of Clinical and Translational Neurology

RESEARCH ARTICLE

AMERICAN
NEUROLOGICAL
ASSOCIATION

o~

Open Access «

Cardiovascular factors are related to dopamine integrity
and cognition in aging

Nina Karalija'?

, Anders Wahlin"?, Jesper Ek"2, Anna Rieckmann'?, Goran Papenberg?,

Alireza Salami®3#°, Andreas M. Brandmaier®’-8, Ylva Kohncke®’®, Jarkko Johansson'-?,
Micael Andersson®#, Jan Axelsson'?, Greger Oradd"?, Katrine Riklund'?, Martin Lovdén3,

Ulman Lindenberger®’:, Lars Backman® & Lars Nyberg

1,2,4

1Department of Radiation Sciences, Diagnostic Radiology, Umea University, S-90187, Umea, Sweden

2Umeé Center for Functional Brain Imaging (UFBI), Ume& University, S-90187, Umea, Sweden

3Aging Research Center, Karolinska Institutet & Stockholm University, Tomtebodavagen 18A,5-17165, Stockholm, Sweden
“Department of Integrative Medical Biology, Umea University, S-90187, Umea, Sweden

5Wallenberg Center for Molecular Medicine, Umea University, Umea, Sweden

Center for Lifespan Psychology, Max Planck Institute for Human Development, Lentzeallee 94,D-14195, Berlin, Germany
’Max Planck, UCL Centre for Computational Psychiatry and Ageing Research, Berlin, Germany

8Max Planck, UCL Centre for Computational Psychiatry and Ageing Research, London, United Kingdom

Correspondence

Nina Karalija, Department of Radiation
Sciences, Diagnostic Radiology, Umea
University, SE-90187 Umea, Sweden.

Tel: +46704985147; Fax: +46090133607;
E-mail: nina.karalija@umu.se

Funding Information

This work was funded by the Swedish
Research Council, Umea University, Umea
University—Karolinska Institute Strategic
Neuroscience Program, the Knut and Alice
Wallenberg Foundation, the Torsten and
Ragnar Soderberg Foundation, an Alexander
von Humboldt Research award, a donation
from the Jochnick Foundation, Swedish Brain
Power, the Swedish Brain Foundation,
Vasterbotten County Council, Innovation
Fund of the Max Planck Society, and
Gottfried Wilhelm Leibniz Research Award
2010 of the German Research Foundation
(DFG).

Received: 2 September 2019; Accepted: 25
September 2019

Annals of Clinical and Translational
Neurology 2019; 6(11): 2291-2303

doi: 10.1002/acn3.50927

Introduction

The aging brain undergoes numerous changes, affecting the
integrity of the cerebrovascular system, grey- and white

Abstract

Objective: The aging brain undergoes several changes, including reduced vas-
cular, structural, and dopamine (DA) system integrity. Such brain changes have
been associated with age-related cognitive deficits. However, their relative
importance, interrelations, and links to risk factors remain elusive. Methods:
The present work used magnetic resonance imaging and positron emission
tomography with ''C-raclopride to jointly examine vascular parameters (white-
matter lesions and perfusion), DA D2-receptor availability, brain structure, and
cognitive performance in healthy older adults (n = 181, age: 6468 years) from
the Cognition, Brain, and Aging (COBRA) study. Results: Covariance was
found among several brain indicators, where top predictors of cognitive perfor-
mance included caudate and hippocampal integrity (D2DR availability and vol-
umes), and cortical blood flow and regional volumes. White-matter lesion
burden was negatively correlated with caudate DA D2-receptor availability and
white-matter microstructure. Compared to individuals with smaller lesions,
individuals with confluent lesions (exceeding 20 mm in diameter) had reduc-
tions in cortical and hippocampal perfusion, striatal and hippocampal D2-re-
ceptor availability, white-matter microstructure, and reduced performance on
tests of episodic memory, sequence learning, and processing speed. Higher car-
diovascular risk as assessed by treatment for hypertension, systolic blood pres-
sure, overweight, and smoking was associated with lower frontal cortical
perfusion, lower putaminal D2DR availability, smaller grey-matter volumes, a
larger number of white-matter lesions, and lower episodic memory perfor-
mance. Interpretation: Taken together, these findings suggest that reduced car-
diovascular health is associated with poorer status for brain variables that are
central to age-sensitive cognitive functions, with emphasis on DA integrity.

matter, and neurochemistry.'” These alterations likely
underlie age-related cognitive deficits, and the large inter-
individual ~variability observed therein.* Still, their
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Cardiovascular, Dopamine, and Cognition Links

interrelations and relative importance for cognitive status
in old age remain unclear.

Age-related changes in the cerebrovascular system
include structural reorganization of the vascular beds,
reduced vessel elasticity, and disintegration of the blood-
brain barrier.>® Further observations include reduced cere-
bral perfusion,” and increased lesion burden in the cerebral
white matter.>” Lesions can be observed as white-matter
hyperintensities (WMHs) upon magnetic resonance imag-
ing (MRI)."” They arise from ischemia, hypoperfusion,
blood-brain-barrier breakage, and inflammation and are
considered manifestations of cerebral small-vessel disease.'"
WMHs are highly prevalent in aging and predictive of
broad-ranged cognitive decline, dementia, and mortality."

