter integrity and/or amyloid accumulation. A
secondary control analysis explored effects of brain struc-
ture on the PET estimates. For this purpose, whole brain,
ventricular volumes and striatal signal properties were
derived from a T1-weighted multi-echo MPRAGE and a
T2-weighted SPACE structural scan. The analyses for each
modality are described in detail below.

PET Assessments and Analysis

Both PET scans were acquired with an HR1 (CTI, Knox-
ville, TN) PET camera (3D mode, 63 adjacent slices of
2.42 mm interval, 15.2 cm axial field of view, 5.60 mm
transaxial resolution) at Massachusetts General Hospital.
At each scan, approximately 15 mCi of the radioligand
was intravenously administered as a bolus over 20–30 s.
Dynamic images were acquired in 39 frames of increasing
duration for a total of 60 min (8 3 5 s, 4 3 1 min, 27 3 2
min). PET data were reconstructed using a filtered back-
projection algorithm. Prior to the emission scans, a trans-
mission scan of 10 min was performed and photon attenu-
ation measurements were used to correct the emission
data. The participant’s head was stabilized using a beaded
cushion and velcro straps. Correction for residual head
motion was performed on the dynamic data frame for-
ward and backward to a common reference frame (frame
20) before further processing. Dynamic data from the first
8 min were averaged to create an initial uptake image. The
initial uptake image was used for normalization of native
PET space to a standard MNI PET template. Then, emis-
sion data were coregistered to standard space using the
normalization parameters obtained from the initial uptake
image. The pipeline is illustrated for an 11C-Altropane
scan in Figure 1A–C. Spatial normalizations were per-
formed in SPM8 by a two-step procedure of an initial 12-
parameter affine transformation followed by non-linear
warping (http://www.fil.ion.ucl.ac.uk/spm/software/

TABLE I. Sample descriptive

Mean Range

Age 75.6 65–87
Education (years) 15.5 8–20
Verbal IQ 121.2 89–132
Socioeconomic status 30.8 11–69
Systolic BP 141.9 109–170, N 5 50
Diastolic BP 76.2 55–104, N 5 50

Sample descriptive. Verbal IQ was based on the American
National Reading Test [Ryan and Paolo, 1992]. Socioeconomic sta-
tus was rated on a scale from 11 to 77 with lower scores indicat-
ing a higher status [Hollingshead, 1957].
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spm8/). Radioactivity concentration C was estimated as a
function of time t for a given region of interest (ROI) and
for the cerebellum, which was used as a reference region
for both tracers. The cumulative integral of the reference
region curve was plotted against the cumulative integral
of the ROI curve (normalized by Ct). The DVR corre-
sponds to the slope of this function for a time window at
which the function is linear, in this case 40–60 min [Logan
et al., 1990]. Graphical analysis methods with reference
region cerebellum have been validated against plasma-
input methods for 11C-Altropane [Fischman et al., 2001]
and 11C-PIB [Price et al., 2005].

Analyses Specific to 11C-Altropane Data

Voxelwise PVE correction of the 11C-Altropane images
was implemented using PVElab Software [Quarantelli
et al., 2004) with SPM5 (http://www.fil.ion.ucl.ac.uk/
spm/software/spm5] prior to the normalization step. For
partial volume correction, the PET and T1-weighted MRI
images were co-registered, the T1-image segmented into
brain and nonbrain, resliced to the PET voxel size and
convolved with an 8-mm point spread function. The
dynamic PET images were then corrected using the con-
volved tissue image on a voxel-by-voxel basis following
the methods described by Meltzer et al. (1990). For the
11C-Altropane data, the ROI was the striatum. While spa-
tial normalization of PET images for automatic ROI delin-
eation works reasonably well for cortex, ventricular
enlargement can significantly affect the accuracy of spatial
normalization for striatum [Reig et al., 2007]. An alterna-
tive method for ROI delineation of striatum is manual or
automatic delineation in native PET or MRI space. How-
ever, anatomical ROI estimates can be inaccurate due to
low spatial resolution or low contrast and also differ in
size between individuals, which may introduce dependen-

cies between volume measures and DVR. Here, we
defined a striatal ROI as the 1,000 voxels with the highest
signal intensity on the average emission image. A central
cerebellar region of 1,000 voxels was defined in standard
space as a reference region. The search for the top 1,000
voxels in striatum was restricted to a large area around
the striatum, fit in standard space. This approach ensured
that DVR estimation for striatum was fully automated, of
a fixed size, and not affected by moderate errors in the
registration to standard space. An example of an ROI and
the search area is shown in Figure 1D. Even though this
approach does not distinguish between subregions of the
striatum it accurately separates dopamine transporter den-
sities in clinically normal aging from pathological dopa-
mine loss (Supporting Information 1).

