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1. Introduction

tures and functions, with large heterogeneity in patterns and rates of decline. Sex differences have been
reported for various cognitive and brain parameters, but little is known in relation to neuromodula-
tory aspects of brain aging. We examined sex differences in dopamine D2-receptor (D2DR) availabil-
ity in relation to episodic memory, but also, grey-matter volumes, white-matter lesions, and cerebral
perfusion in healthy older adults (n = 181, age: 64-68 years) from the Cognition, Brain, and Aging
study. Women had higher D2DR availability in midbrain and left caudate and putamen, as well as su-
perior episodic memory performance. Controlling for left caudate D2DR availability attenuated sex dif-
ferences in memory performance. In men, lower left caudate D2DR levels were associated with lower
cortical perfusion and higher burden of white-matter lesions, as well as with episodic memory perfor-
mance. However, sex was not a significant moderator of the reported links to D2DR levels. Our find-
ings suggest that sex differences in multiple associations among DA receptor availability, vascular fac-
tors, and structural connectivity contribute to sex differences in episodic memory. Future longitudinal
studies need to corroborate these patterns by lead-lag associations. This manuscript is part of the Spe-
cial Issue entitled ‘Cognitive Neuroscience of Healthy and Pathological Aging’ edited by Drs. M. N. Ra-
jah, S. Belleville, and R. Cabeza. This article is part of the Virtual Special Issue titled COGNITIVE NEU-
ROSCIENCE OF HEALTHY AND PATHOLOGICAL AGING. The full issue can be found on ScienceDirect at
https://www.sciencedirect.com/journal/neurobiology-of-aging/special-issue/105379XPW]P.
© 2021 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

2013), and regulatory effects of the principal sex hormones, es-
trogen and testosterone (Wilson and Davies, 2007). Multimodal

Sex differences have been found for several brain parameters
(Ritchie et al., 2018; Ruigrok et al., 2014) and researchers have
highlighted the importance of understanding those for purposes of
personalized medicine, susceptibility to neuropathology, and cog-
nitive deficits in aging (Miller et al.,, 2015). Dissimilarities may
stem from sex differences in gene expression (Trabzuni et al.,
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brain imaging studies demonstrate that normal (non-pathological)
aging is a multifaceted process with large individual differences
(Gorbach et al., 2017; Lindenberger, 2014; Lovden et al., 2018;
Nyberg and Pudas, 2018). However, surprisingly little is known
about differences in brain-behavior relations between groups of
healthy older women and men.

Sex differences have been found in brain morphology,
function, neurochemistry, and synaptic function (Cahill, 2006;
Cosgrove et al., 2007; Wilson and Davies, 2007). Mounting ev-
idence demonstrates neurotrophic and neuroprotective effects of
estrogen via a broad array of mechanisms, such as promotion
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of cell survival upon nutrient-deprived milieus, protection against
glutamate toxicity, oxidative damage, and accumulation of beta-
amyloid (Brann et al., 2007; McEwen and Alves, 1999; Zarate et al.,
2017). Interestingly, several brain regions, such as hippocampus,
amygdala, and the association cortices are sexually dimorphic
(Cahill, 2006), likely contributing to sex differences in person-
ality traits (Hoffman, 1977; Mestre et al., 2009; Schmitt et al.,
2008) and cognitive functioning (de Frias et al., 2006; Deary et al.,
2007; Herlitz et al., 1997). Sex differences have also been found
for cerebrovascular health in aging. Compared to women, men
are at higher risk of cardiovascular disease (Kivipelto et al., 2006;
Kloner et al., 2016; Webb and Collins, 2017), possibly due to re-
duced levels of testosterone (Oskui et al., 2013). By contrast, es-
trogen may postpone the incidence of cardiovascular disease, by
counteracting atherosclerosis (Baker et al., 2003; Rosano and Pan-
ina, 1999; Sullivan and Fowlkes, 1996). Mapping onto the described
differences, women demonstrate a younger metabolic brain age
than men throughout adulthood (Goyal et al., 2019).

The dopamine (DA) system modulates cognitive processes,
including episodic memory (Lisman and Grace, 2005; Nyberg
et al., 2016; Shohamy and Adcock, 2010). Notably, women display
superior episodic memory function throughout life (for review,
see (Asperholm et al., 2019), and are underrepresented in groups
exhibiting severe episodic-memory decline in aging (Josefsson
et al,, 2012). Sex-dependent differences in DA-system integrity may
contribute to performance differences in episodic memory, but also
to differences in susceptibility to DA pathology (Jurado-Coronel
et al., 2018). Reduced incidence and higher age at onset for
Parkinson’s disease (PD) in women have been related to the pro-
tective role of estrogen for the DA system (Haaxma et al., 2007).
Experimental research demonstrates that estrogen enhances DA
release and DA-mediated behaviors, and protects against DA
lesions (Becker, 1999; Bourque et al., 2011; Gillies et al., 2014).
In support, positron emission tomography (PET) imaging studies
have demonstrated higher levels of DA biomarkers in women
than in men, including DA transporters and D2 receptors (D2DRs)
(Kaasinen et al., 2015; Kaasinen et al., 2001; Lavalaye et al., 2000;
Pohjalainen et al., 1998; Wong et al., 2012).

Given the proposed female advantage in DA integrity, cere-
brovascular health, and episodic memory, the purpose of the
present work was to examine the relationship among these vari-
ables in a sample of healthy older adults (n=181, age: 64-68
years, 100 men) from the Cognition, Brain, and Aging (COBRA)
study (Nevalainen et al., 2015). Participants had undergone 1C-
raclopride/PET to evaluate D2DR status, magnetic resonance imag-
ing (MRI) to assess brain structure, and cognitive testing. In previ-
ous descriptive analyses we showed a complex pattern of cognitive
sex differences, with a female superiority for episodic memory, a
male superiority for working memory, and no sex differences in
speed of processing (Nevalainen et al., 2015).

In the present study, we report on markers of the nigrostriatal
DA system, brain volumes, vascular status as assessed by cerebral
perfusion and white-matter lesions, and episodic memory sepa-
rately for men and women. This allows us to explore sex differ-
ences in mean levels and associations among these sets of vari-
ables. Specifically, we investigate whether these variables show: (i)
sex differences in means (Goal 1); sex differences in associations
(Goal 2); and (iii) whether markers of the nigrostriatal DA system,
brain volumes, and vascular status might qualify as potential con-
tributors to sex differences in episodic memory (Goal 3). We fo-
cus on episodic memory because it is an important cognitive abil-
ity with well-documented sex differences (Asperholm et al., 2019)
that starts to show average longitudinal decline around 60 years
of age (Nyberg, 2017). Furthermore, assessment of working mem-
ory is challenged by the absence of a linear working memory-

Table 1
Sex differences in demographic, lifestyle, and health variables (mean and standard
deviation, or frequencies).

Men Women p
N 98 72
Age (years) 66.3 (1.3) 66.1 (1.1) 0.358
Education (years) 13.4 (3.5) 13.1 (3.5) 0.612
Social activity (h) 29.4 (13.5) 35.9 (18.2) 0.009

Intellectual activity (h) 32.7 (16.6) 37.4 (15.6) 0.055
Physical activity (h) 10.2 (6.9) 11.5 (7.2) 0.193
MMSE 29.2 (0.7) 29.3 (0.9) 0.793
Smoking 10.0% 6.2% 0.353
Hypertension diagnosis 29.0% 38.3% 0.188
Systolic blood pressure (mmHg) 142.7 (17.1) 140.7 (17.8) 0.452
Diastolic blood pressure (mmHg) 84.8 (10.0) 85.4 (9.7) 0.711
BMI 26.1 (3.4) 26.1 (3.7) 0.950
Cardiovascular disease 37.0% 44.4% 0.310
Medicine consumption 55.0% 64.2% 0.211

Note: The significance level was p=0.004 after adjustment for the total number of
chi-square and t-tests.

D2DR link (Lovden et al., 2018). Given expected comorbidities and
links between DA integrity and cerebrovascular events (Gower and
Tiberi, 2018), we expected DA-vascular links to be present, and
to possibly differ between men and women. More specifically,
higher prevalence of cerebrovascular dysfunction was expected to
be found in men, and to be associated with lower D2DR avail-
ability. The limited number of subjects in human DA-aging stud-
ies (Karrer et al., 2017), and the scarcity of studies with multi-
modal designs, have hindered previous investigations of sex dif-
ferences across DA, cerebrovascular, and cognitive domains within
the same sample. Consequently, some analyses conducted here are
to be considered exploratory.

2. Material and methods
2.1. Sample

This study was carried out in accordance with the Declaration
of Helsinki. Written informed consent was obtained prior to all
testing.