Dopamine (DA) has been identified as an important
modulator of cognitive functions. Maladaptive DA signal-
ing typically gives rise to cognitive impairment, whereas
increased DA transmission, if not excessive, may improve
performance.'>* Numerous positron emission tomogra-
phy (PET) studies have demonstrated reduced availability
of DA constituents in older individuals,"” with links to
reduced cognitive performance.' The age sensitivity of the
DA system has therefore been suggested to modulate cog-
nitive trajectories in aging.

Research suggests relationships among vascular function,
DA status, and atrophy in pathological and normal aging.
Parkinsonian diseases (PD) and schizophrenia have been
characterized by DA malfunction and concomitant white-
matter abnormalities,'®!” but also altered perfusion,ls’19 dis-
integration of the blood-brain barrier,”>*! and atrophy.”>*’
Cognitive impairments in PD have been related to deficits in
perfusion and DA decline,** which are exacerbated in pres-
ence of WMHs.*” Increased WMH burden in normal aging
is paralleled by decreased grey- and white-matter volume,®
and has been associated with reduced DA transporter and
D1 receptor availability.”® Although covariance has been
observed among several neural measures in non-pathological
aging, with links to cognition,'****” shortage of multimodal
studies, and especially studies of DA, leaves their relation-
ships and roles in cognitive aging unclear.

We evaluated the interrelation among WMH burden,
cerebral perfusion, DA D2-receptor (D2DR) availability,
grey- and white-matter structure, and cognition in 181
healthy, older adults (age: 64—68 years). We hypothesized
that WMH burden would be linked to DA system integ-
rity, structural brain measures, and cognition. Second, as
predicted by the brain-maintenance account,* we expected
more prominent effects on cognition in individuals with
reductions in several brain measures. Third, due to previ-
ous indications of cardiovascular risk factors giving rise
to diminished vascular, brain, and cognitive status,>” we
hypothesized that cardiovascular disease risk*® would pre-
dict neurocognitive status.

N. Karalija et al.

Methods

Sample

This study was carried out in accordance with the Decla-
ration of Helsinki. Informed consent was obtained prior
to any testing.

The analyses were conducted using data from the Cog-
nition, Brain, and Aging (COBRA) study in which
healthy, older adults (n = 181, age: 64-68 years, 100
men) have undergone ''C-raclopride/PET, MRI, cognitive
testing, and lifestyle mapping (Fig. 1). Participants were
randomly selected from the population registry of Umea
in Sweden. Exclusion criteria were factors that affect brain
and cognitive functions, including cognitive impairment,
brain pathology, mental and physical disability, certain
medications, and MRI-inhibiting factors. A Mini-Mental
State Examination (required: 27 of 30) and radiological
evaluation of MR images served as objective measures.
We refer to a detailed description of the COBRA study
for further details.”

Volumetric assessments

MRI was performed with a 3 Tesla Discovery MR 750
scanner (General Electric, WI, US), equipped with a 32-
channel phased-array head coil. A 3D fast spoiled gradi-
ent-echo sequence was used to obtain high-resolution
anatomical T1-weighted images. Imaging parameters were
176  sagittal slices, with slice thickness = 1 mm,
TR = 8.2 msec, TE = 3.2 msec, flip angle = 12°, and field
of view = 25 x 25 cm.

Subcortical brain structures were delineated with the
Freesurfer 5.3. software (http://surfer.nmr.mgh.harvard.ed
1,” and cortical parcellation was performed according to
the Desikan-Killiany atlas.”® Voxel Edit mode in Freeview
was used to correct putaminal volumes manually when
necessary. The number of voxels within delineated struc-
tures represented grey- and white-matter volumes. Frontal
cortex volume was the sum of all frontal subregions.”
Before entered into analyses, the raw volumes were cor-
rected for total intracranial volume (ICV; defined as the
sum of volumes for grey and white matter, and cere-
brospinal fluid): adjusted volume = raw volume — b(ICV
— mean ICV), where b is the slope of regression of vol-
ume on ICV.*

White-matter microstructure and lesions

Diffusion tensor imaging (DTI) was used to assess
white-matter microstructure. Images were acquired by a
spin-echo-planar T2-weighted sequence, with 3 repeti-
tions and 32 independent directions. The total slice
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Figure 1. Overview of the data collection and the variables assessed in the present work. PET: positron emission tomography; MRI: magnetic
resonance imaging; SRTT: serial-reaction time test; MMSE: Mini Mental State Examination.

number was 64, with TR = 8000 msec, TE = 84.4 msec,
flip angle =90°, field of view =25 x 25 cm, and
b = 1000 sec/mm?®.

DTI data analysis was performed using the FMRIB
Software Library (FSL) package (http://www.fmrib.ox.ac.
uk/fsl) and Tract-Based Spatial Statistics (TBSS) as part of
the FMRIB software package. The three subject-specific
diffusion acquisitions were concatenated in time followed
by eddy-current correction. Accordingly, the b-matrix was
reoriented based on the transformation matrix.>> The first
volume within the averaged volume that did not have a
gradient applied (i.e. the first b = 0) was used to generate
a binary brain mask with the Brain Extraction Tool.”*
Finally, DTIfit was used to fit a diffusion tensor to each
voxel included in the brain mask/space, yielding voxel-
wise maps of fractional anisotropy (FA). Using the TBSS
processing stream, all subject-specific FA maps were

nonlinearly normalized to standard space and then fed
into a skeletonize program to make a skeleton of com-
mon white-matter tracts across all subjects. Mean diffu-
sivity (MD) images were processed based on the results of
the processing of the FA images, yielding individual MD
skeletons. Averaged FA and MD along the spatial course
of the entire skeleton were computed with reference to
JHU ICBM-DTI-81 white matter labels.>

A fluid-attenuated inversion recovery (FLAIR) sequence
was acquired to assess WMH burden. The total number
of slices were 48, slice thickness = 3 mm, TE = 120 msec,
TR = 8000 msec, and field of view = 24 x 24 cm.