Analyses Specific to 11C-PIB Data

For the PIB data, the ROI was a large cortical region
including frontal, lateral parietal and temporal, and retro-
splenial cortices (the FLR region). PIB retention in the FLR
ROI is substantial in patients with diagnosed AD and has
been used as a summary measure amyloid burden in pre-
vious studies [Gomperts et al., 2008; Hedden et al., 2009,
2012a; Johnson et al., 2007]. The FLR ROI was defined on
the spatially normalized PET image as an aggregate of 60
Anatomical Automatic Labeling (AAL) regions. Cerebel-
lum was also defined by this atlas.

MRI Assessments and Analyses

MRI scans were acquired on a Siemens Tim Trio 3T
MRI scanner using a 12-channel head coil at the Athinoula
A. Martinos Center for Biomedical Imaging, Massachusetts
General Hospital.

Figure 1.

PETanalysis. Summed uptake images (0–8 min, A) were normalized to the PET MNI image (B), and

the normalization parameters applied to the summed emission image (C). The striatum region of

interest was defined as 1,000 voxels with peak radioactivity (D). The ROI is shown in grey on the

summed image, with the box surrounding it displaying the search area for the top 1,000. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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WMH Analysis

A FLAIR scan (TR 5 6,000 ms, TE 5 454 ms, 1 3 1 3

1.5 mm3 voxels) was used to compute WMH. WMH were
calculated on skull-stripped images [Smith, 2002] using
methods previously described [Wu et al., 2006]. Briefly,
initiating WMH seed regions were identified based on the
intensity histogram of the image and iteratively updated.
From the resulting WMH segmentation the total WMH
volume in mm3 was estimated within a mask defined by
the Johns Hopkins University White Matter Atlas [Wakana
et al., 2004], which was reverse normalized to the native
space of each individual’s FLAIR image.

FA Analysis

DTI images were acquired with a standard DTI
sequence with 30 diffusion encoding gradient directions
(TR 5 8,040 ms, TE 5 84 ms, TI 5 2,100 ms, 2 3 2 3 2 mm3

voxels, 64 transverse slices, b-value 5 700 s mm22). Proc-
essing of DTI data was performed in FSL v5.0.1 using
FSL’s TBSS [Smith et al., 2006]. Diffusion images were cor-
rected for eddy current distortions and simple head
motion by affine registration to the first B0 volume, and
the diffusion tensor model was fitted on skull-stripped
images at each voxel to generate fractional anisotropy (FA)
maps. FA images were registered to the FMRIB58 FA
image using a nonlinear transform and normalized FA
images from all individuals were averaged to create a
sample-specific white matter skeleton [Smith et al., 2006].
Associations between FA and DAT density were com-
puted voxelwise in a general linear model, with and with-
out WMH as a covariate.

Analysis of Brain Volumes and Striatal Signal

Properties

A T1-weighted structural scan (TR 5 2,200 ms, TI 5 1,100
ms, Image1 TE 5 1.54 ms, Image2 TE 5 3.36 ms, Image3
TE 5 5.18 ms, Image4 TE 5 7.01 ms, 1.20 mm isotropic
voxel size) and a T2 SPACE image (TR 5 2,800 ms,
TE 5 327 ms, 1.20 mm isotropic voxel size) were used to
explore and correct the potential for PVE in a post-hoc
analysis of the 11C-Altropane data. Estimates of whole
brain volume (grey matter 1 white matter), lateral ventric-
ular volume and estimated total intracranial volume were
derived from the T1-weighted images. The volumes were
computed following an automated cortical reconstruction
and volumetric segmentation performed with the Freesur-
fer image analysis suite (v 5.1.0; Fischl et al., 2002). Whole
brain volume and ventricular volume were adjusted for
estimated total intracranial volume following the methods
discussed in Buckner et al. (2004).