The analyses were conducted using data from the COBRA
study in which healthy older adults (n = 181, age: 64-68 years,
100 men) have undergone !'C-raclopride/PET, MRI, cognitive test-
ing, and lifestyle mapping. Participants were randomly selected
from the population registry of Umed in Sweden. Exclusion cri-
teria were conditions and medications that affect brain and cog-
nitive functions, including brain trauma, neurological disorders
(e.g. stroke, dementia, epilepsy), psychiatric disorders, intellectual
disability, functional impairments and movement disorders (e.g.
Parkinson’s disease), diabetes, and ongoing malignancy treatment.
Additional exclusion criteria consisted of MRI-inhibiting factors. A
Mini-Mental State Examination (required: 27 of 30) and radiolog-
ical evaluation of MR images served as objective measures in the
screening process. Intellectual, social, and physical activity levels
(hours per week) were assessed via questionnaires. We refer to a
detailed description of the COBRA study for further information
(Nevalainen et al., 2015). There were overall no differences be-
tween men and women with respect to demographic, lifestyle, and
health variables (Table 1).

2.2. Volumetric assessments

MRI was performed with a 3-Tesla Discovery MR 750 scan-
ner (General Electric, WI, US) equipped with a 32-channel phased-
array head coil. A 3D fast spoiled gradient-echo sequence was used
to obtain high-resolution anatomical T1-weighted images. Imag-
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ing parameters were 176 sagittal slices, with slice thickness = 1
mm, TR = 8.2 ms, TE = 3.2 ms, 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.edu (Fischl et al,
2002), and cortical parcellation was performed according to the
Desikan-Killiany atlas (Desikan et al., 2006). The number of voxels
within delineated structures represented grey- and white-matter
volumes. Before entered into analyses, raw volumes were corrected
for total intracranial volume (ICV): adjusted volume = raw volume
- b(ICV - mean ICV), where b is the slope of regression of volume
on ICV (Buckner et al., 2004).

2.3. White-matter lesions

A FLAIR sequence was acquired to assess white-matter hyperin-
tensity (WMH) burden. The total number of slices were 48, slice
thickness = 3 mm, TE = 120 ms, TR = 8000 ms, and field of
view = 24 x 24 cm.

WMHs were segmented by the lesion-growth algorithm
(Schmidt et al., 2012), as implemented in the LST toolbox ver-
sion 2.0.14 (www.statisticalmodelling.de/lst.html) for the statistical
parametric mapping software (SPM12). The T1-images were seg-
mented into the three main tissue classes (cerebrospinal fluid, grey
matter, and white matter), and co-registered with FLAIR images.
Then, lesion probability maps were calculated from FLAIR intensi-
ties within white-matter maps. By thresholding these maps with a
pre-chosen initial threshold (x=0.3, defined by visual evaluation),
a binary lesion map was obtained. This map was grown along hy-
perintense neighboring voxels in the FLAIR image, resulting in a
lesion probability map that, after thresholding (50%), yielded a bi-
nary map of lesions from which the total volume (cm?) and num-
ber of lesions per individual was obtained.

2.4. Perfusion measurements

Perfusion measurements were performed with 3D pseudo-
continuous arterial spin labeling (3D pcASL), acquired with back-
ground suppression and a spiral readout. Labeling time = 1.5 s,
post-labeling delay time = 1.5 s, 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 to 3. This sequence pro-
vided whole-brain perfusion in ml/100g/min.

Quantitative perfusion maps were calculated using a post-
processing tool installed on the scanner by the manufacturer. Mean
perfusion for the regions of interest (ROIs) were calculated using
the Freesurfer segmentation.

2.5. D2DR availability

A 55-min, 18-frame dynamic PET scan was acquired dur-
ing resting-state conditions with a Discovery PET/CT 690 (Gen-
eral Electric, WI, US), following an intravenous bolus injection
of 250 MBq !"C-raclopride. A CT scan (20 mA, 120 kV, 0.8
s/revolution) preceded tracer injection for attenuation-correction
purposes. Attenuation- and decay-corrected 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?3) were reconstructed with the
iterative algorithm VUE Point HD-SharpIR (GE Healthcare), using 6
iterations, 24 subsets, 3.0 mm post filtering, yielding full width at
half maximum (FWHM) of 3.2 mm. Head movements were mini-
mized with individually fitted thermoplastic masks attached to the
bed surface.

PET data were converted from DICOM to NIfTI format and
corrected for head movement. The PET and T1 images were co-

Table 2
Sex differences in nigrostriatal D2DR availability (mean and standard deviation).
Men Women % diff  n2 p

D2DR availability
Caudate L 2.17 (0.24) 2.29 (0.26) 5% 0.052  0.003
Caudate R 2.32(0.24) 2.33(0.25) 0.5% 0.001 0.679
Putamen L 3.03 (0.25) 3.12(0.26) 3% 0.031 0.021
Putamen R 3.24(0.27) 3.27 (0.25) 1% 0.003 0457
Midbrain 0.32 (0.06) 0.34 (0.06) 6% 0.027  0.033

Note. L = Left; R = Right; diff = difference. Significant sex differences (assessed
with MANOVA) are presented in bold font. Effect size is illustrated with partial-
eta squared (n2).

registered with SPM8. ! C-raclopride binding potential (BPyp) was
calculated with Logan analysis (Logan et al, 1996), using the
median activity value within Freesurfer-segmented ROIs for time
frames 10-18 (18-55 min). Cerebellar grey matter served as the ref-
erence area.

Furthermore, midbrain ''C-raclopride BPyp values were ex-
tracted using a probabilistic atlas (Murty et al., 2014). First, the
probabilistic atlas was thresholded at 25% to obtain a midbrain
mask. Second, dynamic PET images were transformed into MNI-
coordinate space and frame-wise midbrain activity concentrations
were extracted using the midbrain mask. The midbrain time-
activity curve (TAC) data were modeled using the multi-linear
reference tissue model (Ichise et al., 2003), with the FreeSurfer-
derived cerebellar grey matter TACs as a reference to estimate
BPyp.

2.6. Cognitive assessment

Episodic memory was assessed with tests of word recall,
number-word recall, and object-position recall (two blocks for
each task; max scores: 32, 16, and 24, respectively). For each
of the three tests, scores were summarized across the total
number of blocks. The three sum scores were standardized (via
z-transformation), and averaged to form one composite episodic-
memory score (T score: mean = 50; SD = 10). Missing values (<
1.2% for all variables) were replaced by the average of the available
observed scores.

2.7. Statistical evaluation

Statistical analyses were conducted with IBM SPSS Statistics 24
(IBM Corp., Armonk, NY, USA). Descriptive data are presented as
frequencies, or mean values and standard deviations (SD). Corre-
lations are reported with the Pearson correlation coefficient (r).
Exclusions were handled via pairwise deletions and encompassed
values for D2DR availability in caudate: n = 7; putamen: n = 8;
midbrain: n = 3, volumes (all regions n = 1; subcortical regions
n = 2). Reasons for exclusions were imperfect quality or segmen-
tation of T1-images, issues with PET/MR co-registration, and sta-
tistical outliers according to the outlier labeling rule with 2.2 in-
terquartile ranges. In addition, there were missing cases for WMHs
(n = 4) and cerebral perfusion (n = 2).

Sex differences in demographic, lifestyle, and health variables
were tested with independent sample t-tests (Table 1), and al-
pha level was adjusted for number of tests (0.05/13 = 0.004).
In accordance with the first aim of the present work, sex differ-
ences in mean levels of D2DRs, volumes, perfusion, and white-
matter lesions were assessed with multivariate analysis of variance
(MANOVA; Tables 2 and 3; Results 3.1 and 3.2). Within men and
women, hemispheric differences were evaluated with dependent
sample t-tests (Table 2). The second aim was to address sex dif-
ferences in the interrelation among D2DR availability, and struc-
tural and vascular factors. This was explored with multiple linear
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Table 3
Sex differences in structural brain measures (mean and standard deviation).

Men Women n2 p

Volumes (cm?)