WMHs were segmented by the lesion growth algo-
rithm?® as implemented in the LST toolbox version 2.0.14
(www.statisticalmodelling.de/Ist.html) for SPMI12. First,
the algorithm segmented the T1 images into the three
main tissue classes (cerebrospinal fluid, grey matter, and
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white matter). This information was combined with the
coregistered FLAIR intensities to calculate lesion belief
maps. By thresholding these maps with a pre-chosen ini-
tial threshold (x = 0.3, defined by visual inspection), an
initial binary lesion map was obtained. This map was
then grown along hyperintense neighboring voxels in the
FLAIR image, resulting in a lesion probability map, that
after thresholding (50%), yielded a binary map of lesions
from which the total volume (cm®) and number of
lesions per individual was obtained.

Moreover, the size of the largest WMH was measured for
each individual.” Accordingly, individuals were assigned
into grade 1 if lesion diameters were <9 mm (or grouped
lesions <20 mm), grade 2 if lesion diameters were 10—
20 mm (or grouped lesions >20 mm with connecting
bridges between individual lesions), or grade 3 if lesions or
confluent areas of hyperintensity were >20 mm.

Perfusion measurements

Perfusion measurements were performed with 3D
pseudo-continuous arterial spin labeling (3D pcASL)
acquired with background suppression and a spiral read-
out. Labeling time = 1.5 sec, postlabeling  delay
time = 1.5 sec, field of view =24 cm, slice thick-
ness =4 mm, and acquisition resolution =8 x 512
(arms x data points), with the number of averages set at
3. This sequence provided whole-brain perfusion in mL/
100 g/min. Total scanning time was approximately 5 min.

Quantitative perfusion maps were calculated using a
postprocessing tool installed on the scanner by the manu-
facturer. Mean perfusion for the regions of interest

(ROIs) were calculated using the Freesurfer segmentation.

D2DR availability

A 55-min, 18-frame dynamic PET scan was acquired dur-
ing resting-state conditions with a Discovery PET/CT 690
(General Electric, WI, US). An intravenous bolus injection
of 250 MBq ''C-raclopride. A CT scan (20 mA, 120 kV,
0.8 sec/revolution) preceded tracer injection for attenua-
tion-correction purposes. Attenuation- and decay-cor-
rected images (47 slices, field of view = 25 cm, 256 x 256-
pixel transaxial images, voxel size = 0.977 x 0.977 x
3.27 mm°) were reconstructed with the iterative algorithm
VUE Point HD-SharpIR (GE Healthcare) using 6 itera-
tions, 24 subsets, 3.0 mm post filtering, yielding full width
at half maximum (FWHM) of 3.2 mm. Head movements
were minimized with individually fitted thermoplastic
masks attached to the bed surface.

PET image data were converted from DICOM to NIfTI
format and corrected for head movement. The PET and

T1 images were co-registered with the Statistical
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Parametric Mapping software (SPM8). ''C-raclopride
binding potential (BPyp) was calculated from time-activ-
ity curves for each voxel with orthogonal regression refer-
ence Logan analysis® within Freesurfer-segmented ROIs,
with cerebellar grey matter as the reference area. To mini-
mize the influence of extreme values, median BPynp per
ROI was entered into analyses.

Cognitive assessment

Episodic memory was assessed with tests of word recall,
number-word recall, and object-position recall (two trials
for each task; max scores: 32, 16, and 24 respectively).
Working memory was tested with a letter-updating task,
a columnized numerical 3-back task, and a spatial-updat-
ing task (16, 4, and 10 trials per task; max scores: 48,
108, and 30 respectively). Perceptual speed was assessed
with a letter-, number-, and a figure-comparison task
(two trials for each task), from which a score of correct
responses per minute was calculated. For each of the nine
tests, scores were summarized across the total number of
blocks or trials and standardized to form composites (T
score: mean = 50; SD = 10). Then, for each construct
(episodic memory, working memory, and perceptual
speed), the respective three sum scores were averaged to
create one composite score. Missing values (<1.2% for all
variables) were replaced by the average of the available
observed scores.

Sequence learning was examined via the serial-reaction
time test (SRTT). The task consisted of pressing, as
quickly as possible, a key that spatially corresponded to a
square on the screen when that square changed color.
The experimental trials consisted of 6 blocks, where
blocks 1-4 and 6 consisted of identical sequences, whereas
block 5 was built up by new sequences. The difference in
reaction times between repeated and new sequences
(block 5 — (block 4 + block 6)/2), was used as the mea-
sure of sequence learning.

Digit-symbol coding, obtained from the Wechsler Adult
Intelligence Scale (WAIS), was performed during 90 sec
(1 point per correct item coding).