To investigate possible microstructural contributions to
the Altropane PET signal, we computed the standard devi-
ation of the T1 intensity and the mean T2 intensity in the

putamen (identified in the Freesurfer segmentation). Sub-
cortical T1 hypointensities are commonly observed on MRI
images in older adults and may reflect small lesions. Puta-
men intensity variation on the T1-weighted image there-
fore served as one gross, but imperfect, measure of
microstructural integrity. Another common striatal micro-
structural characteristic of aging and possible neurological
disorder is iron deposition. There is an established associa-
tion between excess iron deposition in dopaminergic neu-
rons and Parkinson’s disease [Berg et al., 2001] but it has
also been associated with AD, multiple sclerosis [Stankie-
wicz et al., 2007] and WMH [Yan et al., 2013]. Mean T2
SPACE intensity has previously been shown to be a corre-
late of brain iron concentration [Rossi et al., 2010] and was
used in the current study to investigate the association
between putamen iron deposition and striatal DAT avail-
ability. Similar to the methods described by Rossi et al. we
computed mean T2 signal intensity on the SPACE image,
normalized to the intensity of white matter using the
white matter mask derived in the FreeSurfer segmentation.

Data Transformations and Distributions

WMH, Altropane DVR in striatum, and PIB DVR in the
FLR region were used as measures of white matter integ-
rity, DAT availability, and amyloid burden, respectively.
The normality of each distribution was tested using the
Shapiro–Wilk statistic [Shapiro and Wilk, 1965]. DVR of
Altropane was normally distributed (P 5 0.75). WMH were
not (P< 0.01), but could be log-transformed into a normal
distribution (P 5 0.41). Altropane DVR values and log-
transformed WMH were used as continuous variables in
further analyses.

As the FLR DVR estimates for PIB were neither normal
(P< 0.01) nor log-normal (P< 0.01 for both groups), nor-
mal mixture modeling (http://cran.r-project.org/web/
packages/mclust/index.html) was used to identify the
distribution of the PIB DVR data in the clinically normal
participants. The data were best described by two distri-
butions and all subjects were allocated to one of the distri-
butions with a probability of� 85%. Based on this analysis,
subjects were classified as high or low amyloid burden for
further analyses (high amyloid burden: N 5 11, range 5

1.43–1.70, low amyloid burden: N 5 42, range 5 1.02–1.33).
A study that has used this approach in a larger sample of
subjects established the cut-off for high amyloid burden to
be lower (�1.20) than the distribution of the current sam-
ple of clinically normal subjects [Mormino et al., 2014]; see
Supporting Information at http://www.neurology.org/
content/82/20/1760/suppl/DC1). Based on the lower cut-
off of �1.20 for high amyloid burden, 4 of the 53 subjects
would receive a different classification. Notably, using the
lower threshold of �1.20 as a cut-off for high amyloid had
no impact on the results that we present in relation to
amyloid burden below.
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Statistical Analysis

The association of white matter integrity and amyloid
burden with DAT availability was explored in three con-
secutive regression models. The first analysis explored
whether WMH and PIB status were significant predictors
of Altropane DVR in a multiple regression analysis includ-
ing age as a covariate. Informed by the results, which
found that WMH were a significant predictor of Altropane
DVR, two follow-up models were computed. In the first,
we explored whether the association between Altropane
DVR and WMH was reflective of a shared association of
both imaging biomarkers with brain structure or striatal
microstructure, which could suggest a methodological con-
found of these methods that introduces an association. For
this purpose, we recomputed the primary regression
model with four additional variables whole brain volume,
ventricle volume, striatal T1 signal inhomogeneity and
striatal mean T2 signal. In the final multiple regression
model, we test whether the association between Altropane
DVR and WMH is explained by common risk factors
rather than methodological confounds. Here, we specifi-
cally test whether indicators of hypertension (systolic
blood pressure and hypertensive medication status), which
is a known risk factor for WMH, are related to Altropane
DVR and explain the cross-sectional associations between
the two imaging markers. The significance threshold for
the multiple regression analyses was set to P 5 0.017 (two-
tailed) throughout, controlling for the three sets of analy-
ses. Sex was included as a covariate in all analyses.