Caudate L 3.6 (0.5) 3.6 (0.5) 0.002 0.580
Caudate R 3.7 (0.5) 3.8 (0.5) 0.001 0.731
Putamen L 4.6 (0.5) 4.2 (0.5) 0.136 <0.001
Putamen R 4.6 (0.5) 4.2 (0.5) 0.098 <0.001
Hippocampus L 3.8 (04) 3.8 (0.5) 0.001 0.675
Hippocampus R 4.0 (0.5) 3.9 (04) 0.019 0.072
Frontal cortex 168.4 (15.2) 159.6 (14.8) 0.080 <0.001
White matter 627.7 (60.5) 576.2 (50.2) 0.175 <0.001

Brain per intracranial ratio (%) 71.7 (8.6) 74.7 (7.8) 0.031 0.021
Perfusion (ml/100g/min)

Caudate L 43.7 (7.4) 44,7 (7.1) 0.004 0.374
Caudate R 43.6 (7.2) 45.1 (7.4) 0.011 0.161
Putamen L 46.2 (7.9) 47.0 (7.6) 0.003 0.478
Putamen R 446 (7.4) 46.4 (7.9) 0.013 0.126
Hippocampus L 40.2 (7.8) 429 (8.3) 0.027 0.027
Hippocampus R 39.6 (7.5) 42.7 (8.5) 0.035 0.012
Frontal L 41.9 (9.1) 48.0 (9.8) 0.094 <0.001
Frontal R 40.4 (8.9) 46.7 (10.2)  0.100 <0.001
White-matter lesions

Volume L (cm?) 1.6 (1.8) 1.2 (1.2) 0.019 0.066
Volume R (cm?) 1.4 (1.7) 1.1 (1.4) 0.009 0.214

Number of lesions L
Number of lesions R

18.6 (11.2)
19.5 (12.8)

14.6 (7.1) 0.040 0.008
15.1 (7.8) 0.039 0.008

Note. L = Left; R = Right. Significant sex differences from MANOVAs (one per brain
domain) are presented in bold. Effect size is illustrated with partial-eta squared
(n2).

regression models in men and women, separately (Results 3.3.) In-
dependent variables were representative of each structural domain
(Table 3) and consisted of brain per intracranial ratio (as volume
estimates), frontal perfusion, and number of white-matter lesions.
To investigate whether the association between frontal perfusion
and caudate D2DR availability was moderated by sex, multiple re-
gression analyses were performed with frontal perfusion, sex, and
the interaction term sex x perfusion as independent variables. To
address the third aim of this work, the influences of D2DR avail-
ability and structural and vascular measures were assessed on sex
differences in episodic memory through linear regression models,
as described above, and analysis of covariance (ANCOVA; Results
3.4). ANCOVAs were also used to assess the influence of hippocam-
pal D2DR levels and volumes as covariates on sex differences in
episodic memory (Results 3.4), and grey matter volumes as co-
variates on sex differences in D2DR availability (Results 3.1). Effect
sizes are indicated by partial-eta squared (72).

3. Results
3.1. Higher nigrostriatal D2DR availability in women

Significant sex differences were found for nigrostriatal D2DR
availability (F(5, 163) = 6.73, Wilks’ lambda (A) = 0.83, p < 0.001).
Compared to women, men had lower D2DR availability in left
caudate (F(1, 167) = 9.21), left putamen (F(1, 167) = 5.39), and
midbrain (F(1, 167) = 4.63; Table 2). Sex differences in left cau-
date (F(1,171) = 8.69, p = 0.004, n2 = 0.048) and left putamen
(F(1,170) = 4.92, p = 0.028, n2 = 0.028) were maintained after
adjusting for regional volumes. In both sexes, lower levels were
observed in left, compared to right caudate (men: t(94) =-8.15, p
< 0.001; women: t(77) = -2.80; p = 0.007) and putamen (men:
t(94) = -13.95; women: t(77) = -10.06; p < 0.001 for both).

3.2. Sex differences in regional volumes, perfusion, and lesion burden

Sex differences were observed for several structural measures,
including volumes (F(9, 163) = 13.89, A = 0.57, p < 0.001), perfu-

sion (F(8, 170) = 5.55, A = 0.79, p < 0.001), and at trend level, for
white-matter lesion burden (F(4, 171) = 2.29, A = 0.95, p = 0.062).
Men had larger putaminal (F(1, 171) = 26.99 and 18.50 for left
and right), cortical (F(1, 171) = 14.89), and white-matter volumes
(F(1, 171) = 36.16), but smaller overall brain per intracranial ratios
(F(1, 171) = 5.45; Table 3). In addition, men had lower perfusion
in frontal cortex (F(1, 177) = 18.43 and 19.69 for left and right)
and hippocampus (F(1;177) = 4.95 and 6.49 for left and right), and
higher frequency of lesions in the white-matter (F(1, 174) = 7.30
and 7.14 for left and right).

3.3. Interrelation between D2DR availability and structural brain
measures

Next, we explored whether the observed sex differences in
caudate D2DR availability (Table 2) and structural brain measures
(one indicator per domain: brain per intracranial ratios, frontal
perfusion, number of white-matter lesions; Table 3) showed dif-
ferent associations in men versus women. For this purpose, we
conducted multiple regressions, separately in men and women.
A linear regression model (F(3,89) = 7.06, p < 0.001) revealed
that left caudate D2DR levels were linked to frontal perfusion
(B = 0.209, t(89) = 2.02, p = 0.046; Fig. 1A) and number of
lesions (B = -0.295, t(89) = -2.92, p = 0.004) in men. The corre-
sponding model for left caudate D2DR levels in women was not
significant (F(3,72) = 2.49, p = 0.067), nor were models for right
caudate D2DR levels for men (F(3,90) = 2.27, p = 0.085) or women
(F(3,71) = 2.56, p = 0.062).

To further disentangle the associations among independent
variables and D2DR levels, partial correlations were performed for
each independent variable (adjusting for the other two indepen-
dent variables). Correlations between left caudate D2DR levels and
lesion burden were similar for men and women (men: r = -0.30,
p = 0.004; women: r = -0.30, p = 0.010), whereas correlations
with perfusion were only found in men (men: r = 0.21, p = 0.046;
women: r = 0.02, p = 0.840), and no associations were found with
brain per intracranial ratios (men: r = 0.07, p = 0.486; women:
r = 0.08, p = 0.487). With respect to the right caudate, corre-
lations between D2DR levels and lesion burden were similar for
men and women (men: r = -0.24, p = 0.019; women: r = -0.31,
p = 0.007), whereas no correlations were found with perfusion
(men: r = 0.05, p = 0.633; women: r = 0.01, p = 0.958), or
brain per intracranial ratios (men: r = -0.06, p = 0.554; women:
r = 0.04, p = 0.734). Moreover, linear regression analyses were
conducted to test whether the link between frontal perfusion and
D2DR availability was moderated by sex. The model for left cau-
date D2DR levels (F(3,168) = 6.67, p < 0.001) revealed main effects
for frontal perfusion (8 = 0.328, t(168) = 3.03, p = 0.003) and sex
(B = 0.791, t(168) = 2.25, p = 0.026). However, the interaction ef-
fect between sex and frontal perfusion (Fig. 1A) did not approach
conventional significance (8 = 0.679, t(168) = 1.78, p = 0.077). The
corresponding model for right caudate D2DR was non-significant
(F(3, 168) = 0.69, p = 0.557).

3.4. Sex differences in episodic memory

As reported before (Nevalainen et al., 2015), there was a fe-
male advantage in episodic memory (F(1, 179) = 7.02, p = 0.009,
n2= 0.038). Given that caudate D2DR availability has been linked
to episodic memory in past research (Cervenka et al, 2008;
Nyberg et al.,, 2016), we tested whether some of the sex differ-
ences in episodic memory was accounted for by caudate D2DR
availability. Multiple linear regressions revealed that D2DR avail-
ability in left caudate was associated with episodic memory in men
(F(1,93) = 7.55, p = 0.007), but not in women (F(1,77) = 0.07,
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Fig. 1. Sex differences in relationship between left caudate D2DR availability and frontal cortical perfusion and episodic memory. Left caudate D2DR availability was associ-
ated with frontal perfusion (A) and episodic memory (B) in men but not in women. Sex differences in episodic memory performance were attenuated following adjustment
for left caudate D2DR (C). Red line indicates mean performance for the sample. ** p < 0.01. L: left.

p = 0.796; Fig. 1B). Similar sex differences in patterns of as-
sociations were found for right caudate D2DR availability (men:
F(1,94) = 4.56, p = 0.035, r = 0.22; women: F(1,76) = 0.08,
p = 0.779, r = 0.03). In testing whether sex moderated the as-
sociation between D2DR levels and episodic memory, main ef-
fects were found for left caudate D2DR availability (F(3,170) = 4.27,
p = 0.006; B = 0.292, t(170) = 2.76, p = 0.006), however, sex
(B = 1279, t(170) = 1.92, p = 0.057), and the interaction be-
tween sex and left caudate D2DR levels (8 = -1.192, t(170) = 1.73,
p = 0.085) bordered to statistical significance. The correspond-
ing model for right caudate D2DR and episodic memory (F(3,
170) = 3.19, p = 0.025) demonstrated main effects for D2DR avail-
ability (8 = 0.211, t(170) = 2.15, p = 0.033), but no relation-
ships to sex (t(170) = 1.40, p = 0.162) or sex x D2DR availability
(t(170) = 1.18, p = 0.239).