Cardiovascular risk score

Risk factors were aggregated into a multivariable risk
score, in accordance with previous descriptions based on
findings from the Framingham Heart Study.”® Factors
included age, sex, treatment for hypertension, systolic
blood pressure, body mass index (BMI), and smoking.
We computed risk estimates with the algorithm proposed
by D’Agostino et al. (2008) based on Cox proportional-
hazard regression models predicting the risk (as probabil-
ity) to develop any form of cardiovascular disease during
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a 10-year period (based on cardiovascular disease risk
during a 10-year period in 8,491 individuals of ages 30—
74 years without cardiovascular disease at baseline):

m
p=1—So(t)exp <Z ﬁ,‘(Xi - Yz))
i=1
with SO(t) being the baseline survival at follow-up time
t (t = 10 years), fi the estimated regression coefficient, X;
the log-transformed value of the ith risk factor, )’(Z_ the
corresponding mean, and m the number of risk factors
considered. Baseline survival, means, and regressions coef-
ficients were taken from the original algorithm and we
inserted the participants’ risk variables to compute scores.
Risk score calculators are found at framinghamheart-
study.org.
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Statistical evaluation

Statistical analyses were conducted using SPSS Statistics
software (version 24). Brain and cognitive parameters were
normally distributed (skewness: -.55 to .91, kurtosis: -.38 to
1.43), except for WMH burden (skewness: 2.56 and 3.38,
kurtosis: 8.27 and 22.2 for lesion volume and number of
lesions, respectively; Fig. 2A and B). WMH burden dis-
played large inter-individual variability = (mean:
2.7+ 1.9 cm® and 31.9 & 20.1 number of lesions; an
example of high lesion burden is displayed in Fig. 2C).
Only one individual had no lesions at all. An approximately
normal distribution for WMH burden was achieved by
transforming values with the natural logarithm (resulting
skewness: —0.84 and —1.18, kurtosis: 1.18 and 5.52 for

=

(o)
<

N
<

Frequency
S

0 25
Number of lesions

50 75 100 125 150 175 200

Caudate D2DR BPND U

-5 _I3 -1 1 3
In(lesion burden)

Figure 2. White-matter lesion burden (A: volume in cm?®; B: number of lesions) for the COBRA sample, in which a subset had lesion burden in
the high-end range (example in C). Lesion burden was negatively associated with caudate D2DR availability (BPyp; D).
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Table 1. Zero-order correlations among white-matter hyperintensity
(WMH) burden and measures of perfusion, D2DR availability (BPyp),
brain structure, and cognition.

WMH burden
cm? Number of lesions

Perfusion

Putamen -0.1 —-0.11

Caudate —0.18* -0.15

Hippocampus —0.11 -0.10

Frontal cortex —0.20%* —0.23%*
D2DR BPyp

Putamen -0.14 -0.14

Caudate —0.43%%* —0.32%%*

Hippocampus —0.17* —0.14
Volumes

Putamen 0.07 0.10

Caudate 0.12 0.06

Hippocampus 0.09 0.03

Frontal cortex 0.12 0.10

Cortex (tot) 0.12 0.09

White matter (tot) 0.14 0.10
DTI

Entire skeleton

FA —0.20** —0.18*
MD 0.34%%* 0.31%%*

Cognition

Episodic memory -0.13 -0.14

Working memory —0.02 0.05

Perceptual speed -0.01 -0.11

SRTT 0.17* 0.12
Digit-symbol coding —0.09 —0.11

Correlations surviving Holm-Bonferroni corrections are presented in
bold font. DTI, diffusion tensor imaging; FA, fractional anisotropy;
MD, medial diffusivity; SRTT, serial-reaction time test.

*P < 0.05.

**P < 0.01.

***p < (0.001.

lesion volume and number of lesions, respectively), which
were used throughout analyses (e.g. Fig. 2D).

Descriptive data are presented as frequencies, or mean
values and standard deviations (SD). Correlations are
reported as the Pearson correlation coefficient (r). In
order to control the false-positive rate, we corrected for
multiple comparisons using the Holm-Bonferroni
method, where k = 20 for Table 1, and k = 22 for Table 4.

To test the predictive power of individual lesion size,
neurocognitive differences were tested among groups with
white-matter lesion graded as 1-3 with multivariate analy-
sis of variance (MANOVA) followed by Bonferroni-cor-
rected follow-up tests (Table 2).

The independent and joint contributions of the brain
indicators in Table 1 for cognitive functioning were assessed
with partial least-squares (PLS) regression. PLS regression
combines the features of principal component analysis and

N. Karalija et al.

multiple regression and is preferable when multicollinearity
exists among predictors and there is a risk of over-fitting the
model. The number of observed variables (here 17 brain
variables) are reduced into a few latent factors that are tested
for linear relationships with cognitive performance (via R*
and adjusted R). For each brain variable, their loading onto
the latent factors and their regression weights are reported
for predicting cognitive performance in Table 3, hence
demonstrating the (adjusted) variance explained by the fac-
tor and the individual importance per variable.

Furthermore, to investigate whether the previously
reported DA-cognition relationships® are modulated by
white-matter lesion burden (e.g. further assessing the sec-
ond hypothesis stipulated in the introduction), interac-
tions were tested between WMH burden and caudate and
hippocampal D2DR availability for cognitive performance
using multiple linear regression.