Two complimentary analyses are presented to address
the generalizability of our findings by testing whether the
association between Altropane DVR and WMH holds for
different markers of the dopamine system and white mat-
ter integrity. First, we tested whether DAT availability was
related to microstructural measures of white matter integ-
rity (FA) in a voxelwise general linear model (significance
level set to P< 0.05, controlling for multiple comparisons
using threshold-free cluster enhancement). Second, we
explored whether the association between WMH and a
molecular marker of the dopamine system replicates and
extends to an independent sample that was characterized
with a postsynaptic dopamine (D1) receptor ligand. This
supplementary analysis included reanalyzing data from a
sample of 20 older adults, which was collected at Karolin-
ska University Hospital as part of an independent study
(Supporting Information 2).

RESULTS

White Matter Integrity Predicts DAT Availability

in Clinically Normal Older Adults

Chronological age significantly predicted DAT availabil-
ity in this sample (Beta 5 20.34, P 5 0.01). The primary
objective of this study was to explore whether striatal
DAT availability is an imaging marker of the aged brain

that is independent of those imaging markers associated
with white matter integrity and accumulation of amyloid
in clinically normal older adults. A multiple regression
analysis with age, WMH and PIB status as predictors of
striatal Altropane DVR revealed that WMH significantly
predicted striatal DAT availability (Beta 5 20.37, P 5 0.01,
Table II, model 1). For illustration, the univariate associa-
tion between WMH and Altropane DVR and the partial
regression plot from the analysis in model 1 are shown in
Figure 2A,B. PIB status did not significantly predict Altro-
pane DVR (Beta 5 0.10, P 5 0.47) and the age association
was no longer significant in this model (Beta 5 20.18,
P 5 0.22), suggesting that WMH explain, at least in part,
aging-related variability in DAT availability.

A voxelwise FA analysis also showed that there was a
significant and widespread positive association between
Altropane DVR and FA (P< 0.05, corrected for multiple
comparisons; Fig. 2C). The association was not localized to
a specific pathway and when WMH were entered as a
covariate in the voxelwise analysis, there was no statisti-
cally significant association between Altropane DVR and
FA. This suggests that the association between white mat-
ter integrity and striatal DAT availability is largely driven
by the white matter damage that is captured in the WMH
count.

The association between WMH and a molecular marker
of the striatal dopamine system was replicated in an inde-
pendent sample of 20 older adults that has been previ-
ously described and was re-analyzed for the current study
(Supporting Information 2).

Taken together, these findings suggest a robust associa-
tion between molecular markers of the dopamine system

TABLE II. Regression analysis

Model (R2)
Predictors of DAT

availability Beta P

1 (0.19) WMH 20.37 0.01
PIB status 0.10 0.47
Age 20.18 0.22
Sex 20.11 0.41

2 (0.32) WMH 20.42 <0.01
PIB status 0.18 0.14
Age 20.03 0.85
Whole brain volume 20.05 0.78
Ventricular volume 0.07 0.60
T1 signal inhomogeneity 20.11 0.39
T2 signal 0.48 <0.01
Sex 20.04 0.77

3 (0.51) WMH 20.11 0.41
PIB status 0.12 0.23
Age 20.10 0.46
T2 signal 0.37 <0.01
Systolic blood pressure 20.41 0.01
Blood pressure medication 20.22 0.09
Sex 0.07 0.52
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and white matter integrity, which was explored in two
further analyses.

Control Analysis of Brain Structure

To explore effects of brain structure on Altropane DVR,
a control analysis investigated whether Altropane DVR
was predicted by whole brain volume, ventricular size or
measures of the putamen that are sensitive to microstruc-
tural elements, and whether these measures explain the
association of Altropane DVR with WMH.

This analysis showed that only lower T2 intensity (a cor-
relate of higher iron concentration) was related to lower
Altropane DVR (Beta 5 0.48; P< 0.01; Table II, model 2).
While this effect is important to consider as a possible con-
founding variable in future studies, in the present study
T2 intensity had no substantial influence on the association
between WMH and Altropane DVR (Beta 5 20.42,
P< 0.01).