Moreover, sex differences in episodic memory remained after
adjusting for right caudate D2DR levels (F(1, 171) = 4.33, p = 0.039,
n2 = 0.025), but were attenuated and non-significant after adjust-
ing for left caudate D2DR availability (F(1, 171) = 2.88, p = 0.091,
n2 = 0.017; Fig. 1C). In comparison, adjustment for the struc-
tural measures assessed in relation to D2DR availability, did not
attenuate sex differences in episodic memory (number of lesions:
(F(1, 174) = 413, p = 0.044, n2 = 0.023; frontal perfusion: (F(1,
176) = 4.29, p = 0.040, n2 = 0.024; brain per intracranial ratio:
(F(1, 177) = 5.44, p = 0.021, n2 = 0.030).

Episodic memory performance has been linked to hippocampal
volume and D2DR levels (Nyberg et al., 2016). Yet, sex differences
in performance remained after adjusting for hippocampal D2DR
availability (average left and right; F(1, 170) = 6.61, p = 0.011,
n2 = 0.037) and volume (average left and right; F(1, 176) = 6.61,
p = 0.011, n2 = 0.036).

4. Discussion

The present work sought to elucidate sex differences in neu-
rocognitive status at older age, focusing on episodic memory
performance, the nigrostriatal DA system, and structural brain
measures. Due to previous indications of reduced DA integrity
(Kaasinen et al., 2015; Kaasinen et al., 2001; Lavalaye et al., 2000;
Pohjalainen et al., 1998; Wong et al., 2012) and more vascular
alterations in men (Kivipelto et al., 2006; Kloner et al., 2016;
Webb and Collins, 2017), we investigated interrelations between
these domains, and specifically whether possible links differed be-
tween men and women. We demonstrate lower episodic mem-
ory performance and lower levels of nigrostriatal D2DR markers,
particularly in the left hemisphere, in men compared to women.
Furthermore, left caudate D2DR levels accounted for a small por-
tion of sex differences in memory performance. Higher white-

Sex differences
e.g. gene expression, proteins & hormones

Brain
-Perfusion | D2DR
-Lesions
Cognition
Episodic memory g

Fig. 2. Overview of findings. Sex differences were observed for mean levels and
associations between vascular status and D2DR integrity, and episodic memory
performance in older adults. Single-headed arrows indicate direction of links. The
hatched arrow indicates expected associations that are not apparent in the COBRA
study. Double-headed arrow indicates a reciprocal relationship.

matter lesion burden and lower cortical perfusion in men, with
links to caudate D2DR levels, suggest that cerebrovascular status
may be one factor that underlies sex differences in DA integrity
(Karalija et al., 2019). That said, sex was not a significant modera-
tor of the perfusion-D2DR and D2DR-memory links. These relation-
ships are illustrated in Fig. 2, although causal links are not possible
to derive from the current analyses.

Sex differences in the DA system have been reported previ-
ously, with evidence for higher levels of DA markers in women
(Kaasinen et al., 2015; Kaasinen et al., 2001; Lavalaye et al., 2000;
Pohjalainen et al., 1998; Wong et al, 2012). Notably, one age-
comparative study showed that striatal receptor availability in
older men was half of that in older women (Pohjalainen et al.,
1998). Moreover, men are at higher risk of pathological DA de-
cline. The risk of PD is at least 1.5 times greater in men, upon
which accelerated DA decline and greater symptom severity is ob-
served (Elbaz et al., 2002; Gillies et al., 2014; Haaxma et al., 2007;
Lubomski et al., 2014; Lyons et al, 1998; Wooten et al., 2004).
Lower levels of DA decline in women, in healthy as well as patho-
logical aging, have been related to neuroprotective effects of es-
trogen (Becker, 1999; Bourque et al., 2011; Gillies et al., 2014),
which could be exerted via estrogen receptors in nigrostriatal areas
(Creutz and Kritzer, 2004). In support of this assertion, animal data
demonstrate that toxin-induced DA depletion is aggravated in male
animals, and that estrogen replacement in ovariectomized animals
leads to less grave DA lesions (Miller et al., 1998).

Asymmetries in the DA system have been observed across stud-
ies involving healthy samples, and in groups with pathologies
(Larisch et al., 1998; Molochnikov and Cohen, 2014). Studies in ani-
mals and humans have demonstrated that hemispheric differences
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in D2DR levels are found in younger subjects, yet are reduced in
aging (Giardino, 1996; Vernaleken et al., 2007). Inter-hemispheric
asymmetries were found in the present work, with lower D2DR
levels in left striatum in both sexes, that were more pronounced
in men. The physiology behind DA asymmetries remain inconclu-
sive; however, it may have important functional consequences for
behavior (Nieoullon, 2002; Tomer et al., 2008; Tomer et al., 2012).
Unilateral striatal DA loss is typically found in early stages of PD,
and predominantly in the left hemisphere for right-handed PD pa-
tients (Kaasinen et al., 2015; Scherfler et al., 2012). Interestingly,
left- versus right-sided DA loss in PD gives rise to diverging cog-
nitive deficits, where left-sided DA deficits were associated with
memory impairments (Verreyt et al., 2011). The present work indi-
cates that similar patterns may apply to healthy aging as well.

There is consistent evidence for that men are at higher risk
for cardiovascular disease (Pilote et al., 2007). Such differences are
believed to stem from genetic, epigenetic, and hormonal factors
(Regitz-Zagrosek and Kararigas, 2016). The present study shows
that even in samples of healthy, older adults, indications of re-
duced cerebrovascular health were more pronounced in men.
Here, cerebrovascular status was assessed via perfusion and white-
matter lesion burden, where the latter is considered a manifesta-
tion of small-vessel disease (Wardlaw et al., 2013). The higher risk
in men may derive from declining levels of testosterone with ag-
ing (Kloner et al., 2016), as testosterone regulates cardiac repolar-
ization and interacts with cardiovascular risk factors (Oskui et al.,
2013). In men over 70 years of age, cardiovascular risk was asso-
ciated with serum testosterone levels (Ruige et al.,, 2011), which
has led to suggestions of treatment with testosterone for preven-
tive purposes (Goodale et al.,, 2017; Kloner et al., 2016). Interest-
ingly, increased midbrain and cortical perfusion was found follow-
ing testosterone treatment in hypogonodal men (Azad et al., 2003).
Protective effects of estrogen may contribute to maintained vas-
cular integrity and a younger metabolic age in women through-
out the lifespan (Goyal et al., 2019; Gustafsson, 1997; lafrati et al.,
1997).

Due to the scarcity of multimodal brain imaging studies, there
is a lack of knowledge regarding the relation among age-sensitive
brain variables. This is particularly the case for DA, owing to
limited sample sizes and lack of multimodal designs of most in
vivo DA studies (Karrer et al., 2017). Changes in various neural
substrates are likely correlated, where some may trigger others.
Cross-sectional data suggest DA decline to be a continuous process
across the lifespan (Bdckman et al., 2010; Backman et al., 2006;
Karrer et al., 2017). Vascular risk factors may modulate DA integrity
throughout adulthood, even though vascular disease is more preva-
lent in older populations (Strait and Lakatta, 2012). In healthy ag-
ing, reduced DA markers have been associated with increased load
of white-matter lesions (Karalija et al., 2019; Rieckmann et al.,
2016), and structural and functional brain measures (Lovden et al.,
2018). The present work demonstrates that cortical perfusion was
significantly lower in men than in women. Although sex did not
moderate the perfusion-D2DR link, the significant correlation be-
tween perfusion and caudate D2DR levels in men suggests that re-
duced vascular health may underlie DA reductions, and, possibly
lateralization of these. Relatedly, DA decline in PD is paralleled by
cortical atrophy and hypoperfusion (Claassen et al., 2016; Lin et al.,
2016). Stroke studies in animals and humans suggest that ischemia
is followed by changes in the DA system (Gower and Tiberi, 2018;
Momosaki et al., 2017). However, the reverse causal chain is also
plausible, due to the vasoactive characteristics of DA. Dopaminergic
terminals are located in close proximity to brain microvasculature
and administration of DA agonists results in a vasomotor response
(Krimer et al., 1998). Also, animal and human PET work demon-
strate effects of DA release on striatal blood flow (Knutson and

Gibbs, 2007; Schott et al., 2008). Conceivably, there is a reciprocal
relationship between these two directions of influence, such that
DA activity affects vascular parameters inasmuch as the opposite is
true (double-headed arrow in Fig. 2; (Bickman and Nyberg, 2013).