The contribution of cardiovascular risk factors for neu-
rocognitive status was estimated with multivariate linear
regression with cardiovascular risk as the independent vari-
able, and WMHs, perfusion, BPyp, volume, white-matter
microstructure, and cognition as dependent variables.

Exclusions were handled using pairwise deletions and
concerned values for striatal BPyp (n = 7), striatal volumes
(n = 2), and hippocampal BPyp and volumes (n = 3), and
cardiovascular risk scores> 66 (n = 1), due to imperfect seg-
mentation of MR images, problems with PET/MR co-regis-
tration, observations of extensive grey matter atrophy, or for
being statistical outliers according to the outlier labeling rule
with 2.2 interquartile ranges. There were a few missing cases
for measures of WMHs (n = 4) and DTI (n = 3).

Results

Neurocognitive correlates of white-matter
lesions

We hypothesized that WMH burden would be linked to DA
system integrity, structural brain measures, and cognition.
To test this, we first examined zero-order correlations
among WMH burden (expressed as volume and as number
of lesions, interrelation: r = 0.75, P < 0.001) and perfusion,
D2DR availability, grey- and white-matter structure, and
cognitive performance (Table 1). Following control for mul-
tiple comparisons, significant associations were found
between WMH burden and caudate D2DR availability
(r = —0.43 for lesion volume, Fig. 2D; and r = —0.32 for
number of lesions), and between WMH burden and MD for
the white-matter skeleton (r = 0.34 for lesion volume, and
r = 0.31 for number of lesions). No significant associations
were found between WMH burden and grey-matter vol-
umes. Notably, caudate D2DR availability was not correlated
with caudate perfusion (r = 0.08, P > 0.05), and the link
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Table 2. Comparisons of neurocognitive status in individuals with varying size of white-matter lesions.

White-matter lesion size

Grade 1 Grade 2 Grade 3
Perfusion
Putamen 4597 + 6.43 46.20 + 7.60 43.73 £ 5.85
Caudate 44.65 + 6.23 44.49 + 7.23* 40.80 + 4.65
Hippocampus 40.93 + 7.29 41.89 + 7.66* 37.22 £ 5.79
Frontal cortex 45.20 + 7.75* 44.29 + 10.33* 38.21 +£ 6.29
D2DR BPyp
Putamen 3.39 £ 0.27%* 3.34 + 0.25* 3.17 £ 0.32
Caudate 2.32 + 0.25%%* 2.22 + 0.22%%* 1.95 + 0.32
Hippocampus 0.26 + 0.04 0.27 + 0.05* 0.24 + 0.05
Volumes (cm?)
Putamen 4.31 4+ 0.47 4.43 + 0.50 4.52 + 0.64
Caudate 3.64 £ 0.42 3.63 £+ 0.46 3.81 £ 0.72
Hippocampus 3.90 £ 048 3.87 £0.37 3.86 + 0.52
Frontal cortex 163.55 + 18.70 164.99 + 14.83 162.52 + 19.99
Cortex (tot) 446.43 + 50.34 452.27 + 38.30 437.87 + 61.64
White matter 602.38 + 64.93 604.44 + 58.39 604.06 + 62.98
DTI
Entire skeleton
FA 0.479 + 0.013** 0.475 + 0.015%* 0.464 + 0.018
MD 0.769 x 1072 + 0.016%** 0.777 x 103 + 0.022+* 0.795 + 0.026 x 1073
Cognition
Episodic memory 51.59 + 7.59* 50.06 + 8.22 46.19 + 5.53
Working memory 49.98 + 7.09 50.51 +7.74 47.21 + 6.75
Perceptual speed 50.14 + 9.12 49.88 + 8.29 50.25 + 9.43
SRTT 22.07 + 33.06** 39.62 4+ 31.62 33.29 4+ 26.55
Digit-symbol coding 37.78 + 8.82 38.26 + 7.78* 33.46 + 7.83

grade 1: <10 mm, n = 41; grade 2: 10-20 mm, n = 112; or grade 3: >20 mm, n = 24. Significant between-group differences are presented in
bold font. *P < 0.05, **P < 0.01, ***P < 0.001 for grade 1 or 2 compared to grade 3; *P < 0.01 grade 1 compared to grade 2. SSRT: serial-re-

action time test.

between WMH burden and caudate D2DR availability
remained when controlling for caudate perfusion, age, and
caudate volume (rs = —0.42 to — 0.43, P < 0.001 for all).
Next, we evaluated neurocognitive differences among
groups with small- compared to larger-sized lesions
(grade 1-3; Table 2). Individuals with the largest lesions
had the highest total WMH burden, both in terms of
total lesion volumes (grade 1: 0.56 £ 0.43, grade 2:
2.37 £ 1.46; grade 3: 7.90 £ 4.66 cm?; F(2,174) = 99.34,
P <0.001 for all comparisons) and number of lesions
(20.7 &£ 11.6, 33.3 £ 20.42; 454 £ 19.1 for groups; F
(2,174) = 13.73, P < 0.01 for all comparisons). Individu-
als with large, confluent lesions exceeding 20 mm in
diameter (grade 3) had lower cerebral perfusion (F(2,
172) = 3.2, 4.0, and 4.9 for caudate, hippocampus, and
frontal cortex), striatal and hippocampal D2DR availabil-
ity (F(2, 166) = 5.06, 15.6, and 3.6 for putamen, caudate,
and hippocampus), white-matter microstructure (F(2,
171) = 7.3 and 10.7 for FA and MD across the entire
skeleton) compared to individuals with smaller lesions.
Furthermore, this group had the lowest performance on
tasks of episodic memory (F(2,173) = 3.7), sequence

learning (F(2,173) = 4.7), and digit-symbol coding (F
(2,173) = 3.6) compared to those with smaller lesions.