WMH and Dopamine Transporter Availability

Share an Association With Systolic BP

The final model again included WMH and PIB status as
the main predictors of interest for DAT availability. In
addition to age and putamen T2 intensity (identified in
model 2) as covariates, this model also included systolic
BP and hypertensive medication status. Systolic BP signifi-
cantly predicted Altropane DVR (Beta 5 20.41, P 5 0.01;
Table II, model 3) and hypertensive medication status was
related to Altropane DVR at trend-level (Beta 5 20.22,
P 5 0.09). In this model, WMH were no longer a significant
predictor of Altropane DVR, suggesting that the associa-
tion between WMH and Altropane DVR was, in part,

explained by their shared association with systolic BP and
hypertensive medication.

Note, it is unlikely that the association between systolic
BP and Altropane DVR reflects a more general association
between systolic BP and radiotracer input, as systolic BP
was not associated with the integral of the radioactivity
curves for either striatum (r 5 20.12, P 5 0.40) or cerebel-
lum (r 5 0.01, P 5 0.97).

DISCUSSION

In this multi-modal imaging study, white matter integ-
rity, amyloid burden and DAT availability were assessed
in the same individuals to examine the cross-sectional
association among these imaging biomarkers. In planned
tests, we found that white matter integrity significantly
predicted striatal DAT availability. Amyloid burden had
no association with striatal DAT.

Providing insight into the association between white mat-
ter integrity and DAT availability, further post-hoc explora-
tions showed that systolic BP was associated with DAT
availability, mirroring the established association between a
cardiovascular risk factor and WMH, and explaining much
of the relation between the two biomarkers. These results
are important because they illustrate that two imaging
markers of the aging brain that are typically investigated
separately do not reflect independent neurobiological proc-
esses. These results influence how we frame age-related
neurobiological cascades in cross-sectional studies of nor-
mal brain aging, specifically when investigating their effects
on behavioral outcomes including domains of cognitive
function [Buckner, 2004; Hedden and Gabrieli, 2004; Jagust,
2013]. Perhaps most intriguing though are the questions
these results open up for future research in exploring

Figure 2.

A. Association between WMH and Altropane DVR. B. Residual association between WMH and

Altropane DVR, controlling for age and PIB status. C. Voxelwise association between Altropane

DVR and fractional anisotropy; significant voxels are shown in color (P< 0.05, corrected for mul-

tiple comparisons). [Color figure can be viewed in the online issue, which is available at wileyon-

linelibrary.com.]
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potential mechanisms that link molecular markers of the
dopamine system and white matter integrity in aging,
which are discussed in greater detail below.

DAT Availability and White Matter Integrity are

Related by a Biological Mechanism

It is biologically plausible that dopamine neurons are
particularly vulnerable to hemodynamic abnormalities.
Hypertension is associated with elevated cellular calcium
influx, and the activity of nigrostriatal dopamine neurons
is dependent on calcium channels [Chan et al., 2007; Sur-
meier, 2007]. Within this possibility, integrity of dopamine
neurons and white matter are both jointly affected by
hypertension but are not related to each other in a causal
chain of events. While this model is consistent with our
observations relating to the presynaptic DAT, we note that
we were also able to replicate the association between a
PET marker of the dopamine system and white matter
integrity in an independent sample with PET imaging of
the postsynaptic D1 receptor that is found on medium
spiny neurons of the striatum (Supporting Information 2).
This may suggest that our findings describe a more
general relationship between cardiovascular disease and
synaptic integrity and are not specific to presynaptic dopa-
mine markers.

High blood pressure over many years compromises
brain vasculature, which increases the risk for ischemic
events (brief interruptions of blood supply to the brain
that result in neuronal injury). When neurons are injured,
degeneration of the axon typically precedes the degenera-
tion of the cell body, a process known as “dying back”
[Raff et al., 2002]. This suggests one possible mechanism
by which hypertension could be causally linked to white
matter degeneration and in turn to global synaptic dys-
function, and may relate to the finding that vascular dis-
ease exacerbates motor impairments in older patients with
Parkinson’s disease [Kotagal et al., 2014]. However, con-
sidering that dopamine loss is common already in middle
adulthood [Cham et al., 2008], prior to the onset of aging-
related cardiovascular disease, this interpretation is only
reconcilable with the idea of a dual process model: aging-
related loss of dopamine functions are determined by
“normal” (or, as of now, unexplained) processes starting
in the 30s and, in addition, by cardiovascular risk factors
in older age.