In line with recent meta-analytic evidence (Asperholm et al.,
2019), we have earlier reported a female advantage in episodic
memory in the same sample (Nevalainen et al., 2015). Our study
sample involves only adults in their mid 60s, hence limiting the
generalizability of the findings to early and middle adulthood,
and to very old age. The relatively young age and high level of
health in the COBRA sample (Nevalainen et al., 2015) may under-
lie the lack of the expected association between cerebrovascular
parameters and episodic memory (hatched arrow in Fig. 2). Vas-
cular abnormalities such as hypoperfusion, lesion manifestation,
and silent infarcts are recognized as early signs of memory im-
pairment and dementia (Iturria-Medina et al., 2016; Smith et al.,
2017; Wahlin and Nyberg, 2019). This age range was chosen as it
represents the age at which average decline in several cognitive
abilities typically starts to manifest. Several studies have shown
that caudate DA markers, including D2DRs, predict episodic mem-
ory performance (Cervenka et al., 2008; Chen et al., 2005; Erixon-
Lindroth et al., 2005; Nyberg et al., 2016). Recent work shows im-
paired episodic memory following induction of striatal DA-lesions
in animals, and modulatory effects of sex hormones (Conner
et al,, 2020). The present study extends previous work and suggests
that sex differences in caudate D2DR levels may be one source of
sex differences in episodic memory performance. Conceivably, cau-
date function is critical for updating of long-term episodic mem-
ory representations (Persson et al., 2015), and exerts its role via
interactions with other key regions for memory encoding and re-
trieval, such as hippocampus and prefrontal regions (Brown et al.,
2012; Miiller et al., 2018). Sex differences have been reported for
hippocampal structure and function (Yagi and Galea, 2019), and as
shown here, seem to include hippocampal perfusion. However, ad-
justing for hippocampal volume and D2DR levels did not attenuate
sex differences in episodic memory in our sample.

4.1. Conclusions

In summary, the present data demonstrate sex differences in
cerebrovascular status, DA integrity, and episodic memory in ag-
ing. Still, longitudinal multivariate data and a closer link to animal
models are needed to ascertain how physiological differences be-
tween women and men contribute to sex differences in cognitive

aging.
Disclosure statement

The authors report no conflicts of interest.

Funding

This work was funded by the Swedish Research Council, Umed
University, Umed University-Karolinska Institute Strategic Neuro-
science Program, the Knut and Alice Wallenberg Foundation, the
Torsten and Ragnar Soderberg Foundation, an Alexander von Hum-
boldt Research award, a donation from the Jochnick Foundation,
Swedish Brain Power, the Swedish Brain Foundation, Vdsterbotten
County Council, Innovation Fund of the Max Planck Society, and
Gottfried Wilhelm Leibniz Research Award 2010 of the German Re-
search Foundation (DFG).

The Freesurfer analyses were performed on resources provided
by the Swedish National Infrastructure for Computing (SNIC) at
HPC2N in Umea.



278 N. Karalija, G. Papenberg, A. Wadhlin et al./Neurobiology of Aging 105 (2021) 272-279

CRediT authorship contribution statement

Nina Karalija: Conceptualization, Formal analysis, Investigation,
Writing - original draft. Goran Papenberg: Conceptualization, For-
mal analysis, Investigation, Writing - original draft. Anders Wah-
lin: Software, Validation, Formal analysis, Writing - review & edit-
ing. Jarkko Johansson: Software, Validation, Writing - review &
editing. Micael Andersson: Software, Validation, Formal analysis,
Writing - review & editing. Jan Axelsson: Software, Validation,
Writing - review & editing. Katrine Riklund: Project administra-
tion, Funding acquisition, Writing - review & editing. Ulman Lin-
denberger: Project administration, Funding acquisition, Writing -
review & editing. Lars Nyberg: Project administration, Funding ac-
quisition, Writing - review & editing. Lars Backman: Project ad-
ministration, Funding acquisition, Supervision, Conceptualization,
Writing - review & editing.

References

Asperholm, M., Hogman, N., Rafi, J., Herlitz, A., 2019. What did you do yesterday?
A meta-analysis of sex differences in episodic memory. Psychol. Bull. 145 (8),
785-821.

Azad, N., Pitale, S., Barnes, W.E., Friedman, N., 2003. Testosterone treatment en-
hances regional brain perfusion in hypogonadal men. J. Clin. Endocrinol. Metab.
88 (7), 3064-3068.

Baker, L., Meldrum, K.K., Wang, M., Sankula, R., Vanam, R., Raiesdana, A., Tsai, B.,
Hile, K., Brown, J.W., Meldrum, D.R., 2003. The role of estrogen in cardiovascular
disease. J. Surg. Res. 115 (2), 325-344.

Becker, ].B., 1999. Gender differences in dopaminergic function in striatum and nu-
cleus accumbens. Pharmacol. Biochem. Behav. 64 (4), 803-812.

Bourque, M., Dluzen, D., Di Paolo, T., 2011. Male/Female Differences in Neuroprotec-
tion and Neuromodulation of Brain Dopamine. Front. Endocrinol. (Lausanne) 2
(35).

Brann, D.W., Dhandapani, K., Wakade, C., Mahesh, V.B., Khan, M.M., 2007. Neu-
rotrophic and neuroprotective actions of estrogen: basic mechanisms and clini-
cal implications. Steroids 72 (5), 381-405.

Brown, T.I, Ross, RS., Tobyne, S.M., Stern, C.E., 2012. Cooperative interactions be-
tween hippocampal and striatal systems support flexible navigation. Neuroim-
age 60 (2), 1316-1330.

Buckner, R.L., Head, D., Parker, ]J., Fotenos, A.F,, Marcus, D., Morris, J.C., Snyder, A.Z.,
2004. A unified approach for morphometric and functional data analysis in
young, old, and demented adults using automated atlas-based head size nor-
malization: reliability and validation against manual measurement of total in-
tracranial volume. Neuroimage 23 (2), 724-738.

Bdckman, L., Nyberg, L., 2013. Dopamine and training-related working-memory im-
provement. Neurosci. Biobehav. Rev. 37 (9 Pt B), 2209-2219.

Bdckman, L., Lindenberger, U., Li, S.C.,, Nyberg, L., 2010. Linking cognitive aging to
alterations in dopamine neurotransmitter functioning: recent data and future
avenues. Neurosci. Biobehav. Rev. 34 (5), 670-677.

Bdckman, L., Nyberg, L., Lindenberger, U, Li, S.C., Farde, L., 2006. The correla-
tive triad among aging, dopamine, and cognition: current status and future
prospects. Neurosci. Biobehav. Rev. 30 (6), 791-807.

Cahill, L, 2006. Why sex matters for neuroscience. Nat. Rev. Neurosci. 7 (6),
477-484.

Cervenka, S., Bickman, L., Cselenyi, Z., Halldin, C., Farde, L., 2008. Associations
between dopamine D2-receptor binding and cognitive performance indicate
functional compartmentalization of the human striatum. Neuroimage 40 (3),
1287-1295.

Chen, PS., Yang, YK, Lee, Y.S., Yeh, TL, Lee, LH., Chiu, N.T., Chu, C.L., 2005. Correla-
tion between different memory systems and striatal dopamine D2/D3 receptor
density: a single photon emission computed tomography study. Psychol. Med.
35 (2), 197-204.

Claassen, D.O., McDonell, K.E., Donahue, M., Rawal, S., Wylie, S.A., Neimat, J.S.,
Kang, H., Hedera, P, Zald, D., Landman, B., Dawant, B., Rane, S., 2016. Cortical
asymmetry in Parkinson's disease: early susceptibility of the left hemisphere.
Brain Behav 6 (12) e00573-e00573.

Conner, M.R,, Jang, D., Anderson, BJ., Kritzer, M.F,, 2020. Biological Sex and Sex Hor-
mone Impacts on Deficits in Episodic-Like Memory in a Rat Model of Early, Pre-
motor Stages of Parkinson’s Disease. Front. Neurol. 11, 942.

Cosgrove, K.P., Mazure, C.M.,, Staley, J.K., 2007. Evolving knowledge of sex differences
in brain structure, function, and chemistry. Biol. Psychiatry 62 (8), 847-855.
Creutz, L.M., Kritzer, M.F,, 2004. Mesostriatal and mesolimbic projections of mid-
brain neurons immunoreactive for estrogen receptor beta or androgen receptors

in rats. J. Comp. Neurol. 476 (4), 348-362.

de Frias, C.M., Nilsson, L.G., Herlitz, A., 2006. Sex differences in cognition are stable
over a 10-year period in adulthood and old age. Neuropsychol. Dev. Cogn. B
Aging Neuropsychol. Cogn. 13 (3-4), 574-587.

Deary, 1], Irwing, P, Der, G., Bates, T.C., 2007. Brother-sister differences in the g
factor in intelligence: Analysis of full, opposite-sex siblings from the NLSY1979.
Intelligence 35 (5), 451-456.

Desikan, R.S., Segonne, F, Fischl, B., Quinn, B.T., Dickerson, B.C., Blacker, D., Buck-
ner, R.L,, Dale, A.M., Maguire, R.P., Hyman, B.T.,, Albert, M.S., Killiany, R.J., 2006.
An automated labeling system for subdividing the human cerebral cortex on
MRI scans into gyral based regions of interest. Neuroimage 31 (3), 968-980.