Brain predictors of cognitive performance

The contributions of the brain-related variables in Table 1
for cognitive performance were assessed with PLS (Table 3).
In the model with episodic memory, the first factor
explained 20.9% of the variance among indicators and
7.3% (6.7% based on adjusted R?) of variance in perfor-
mance. The top predictors were caudate and hippocampal
BPnp and volumes, and frontal cortical perfusion. The sec-
ond and third factors explained additional 3.6% and 1.6%
of variance in performance respectively. For working mem-
ory, the first latent factor explained 23.5% of the variance
among indicators and 7.5% (6.9% based on adjusted R*) of
variance in performance. The top predictors consisted of
white- and grey-matter (cortical and subcortical) volumes.
The second and third factors explained additional 1.9%
and 1.2% of variance in performance, respectively. In addi-
tion, the first factor for the model of perceptual speed
explained 18.9% of the variance among brain variables and
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Table 3. Brain predictors of cognitive performance. The first factor from partial least-squares regression analyses explained most variance in per-
formance. Individual loadings onto the first factor and importance (via regression weights) are presented for each brain variable.

Episodic memory Working memory Perceptual speed SRTT Digit-symbol coding
Loadings ~ Weights ~ Loadings ~ Weights ~ Loadings ~ Weights ~ Loadings ~ Weights  Loadings  Weights
WMH burden
Volume -0.24 -0.16 0.07 -0.02 0.14 0.17 0.34 0.45 -0.02 —0.08
Number of lesions -0.23 —0.20 0.07 0.15 0.01 -0.17 0.32 0.41 —0.05 -0.16
Perfusion
Putamen 0.37 0.23 0.27 0.23 0.45 0.22 0.11 0.1 0.30 0.25
Caudate 0.39 0.22 0.27 0.24 0.41 —0.06 0.03 0.03 0.30 0.12
Hippocampus 0.37 0.23 0.24 0.13 0.42 0.14 0.29 0.29 0.28 0.20
Frontal cortex 0.41 0.31 0.22 0.14 0.46 0.47 0.15 0.15 0.29 0.27
D2DR BPy\p
Putamen 0.26 0.27 -0.10 -0.21 —0.28 -0.13 —0.09 —0.01 —0.06 -0.10
Caudate 0.35 0.42 —0.08 —0.15 —0.30 —0.39 -0.15 -0.10 -0.04 0.27
Hippocampus 0.31 0.38 0.12 0.22 -0.15 -0.10 0.10 0.26 0.11 0.15
Volumes
Putamen 0.09 0.06 0.31 0.34 0.15 —0.08 0.21 -0.03 0.24 0.16
Caudate 0.13 0.31 0.22 0.22 0.34 0.43 0.10 -0.16 0.21 0.27
Hippocampus 0.28 0.28 0.33 0.32 0.41 0.39 0.33 0.07 0.37 0.49
Frontal cortex 0.25 0.21 0.44 0.36 0.38 0.08 0.50 0.35 0.42 0.33
Cortex 0.26 0.18 0.44 0.35 0.40 0.1 0.50 0.46 0.43 0.33
White matter 0.12 -0.20 0.41 0.41 0.31 —0.02 0.42 0.25 0.38 0.35
DTI
Entire skeleton
FA 0.15 —0.02 0.10 0.08 0.13 0.16 0.08 0.05 0.17 0.14
MD -0.16 —0.01 —-0.02 0.06 -0.10 0.05 0.05 0.07 —-0.11 —-0.03

Numbers are presented in bold font for the five top predictors of respective function. SRTT, serial-reaction time test; DTI, diffusion tensor imaging;

FA, fractional anisotropy; MD, medial diffusivity.

only 3.4% (2.8% based on adjusted R*) of variance in per-
formance. The top predictors were frontal cortical and
putaminal perfusion, caudate and hippocampal volume,
and caudate BPyp. The second and third factors explained
additional 3.7% and 1.3% of variance in performance,
respectively. The top predictors of the second factor were
caudate volume, BPyp, and perfusion, but also hippocam-
pal volume and frontal cortical perfusion. In the model of
SRTT, the first factors explained 4.1% (3.5% based on
adjusted R*) of the variance in performance, and 18.9% of
variance among predictors. The top predictors consisted of
total cortical and frontal cortical volume, WMH burden
(volume and number of lesions), and hippocampal perfu-
sion. The second and third factors explained additional
2.2% and 0.7% of variance in performance, respectively. In
the model for digit-symbol coding, the first factor
explained 24.1% of the variance among indicators and
6.6% (6.0% based on adjusted R*) for performance. The
top predictors were cortical and subcortical grey-matter
and white-matter volumes. The second and third factors
explained additional 4.1% and 1.2% of variance in perfor-
mance, respectively.