To better understand the sequence of events across
adulthood, longitudinal studies will be of particular value.
In fact, an opposite sequence of events, DAT availability
predicting the development of hypertension, is also possi-
ble. PET studies in young adults have found decreased
dopamine receptor availability in smokers [Fehr et al.,
2008] and in individuals with higher BMI [Wang et al.,
2001], reflecting lifestyle factors associated with the devel-
opment of hypertension and cardiovascular disease later
in life.

DAT Availability and White Matter Integrity are

Related by a Secondary Cause

While it is intuitive to look for causal biological mecha-
nisms that can provide an explanation for the observed
associations, it is also possible that cross-sectional inter-
relations between seemingly different brain biomarkers
may be an epiphenomenon of normal aging. We removed
“aging” from the analysis by covarying for chronological
age but chronological age may not be a perfect indicator
of brain aging. At present, measures of white matter integ-
rity may be among the best imaging markers to detect
individual differences in brain health in older adults as
they show reliable correlates to behavioral outcomes in
aging [DeCarli et al., 1995; Gunning-Dixon and Raz, 2000;
Hedden et al., 2014]. It is possible that many biomarkers
of brain aging will correlate to some extent with measures
of white matter integrity, beyond chronological age and
particularly so in cross-sectional designs, even if they are
not mechanistically related [Lindenberger et al., 2011].
Hypotheses regarding brain aging have often focused on
the heterogeneity that characterizes brain aging and how
different cascades may independently contribute to behav-
ioral outcomes [Buckner, 2004; Hedden and Gabrieli,
2004]. With imaging methods now developed to a point
where it is possible to begin to separate normal aging
from preclinical disease [Jagust, 2013], we may begin to
see that brain biomarkers in aging, absent those likely
indicative of preclinical Alzheimer’s disease, are instead
characterized by an increasing dedifferentiation. The con-
cept of dedifferentiation has also been evoked to describe
increasing correlations among behavioral measures in
aging [Baltes et al., 1980]. In this way, it is also likely that
our findings are not specific to the dopamine system, and
that our results would generalize to other markers of neu-
ronal integrity in aging.

LIMITATIONS

We explored the possibility that PVE influence the PET
results using a voxelwise correction for CSF contamination
as well as control analyses of relations between PET DVR
estimates and global atrophy/MRI-based measures of
putamen microstructure. We found no evidence for an
association between DAT availability and measures of
atrophy, and were able to replicate the relation to WMH
in an independent sample that used a different PET
method. Nevertheless, it remains a possibility that our
measure of DAT availability is confounded by PVE, partic-
ularly for those adults with smaller striata, for which a
proportionally larger area is selected by the top 1000 vox-
els. Similarly, we cannot completely rule out the possibility
that microstructural abnormalities in striatum that remain
undetected on MRI affect the PET signal and thereby spu-
riously introduce an association between cardiovascular
risk and striatal DAT availability. There is related evidence
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that changes in white matter integrity are associated with
changes in blood brain barrier permeability, which may
have systematic effects on radioligand binding estimates
that we are not able to assess in the current study [Folk-
ersma et al., 2009]. While these potential methodological
confounds are serious and require careful further explora-
tion, they do not distract from the main finding of this
study that two imaging biomarkers of the aging brain that
are commonly used, and typically investigated separately,
are in part measuring the same neurobiological cascade.

The strength and novelty of the current study are found
in comparisons between multiple PET and MRI imaging
markers but these analyses also warrant large sample sizes
that justify the multivariate approach. Adequate sample
sizes are difficult to attain in these kinds of studies given
the high costs in both money and time, as well as a con-
siderable burden placed on the participants. With MRI
and PET data becoming more widely available through
data sharing and public databases we hope that larger
samples are generated in the near future which will allow
for replication of our results in a larger cohort.

CONCLUSIONS

This study provides novel evidence for an association
between a measure of white matter health and a measure
of dopamine synaptic function. On examining possible
shared mechanisms between DAT availability and white
matter integrity we found that cardiovascular risk factors
likely account for the shared variance. These associations
were independent of individual differences in amyloid
burden, one marker of preclinical Alzheimer’s disease.
These findings reveal that two commonly studied imaging
biomarkers of brain aging previously investigated as sepa-
rate neurobiological cascades of brain aging are in part
related. Further research is needed into the mechanisms
by which white matter differences are linked to dopamine
synaptic dysfunction.
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