Elbaz, A., Bower, ]J.H., Maraganore, D.M., McDonnell, S.K., Peterson, B.J., Ahlskog, J.E.,
Schaid, DJ., Rocca, W.A., 2002. Risk tables for parkinsonism and Parkinson’s dis-
ease. J. Clin. Epidemiol. 55 (1), 25-31.

Erixon-Lindroth, N., Farde, L., Wahlin, T.B., Sovago, J., Halldin, C., Backman, L., 2005.
The role of the striatal dopamine transporter in cognitive aging. Psychiatry Res
138 (1), 1-12.

Fischl, B., Salat, D.H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., van der
Kouwe, A., Killiany, R., Kennedy, D., Klaveness, S., Montillo, A., Makris, N.,
Rosen, B., Dale, A.M., 2002. Whole Brain Segmentation: Automated Labeling of
Neuroanatomical Structures in the Human Brain. Neuron 33 (3), 341-355.

Giardino, L., 1996. Right-left asymmetry of D1- and D2-receptor density is lost in
the basal ganglia of old rats. Brain Res 720 (1), 235-238.

Gillies, G.E., Pienaar, I.S., Vohra, S., Qamhawi, Z., 2014. Sex differences in Parkinson’s
disease. Front. Neuroendocrinol. 35 (3), 370-384.

Goodale, T., Sadhu, A. Petak, S., Robbins, R., 2017. Testosterone and the Heart.
Methodist Debakey Cardiovasc. J. 13 (2), 68-72.

Gorbach, T., Pudas, S., Lundquist, A., Oradd, G., Josefsson, M., Salami, A., de Luna, X.,
Nyberg, L., 2017. Longitudinal association between hippocampus atrophy and
episodic-memory decline. Neurobiol. Aging 51, 167-176.

Gower, A., Tiberi, M., 2018. The Intersection of Central Dopamine System and Stroke:
Potential Avenues Aiming at Enhancement of Motor Recovery. Front. Synaptic
Neurosci. 10 18-18.

Goyal, M.S., Blazey, TM.,, Su, Y., Couture, LE., Durbin, TJ., Bateman, RJ. Ben-
zinger, T.LS. Morris, J.C, Raichle, M.E., Vlassenko, A.G., 2019. Persistent
metabolic youth in the aging female brain. Proceedings of the National Academy
of Sciences 116 (8), 3251.

Gustafsson, J.A., 1997. Estrogen receptor beta-getting in on the action? Nat. Med. 3
(5), 493-494.

Haaxma, C.A., Bloem, B.R,, Borm, G.F, Oyen, W)]., Leenders, K.L., Eshuis, S., Booij, ].,
Dluzen, D.E., Horstink, M.W., 2007. Gender differences in Parkinson’s disease. ].
Neurol. Neurosurg. Psychiatry 78 (8), 819-824.

Herlitz, A., Nilsson, L.G., Backman, L., 1997. Gender differences in episodic memory.
Mem. Cognit. 25 (6), 801-811.

Hoffman, M.L., 1977. Sex differences in empathy and related behaviors. Psychol. Bull.
84 (4), 712-722.

lafrati, M.D., Karas, RH., Aronovitz, M., Kim, S., Sullivan Jr, T.R., Lubahn, D.B.,
O’Donnell Jr, T.E, Korach, K.S., Mendelsohn, M.E., 1997. Estrogen inhibits the
vascular injury response in estrogen receptor alpha-deficient mice. Nat. Med.
3 (5), 545-548.

Ichise, M., Liow, ].S., Ly, ]J.Q., Takano, A., Model, K., Toyama, H., Suhara, T., Suzuki, K.,
Innis, R.B., Carson, R.E., 2003. Linearized reference tissue parametric imaging
methods: application to [11C]DASB positron emission tomography studies of
the serotonin transporter in human brain. J. Cereb. Blood Flow Metab. 23 (9),
1096-1112.

Iturria-Medina, Y., Sotero, R.C., Toussaint, PJ., Mateos-Pérez, ].M., Evans, A.C., 2016.
Early role of vascular dysregulation on late-onset Alzheimer’s disease based on
multifactorial data-driven analysis. Nat Commun 7, 11934.

Josefsson, M., de Luna, X., Pudas, S., Nilsson, L.G., Nyberg, L., 2012. Genetic and
lifestyle predictors of 15-year longitudinal change in episodic memory. ]. Am.
Geriatr. Soc. 60 (12), 2308-2312.

Jurado-Coronel, J.C., Cabezas, R., Avila Rodriguez, M.F., Echeverria, V., Garcia-Se-
gura, LM, Barreto, G.E., 2018. Sex differences in Parkinson’s disease: Features
on clinical symptoms, treatment outcome, sexual hormones and genetics. Front.
Neuroendocrinol. 50, 18-30.

Kaasinen, V., Nagren, K., Hietala, J., Farde, L., Rinne, J.0., 2001. Sex differences in
extrastriatal dopamine d(2)-like receptors in the human brain. Am. J. Psychiatry
158 (2), 308-311.

Kaasinen, V., Joutsa, J., Noponen, T., Johansson, J., Seppanen, M., 2015. Effects of ag-
ing and gender on striatal and extrastriatal [123I]FP-CIT binding in Parkinson’s
disease. Neurobiol. Aging 36 (4), 1757-1763.

Karalija, N., Wahlin, A., Ek, J., Rieckmann, A., Papenberg, G., Salami, A., Brand-
maier, A.M., Kdhncke, Y., Johansson, J., Andersson, M., Axelsson, J., Orddd, G.,
Riklund, K., Lovden, M., Lindenberger, U., Bickman, L., Nyberg, L., 2019. Cardio-
vascular factors are related to dopamine integrity and cognition in aging. Annals
of clinical and translational neurology 6 (11), 2291-2303.

Karrer, TM., Josef, A.K.,, Mata, R., Morris, E.D., Samanez-Larkin, G.R., 2017. Reduced
dopamine receptors and transporters but not synthesis capacity in normal aging
adults: a meta-analysis. Neurobiol. Aging 57, 36-46.

Kivipelto, M., Ngandu, T., Laatikainen, T., Winblad, B., Soininen, H., Tuomilehto, J.,
2006. Risk score for the prediction of dementia risk in 20 years among mid-
dle aged people: a longitudinal, population-based study. Lancet Neurol 5 (9),
735-741.

Kloner, R.A., Carson, C., Dobs, A., Kopecky, S., Mohler, E.R., 2016. Testosterone and
Cardiovascular Disease. ]. Am. Coll. Cardiol. 67 (5), 545.

Knutson, B., Gibbs, S.E., 2007. Linking nucleus accumbens dopamine and blood oxy-
genation. Psychopharmacology (Berl.) 191 (3), 813-822.

Krimer, L.S., Muly, E.C., Williams, G.V., Goldman-Rakic, P.S., 1998. Dopaminergic reg-
ulation of cerebral cortical microcirculation. Nat. Neurosci. 1 (4), 286-289.


http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0001
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0001
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0001
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0001
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0001
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0002
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0002
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0002
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0002
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0002
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0003
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0003
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0003
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0003
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0003
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0003
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0003
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0003
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0003
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0003
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0003
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0004
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0004
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0005
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0005
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0005
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0005
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0006
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0006
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0006
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0006
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0006
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0006
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0007
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0007
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0007
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0007
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0007
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0008
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0008
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0008
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0008
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0008
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0008
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0008
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0008
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0009
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0009
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0009
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0010
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0010
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0010
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0010
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0010
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0011
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0011
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0011
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0011
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0011
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0011
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0012
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0012
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0013
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0013
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0013
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0013
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0013
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0013
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0014
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0014
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0014
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0014
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0014
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0014
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0014
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0014
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0015
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0016
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0016
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0016
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0016
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0016
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0017
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0017
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0017
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0017
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0018
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0018
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0018
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0019
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0019
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0019
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0019
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0020
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0020
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0020
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0020
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0020
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0021
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0022
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0022
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0022
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0022
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0022
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0022
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0022
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0022
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0022
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0023
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0023
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0023
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0023
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0023
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0023
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0023
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0024
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0025
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0025
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0026
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0026
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0026
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0026
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0026
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0027
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0027
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0027
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0027
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0027
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0028
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0028
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0028
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0028
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0028
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0028
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0028
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0028
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0028
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0029
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0029
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0029
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0030
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0030
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0030
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0030
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0030
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0030
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0030
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0030
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0030
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0030
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0030
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0031
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0031
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0032
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0032
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0032
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0032
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0032
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0032
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0032
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0032
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0032
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0032
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0033
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0033
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0033
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0033
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0034
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0034
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0035
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0035
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0035
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0035
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0035
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0035
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0035
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0035
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0035
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0035
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0036
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0036
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0036
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0036
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0036
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0036
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0036
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0036
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0036
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0036
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0036
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0037
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0037
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0037
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0037
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0037
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0037
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0038
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0038
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0038
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0038
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0038
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0038
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0039
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0039
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0039
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0039
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0039
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0039
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0039
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0040
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0040
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0040
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0040
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0040
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0040
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0041
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0041
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0041
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0041
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0041
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0041
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0042
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0043
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0043
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0043
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0043
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0043
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0043
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0044
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0044
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0044
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0044
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0044
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0044
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0044
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0045
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0045
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0045
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0045
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0045
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0045
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0046
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0046
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0046
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0047
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0047
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0047
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0047
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0047

N. Karalija, G. Papenberg, A. Wdhlin et al./ Neurobiology of Aging 105 (2021) 272-279 279

Larisch, R., Meyer, W., Klimke, A., Kehren, F., Vosberg, H., Muller-Gartner, H.W., 1998.
Left-right asymmetry of striatal dopamine D2 receptors. Nucl. Med. Commun.
19 (8), 781-787.