In light of the previously reported D2DR-episodic mem-
ory association,”® we performed multiple linear regression

analyses to investigate whether WMH burden modulated
the association between D2DR availability (in caudate and
hippocampus) and cognition. As previously reported
(Nyberg et al., 2016), caudate BPyp was a significant pre-
dictor of episodic memory performance (here: = 0.18,
P = 0.06). For each cognitive ability, we tested a model
with WMH volume, caudate BPyp, and WMH vol-
ume X caudate BPyp, as predictors. Each model explained
a non-significant portion of the variance in cognitive per-
formance (episodic memory: F(3,167) = 2.04, P = 0.11,
R? = 0.04; working memory: F(3,167) = 1.38, P = 0.25;
R? = 0.02; perceptual speed: F(3,167) = 0.51, P = 0.68,
R*=0.01; SRTT: F(3,166) = 1.14, P =0.34, R*=0.02;
digit-symbol coding: F(3,167) = 1.98, P = 0.12; R* = 0.03).
Notably, no significant interaction effects were found
(P > 0.05 for all WMH volume x caudate BPxp).

The same set of models were performed with hip-
pocampal D2DR availability. A model with hippocampus
BP\p, WMH volume, and WMH volume x hippocam-
pus BPyp was predictive of episodic memory (F
(3,172) = 2.91, P = 0.04, R* = 0.05 (adjusted R* = 0.03),
with a significant effect of hippocampal BPyp, (f = 0.19,
P = 0.03), but no effect of volume of white-matter lesions
or interactions between lesion volume and D2DR
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Table 4. Zero-order correlations among cardiovascular risk and
white-matter lesion burden, blood perfusion, D2DR availability (BPyp),
brain structure, and cognition.

Cardiovascular risk

White-matter lesion burden

Lesion volume 0.05

Number of lesions 0.17%*
Perfusion

Putamen —0.16*

Caudate -0.12

Hippocampus -0.16*

Frontal cortex —0.32%%**
D2DR BPyp

Putamen —0.16*

Caudate -0.13

Hippocampus 0.10
Volumes

Putamen 0.1

Caudate -0.13

Hippocampus —0.11

Frontal cortex 0.12

Cortex (tot) 0.10

White matter (tot) 0.20%*
DTI

Entire skeleton

FA 0.05
MD 0.1

Cognition

Episodic memory —0.19*%

Working memory 0.09

Perceptual speed -0.02

SRTT 0.13

Digit-symbol coding -0.16%*

Correlations surviving Holm-Bonferroni corrections are presented in
bold font. DTI, diffusion tensor imaging; FA, fractional anisotropy;
MD, medial diffusivity; SRTT: serial-reaction time test.

*P < 0.05.

**p < 0.01.

***p < 0.001.

availability. Models for the other cognitive functions were
non-significant ~ (working memory:  F(3,172) = 0.82,
P =10.48; R*=0.01; perceptual speed: F(3,172) = 0.26,
P =085 R>=001; SRTT: F(3,171) = 2.20, P = 0.09,
R? = 0.04; digit-symbol coding: F(3,172) = 0.70, P = 0.56,
R* = 0.01), and with no predictive value from interactions
between lesion volume and D2DR availability (P > 0.05).
No differences in results were seen when entering number
of white-matter lesions instead of WMH volume.

Cardiovascular disease risk is associated
with brain status and episodic memory
performance

We assessed cardiovascular risk profiles for associations with
the whole set of brain and cognitive variables. The

Cardiovascular, Dopamine, and Cognition Links

cardiovascular risk score (probability multiplied by 100) ran-
ged between 3.5-66.6% (mean: 24.3, SD: 11.2) for the sam-
ple and was normally distributed (skewness: 0.77, kurtosis:
0.82; Fig. 3A). Zero-order correlations were found among
the risk score and several neurocognitive variables; however,
after control for multiple comparisons, only the association
between the cardiovascular risk score and frontal cortical
perfusion remained (Table 4; Fig. 3B). A multivariate linear
regression was performed with cardiovascular risk as the
independent variable and the neurocognitive variables in
Table 4 as dependent variables. The risk score was predictive
of several neurocognitive variables, including reduced frontal
cortical perfusion (F (1,161) = 12.74, P < 0.001; R?> =0.07,
adjusted R?> =0.07), cortical volume (F (1161) = 6.82,
P =001 R* = 0.04, adjusted R? =0.04), putamen BPyp (F
(1161) = 4.29, P = 0.04; R* = 0.03, adjusted R* = 0.02),
caudate volume (F (1161) =3.79, P = 0.05; R*= 0.02,
adjusted R> =0.02), and episodic memory (F (1161) = 4.95,
P = 0.03; R* = 0.03, adjusted R? = 0.02). Furthermore, the
risk score was associated with increased white-matter volume
(F (1161) = 6.14, P = 0.01; R* = 0.04, adjusted R* = 0.03)
and at trend level, increased number of white-matter lesions
(F (1161) = 3.58, P = 0.06; R* = 0.02, adjusted R* = 0.02).

Discussion

This work examined interrelations among white-matter
lesions, white-matter microstructure, D2DR availability,
brain volumes, perfusion, cognition, and cardiovascular
risk in healthy older adults at an age when cognitive
decline typically begins.* Shared variance was found
among several brain indicators, which were predictive of
cognitive performance. Of these, caudate and hippocam-
pal integrity (D2DR availability and volumes), but also
cortical perfusion and volumes, constituted principal pre-
dictors of cognition. Notably, we found an association
between WMH burden and D2DR availability. Individuals
with large, confluent WMHs showed broad-ranged reduc-
tions in neurocognitive status, including reduced D2DR
availability, perfusion, white-matter microstructure, and
performance in tasks of episodic memory, sequence learn-
ing, and digit-symbol coding. Cardiovascular risk profiles
were predictive of several neurocognitive measures,
including frontal cortical perfusion, putaminal D2DR
availability, grey-matter volumes, number of white-matter
lesions, and episodic memory performance.

Research has demonstrated reduction of cerebrovascu-
lar integrity, DA markers, and brain volumes in aging
and their associations with increased risk of cognitive
decline and dementia.">'? Nevertheless, the interrelation
among these brain indicators and their relative links to
cognition remain elusive due to shortage of multimodal
studies. Episodic memory is particularly age-sensitive and
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arrows (links among brain measures, direction unknown), and a red arrow (lesion size, grade 1-3). FA, fractional anisotropy; MD, medial
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predicted by D2DR availability.**® We provide evidence
for that increased cardiovascular risk is associated with
reduced D2DR integrity, frontal cortical blood flow, epi-
sodic memory, and increased WMH burden. Further-
more, we show that increased WMH burden correlated
negatively with D2DR availability in associative regions,
striatum and hippocampus. Although the directionality of

the interrelations awaits longitudinal assessments, it seems
plausible that cardiovascular risk and vascular dysfunction
may modulate the DA-cognition link in aging,' as illus-
trated by an overview of our present and previous®®
results in Figure 4.

The WMH-D2DR link demonstrated here extends find-
ings of reduced DA transporter and D1 receptor
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availability in relation to elevated WMH burden.*® The
caudate may be particularly sensitive to ischemic damage,
due to its location in regions less likely to receive suffi-
cient blood flow in states of hypoperfusion.”® Such dam-
age may harm striatal neurons, but also, nigral efferent
nerve fibers, thereby reducing D2DR availability, as well
as give rise to WMHs. Even though we cannot infer the
temporal order of events due to the cross-sectional nature
of this study, previous work suggests that reduced cere-
brovascular integrity reduces DA-system integrity. For
instance, in a longitudinal animal study, induction of
cerebral ischemia in rats led to reduced striatal ''C-raclo-
pride binding over time.** Another study showed that
heart failure was followed by attenuated cerebral blood
flow as well as DA levels.*!

Large heterogeneity in WMH burden was observed,
with lower levels in most individuals and higher burden
in a subsample. This may reflect the relatively young and
narrow age range of our sample, and the rigorous exclu-
sion criteria to include healthy individuals at enroll-
ment.” Although computerized WMH segmentation may
be successfully achieved,’® our findings suggest that indi-
vidual lesion size is more predictive than total burden in
identifying individuals with poor neurocognitive status.
Indeed, lowest cognitive performance and deterioration in
multiple brain parameters were found in individuals with
large lesions. This extends previous associations of exacer-
bated effects of WMHs and DA decline on cognition®
and is consistent with observations of covariance among
several neural measures in normal and pathological
aging.'*'%?**” As confluent WMHs and reductions in
multiple brain indicators are associated with advanced
microvascular disease and dementia,” the group with the
largest lesions may be at risk of an unfortunate aging
route.

Increased WMH burden predicts decline in multiple
cognitive domains,** and has, as in the present work,
been linked to reduced episodic memory, sequence learn-
ing, and processing speed.*””** WMH manifestation con-
stitutes an extreme end of white-matter injury, associated
with demyelination, axonal damage, and gliosis,ll of
which earlier signs can be found in DTI-derived mea-
sures.”* In line with previous work, WMH burden was
predictive of microstructure along the white-matter skele-
ton,”” however, not with grey-matter volumes. Further-
more, the DTI-derived measures loaded weakly to the
common factor and were not predictive of cognitive per-
formance. These findings may, again, relate to the
employment of a healthy sample with relatively low lesion
burden. Previously, links between white-matter integrity
and cognition have been found in individuals with exten-
sive lesions.”>*® As performance levels, and change over
time, has been found to correlate between various

Cardiovascular, Dopamine, and Cognition Links

cognitive functions, multivariate PLS may be a viable
alternative to describe this multivariate space in future
work.

WMHs development are dynamic processes,”” thus
appropriate interventions could modulate their progres-
sion. Motivated by previous indication of shared risk fac-
tors for brain and cognitive status,” we assessed
individual differences via cardiovascular risk profiles.”®
For instance, systolic blood pressure and BMI have been
associated with WMH burden and DA integrity.>***’
Cardiovascular risk estimates were associated with several
neurocognitive measures, including perfusion, number of
white-matter lesions, D2DR availability, brain volumes,
and episodic memory. These results extend previous links
between cardiovascular risk profiles and WMHs and cog-
nitive decline in normal aging®>* and highlights these fac-
tors in the context of successful aging.

Concluding Remarks

As exacerbated brain aging increases the risk for cognitive
decline, dementia, and mortality, it is imperative to iden-
tify factors associated with successful aging for future
intervention strategies. The present cross-sectional data
extend our understanding of the interrelation between
neurocognitive measures in aging, and that deterioration
in such measures partly relies on shared lifestyle-related
risk factors. Avoiding the occurrence of large white-mat-
ter lesions seems critical, with regard to the broad-ranged
neurocognitive reductions demonstrated here. For state-
ments of temporal dynamics and causality, longitudinal
measurements from multimodal settings are warranted.
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