Lavalaye, ]., Booij, ]., Reneman, L., Habraken, J.B., van Royen, E.A., 2000. Effect of age
and gender on dopamine transporter imaging with [123I]FP-CIT SPET in healthy
volunteers. Eur. J. Nucl. Med. 27 (7), 867-869.

Lin, W.C,, Chen, P.C, Huang, Y.C, Tsai, NW., Chen, HL., Wang, H.C, Lin, TK,
Chou, K.H., Chen, M.H., Chen, Y.W.,, Lu, C.H., 2016. Dopaminergic Therapy Mod-
ulates Cortical Perfusion in Parkinson Disease With and Without Dementia
According to Arterial Spin Labeled Perfusion Magnetic Resonance Imaging.
Medicine (Baltimore) 95 (5), e2206.

Lindenberger, U., 2014. Human cognitive aging: corriger la fortune? Science 346
(6209), 572-578.

Lisman, J.E., Grace, A.A., 2005. The hippocampal-VTA loop: controlling the entry of
information into long-term memory. Neuron 46 (5), 703-713.

Logan, J., Fowler, J.S.,, Volkow, N.D., Wang, GJ., Ding, Y.S., Alexoff, D.L., 1996. Dis-
tribution volume ratios without blood sampling from graphical analysis of PET
data. J. Cereb. Blood Flow Metab. 16 (5), 834-840.

Lubomski, M., Louise Rushworth, R., Lee, W., Bertram, K.L., Williams, D.R., 2014. Sex
differences in Parkinson’s disease. ]. Clin. Neurosci. 21 (9), 1503-1506.

Lyons, K.E., Hubble, J.P.,, Troster, A.L, Pahwa, R., Koller, W.C., 1998. Gender Differences
in Parkinson’s Disease. Clin. Neuropharmacol. 21 (2), 118-121.

Lévden, M., Karalija, N., Andersson, M., Wahlin, A., Axelsson, J., K6hncke, Y., Jonas-
son, L.S., Rieckman, A., Papenberg, G., Garrett, D.D., Guitart-Masip, M., Salami, A.,
Riklund, K., Bickman, L., Nyberg, L., Lindenberger, U., 2018. Latent-Profile Analy-
sis Reveals Behavioral and Brain Correlates of Dopamine-Cognition Associations.
Cereb. Cortex 28 (11), 3894-3907.

McEwen, B.S., Alves, S.E., 1999. Estrogen Actions in the Central Nervous System*.
Endocr. Rev. 20 (3), 279-307.

Mestre, M.V., Samper, P, Frias, M.D., Tur, A.M., 2009. Are women more empathetic
than men? A longitudinal study in adolescence. Span. J. Psychol. 12 (1), 76-83.

Miller, D.B., Ali, S.F, O’Callaghan, J.P, Laws, S.C., 1998. The Impact of Gender and
Estrogen on Striatal Dopaminergic Neurotoxicity. Ann. N. Y. Acad. Sci. 844 (1),
153-165.

Miller, V.M., Rocca, W.A., Faubion, S.S., 2015. Sex Differences Research, Precision
Medicine, and the Future of Women’s Health. ] Womens Health (Larchmt) 24
(12), 969-971.

Molochnikov, I, Cohen, D., 2014. Hemispheric differences in the mesostriatal
dopaminergic system. Front. Syst. Neurosci. 8 (110).

Momosaki, S. Ito, M. Yamato, H., limori, H., Sumiyoshi, H. Morimoto, K.,
Imamoto, N., Watabe, T., Shimosegawa, E., Hatazawa, J., Abe, K., 2017. Longitudi-
nal imaging of the availability of dopamine transporter and D2 receptor in rat
striatum following mild ischemia. ]. Cereb. Blood Flow Metab. 37 (2), 605-613.

Murty, V.P,, Shermohammed, M., Smith, D.V., Carter, R.M., Huettel, S.A., Adcock, R.A.,
2014. Resting state networks distinguish human ventral tegmental area from
substantia nigra. Neuroimage 100, 580-589.

Miiller, N.CJ., Konrad, B.N., Kohn, N., Muiioz-Lépez, M., Czisch, M., Fernandez, G.,
Dresler, M., 2018. Hippocampal-caudate nucleus interactions support excep-
tional memory performance. Brain structure & function 223 (3), 1379-1389.

Nevalainen, N., Riklund, K., Andersson, M., Axelsson, J., Ogren, M., Lovden, M., Lin-
denberger, U., Backman, L., Nyberg, L., 2015. COBRA: A prospective multimodal
imaging study of dopamine, brain structure and function, and cognition. Brain
Res 1612, 83-103.

Nieoullon, A., 2002. Dopamine and the regulation of cognition and attention. Prog.
Neurobiol. 67 (1), 53-83.

Nyberg, L., 2017. Functional brain imaging of episodic memory decline in ageing. J.
Intern. Med. 281 (1), 65-74.

Nyberg, L., Pudas, S., 2018. Successful Memory Aging. Annu. Rev. Psychol 4 (70),
219-243.

Nyberg, L., Karalija, N., Salami, A. Andersson, M., Wahlin, A., Kaboovand, N.,
Kohncke, Y., Axelsson, ]., Rieckmann, A., Papenberg, G., Garrett, D.D., Riklund, K.,
Lovden, M., Lindenberger, U., Bickman, L., 2016. Dopamine D2 receptor avail-
ability is linked to hippocampal-caudate functional connectivity and episodic
memory. Proc. Natl. Acad. Sci. U. S. A. 113 (28), 7918-7923.

Oskui, PM., French, WJ., Herring, M.J., Mayeda, G.S., Burstein, S., Kloner, R.A.,
2013. Testosterone and the cardiovascular system: a comprehensive review
of the clinical literature. Journal of the American Heart Association 2 (6)
e000272-e000272.

Persson, J., Rieckmann, A., Kalpouzos, G., Fischer, H., Bickman, L., 2015. Influences
of a DRD2 polymorphism on updating of long-term memory representations
and caudate BOLD activity: magnification in aging. Hum. Brain Mapp. 36 (4),
1325-1334.

Pilote, L., Dasgupta, K., Guru, V., Humphries, K.H., McGrath, J., Norris, C.,, Rabi, D.,
Tremblay, J., Alamian, A., Barnett, T.,, Cox, J., Ghali, WA., Grace, S., Hamet, P,
Ho, T, Kirkland, S., Lambert, M., Libersan, D., O'Loughlin, ]J., Paradis, G., Petro-
vich, M., Tagalakis, V., 2007. A comprehensive view of sex-specific issues related
to cardiovascular disease. CMAJ: Canadian Medical Association journal = journal
de I’Association medicale canadienne 176 (6), S1-544.

Pohjalainen, T., Rinne, ].0., Nagren, K., Syvalahti, E., Hietala, ]., 1998. Sex differences
in the striatal dopamine D2 receptor binding characteristics in vivo. Am. J. Psy-
chiatry 155 (6), 768-773.

Regitz-Zagrosek, V., Kararigas, G., 2016. Mechanistic Pathways of Sex Differences in
Cardiovascular Disease. Physiol. Rev. 97 (1), 1-37.

Rieckmann, A., Hedden, T., Younger, A.P,, Sperling, RA., Johnson, K.A., Buckner, R.L.,
2016. Dopamine transporter availability in clinically normal aging is associated

with individual differences in white matter integrity. Hum. Brain Mapp. 37 (2),
621-631.

Ritchie, SJ., Cox, S.R,, Shen, X, Lombardo, M.V., Reus, L.M,, Alloza, C., Harris, M.A.,
Alderson, H.L,, Hunter, S., Neilson, E., Liewald, D.C.M., Auyeung, B., Whalley, H.C.,
Lawrie, S.M., Gale, C.R., Bastin, M.E., McIntosh, A.M., Deary, L., 2018. Sex Differ-
ences in the Adult Human Brain: Evidence from 5216 UK Biobank Participants.
Cerebral cortex (New York, N.Y.: 1991) 28 (8), 2959-2975.

Rosano, G.M., Panina, G., 1999. Oestrogens and the heart. Therapie 54 (3), 381-385.

Ruige, J.B., Mahmoud, A.M., De Bacquer, D., Kaufman, J.M., 2011. Endogenous testos-
terone and cardiovascular disease in healthy men: a meta-analysis. Heart 97
(11), 870-875.

Ruigrok, A.N., Salimi-Khorshidi, G., Lai, M.C,, Baron-Cohen, S., Lombardo, M.V.,
Tait, RJ., Suckling, J., 2014. A meta-analysis of sex differences in human brain
structure. Neurosci. Biobehav. Rev. 39, 34-50.

Scherfler, C., Seppi, K. Mair, K], Donnemiller, E., Virgolini, I, Wenning, G.XK.,
Poewe, W., 2012. Left hemispheric predominance of nigrostriatal dysfunction in
Parkinson’s disease. Brain 135 (Pt 11), 3348-3354.

Schmidt, P.,, Gaser, C., Arsic, M., Buck, D., Forschler, A., Berthele, A., Hoshi, M., Ilg, R.,
Schmid, V.J., Zimmer, C., Hemmer, B., Muhlau, M., 2012. An automated tool for
detection of FLAIR-hyperintense white-matter lesions in Multiple Sclerosis. Neu-
roimage 59 (4), 3774-3783.

Schmitt, D.P,, Realo, A., Voracek, M., Allik, ]J., 2008. Why can’t a man be more like a
woman? Sex differences in Big Five personality traits across 55 cultures. ]. Pers.
Soc. Psychol. 94 (1), 168-182.

Schott, B.H., Minuzzi, L., Krebs, R.M., Elmenhorst, D., Lang, M., Winz, O.H., Sei-
denbecher, C.I., Coenen, H.H., Heinze, HJ., Zilles, K., Duzel, E., Bauer, A., 2008.
Mesolimbic functional magnetic resonance imaging activations during reward
anticipation correlate with reward-related ventral striatal dopamine release. J.
Neurosci. 28 (52), 14311-14319.

Shohamy, D., Adcock, R.A., 2010. Dopamine and adaptive memory. Trends Cogn. Sci.
14 (10), 464-472.

Smith, E.E., Saposnik, G., Biessels, G.J., Doubal, EN., Fornage, M., Gorelick, P.B., Green-
berg, S.M., Higashida, R.T., Kasner, S.E., Seshadri, S., 2017. Prevention of Stroke in
Patients With Silent Cerebrovascular Disease: A Scientific Statement for Health-
care Professionals From the American Heart Association/American Stroke Asso-
ciation. Stroke 48 (2), e44-e71.

Strait, ].B., Lakatta, E.G., 2012. Aging-associated cardiovascular changes and their re-
lationship to heart failure. Heart Fail. Clin. 8 (1), 143-164.

Sullivan, .M., Fowlkes, L.P., 1996. Estrogens, menopause, and coronary artery dis-
ease. Cardiol. Clin. 14 (1), 105-116.

Tomer, R., Goldstein, R.Z., Wang, G.J., Wong, C., Volkow, N.D., 2008. Incentive mo-
tivation is associated with striatal dopamine asymmetry. Biol. Psychol. 77 (1),
98-101.

Tomer, R., Slagter, H.A., Christian, B.T., Fox, A.S., King, C.R., Murali, D., Davidson, R}].,
2012. Dopamine Asymmetries Predict Orienting Bias in Healthy Individuals.
Cereb. Cortex 23 (12), 2899-2904.

Trabzuni, D., Ramasamy, A., Imran, S., Walker, R., Smith, C., Weale, M.E., Hardy, ].,
Ryten, M., 2013. Widespread sex differences in gene expression and splicing in
the adult human brain. Nat Commun 4, 2771.

Vernaleken, 1., Weibrich, C., Siessmeier, T., Buchholz, H.G., Rosch, F, Heinz, A., Cum-
ming, P, Stoeter, P, Bartenstein, P.,, Grunder, G., 2007. Asymmetry in dopamine
D(2/3) receptors of caudate nucleus is lost with age. Neuroimage 34 (3),
870-878.

Verreyt, N., Nys, G.M,, Santens, P., Vingerhoets, G., 2011. Cognitive differences be-
tween patients with left-sided and right-sided Parkinson’s disease. A review.
Neuropsychol. Rev. 21 (4), 405-424.

Wardlaw, J.M., Smith, E.E., Biessels, G.J., Cordonnier, C., Fazekas, F, Frayne, R,
Lindley, R.I, O'Brien, J.T., Barkhof, F, Benavente, O.R., Black, S.E., Brayne, C.,
Breteler, M., Chabriat, H., DeCarli, C., de Leeuw, E-E., Doubal, F, Duering, M.,
Fox, N.C., Greenberg, S., Hachinski, V., Kilimann, 1., Mok, V., Oostenbrugge, R.v.,
Pantoni, L., Speck, O., Stephan, B.C.M., Teipel, S., Viswanathan, A., Werring, D.,
Chen, C., Smith, C., van Buchem, M., Norrving, B., Gorelick, P.B., Dichgans, M.,
nEuroimaging, S.T.LR.V.c.o.,, 2013. Neuroimaging standards for research into
small vessel disease and its contribution to ageing and neurodegeneration.
Lancet Neurol 12 (8), 822-838.

Webb, C.M., Collins, P., 2017. Role of testosterone in the treatment of cardiovascular
disease. Eur Cardiol 12 (2), 83-87.

Wilson, C.A., Davies, D.C., 2007. The control of sexual differentiation of the repro-
ductive system and brain. Reproduction (Cambridge, England) 133 (2), 331-359.

Wong, KK, Muller, M.L, Kuwabara, H., Studenski, S.A., Bohnen, N.I, 2012. Gen-
der differences in nigrostriatal dopaminergic innervation are present at young—
to-middle but not at older age in normal adults. J. Clin. Neurosci. 19 (1),
183-184.

Wooten, G.F, Currie, L., Bovbjerg, V.E., Lee, J.K, Patrie, ]., 2004. Are men at greater
risk for Parkinson’s disease than women? ]. Neurol. Neurosurg. Psychiatry 75
(4), 637-639.

Wabhlin, A., Nyberg, L., 2019. At the heart of cognitive functioning in aging. Trends
Cogn. Sci. 23 (9), 717-720.

Yagi, S., Galea, L.A.M., 2019. Sex differences in hippocampal cognition and neuroge-
nesis. Neuropsychopharmacology 44 (1), 200-213.

Zarate, S., Stevnsner, T., Gredilla, R., 2017. Role of estrogen and other sex hor-
mones in brain aging. neuroprotection and DNA repair. Front. Aging Neurosci.
9 430-430.


http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0048
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0048
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0048
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0048
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0048
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0048
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0048
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0049
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0049
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0049
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0049
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0049
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0049
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0050
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0050
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0050
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0050
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0050
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0050
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0050
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0050
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0050
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0050
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0050
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0050
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0051
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0051
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0052
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0052
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0052
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0053
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0053
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0053
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0053
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0053
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0053
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0053
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0054
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0054
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0054
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0054
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0054
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0054
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0055
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0055
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0055
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0055
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0055
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0055
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0056
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0057
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0057
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0057
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0058
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0058
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0058
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0058
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0058
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0059
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0059
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0059
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0059
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0059
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0060
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0060
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0060
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0060
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0061
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0061
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0061
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0062
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0062
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0062
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0062
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0062
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0062
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0062
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0062
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0062
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0062
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0062
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0062
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0063
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0063
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0063
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0063
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0063
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0063
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0063
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0064
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0064
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0064
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0064
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0064
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0064
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0064
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0064
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0065
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0065
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0065
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0065
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0065
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0065
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0065
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0065
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0065
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0065
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0066
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0066
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0067
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0067
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0068
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0068
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0068
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0069
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0070
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0070
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0070
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0070
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0070
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0070
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0070
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0071
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0071
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0071
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0071
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0071
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0071
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0072
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0073
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0073
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0073
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0073
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0073
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0073
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0074
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0074
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0074
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0075
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0075
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0075
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0075
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0075
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0075
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0075
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0075
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0076
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0077
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0077
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0077
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0078
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0078
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0078
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0078
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0078
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0079
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0079
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0079
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0079
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0079
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0079
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0079
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0079
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0080
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0080
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0080
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0080
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0080
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0080
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0080
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0080
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0081
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0082
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0082
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0082
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0082
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0082
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0083
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0084
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0084
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0084
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0085
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0085
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0085
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0085
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0085
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0085
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0085
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0085
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0085
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0085
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0085
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0086
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0086
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0086
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0087
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0087
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0087
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0088
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0088
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0088
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0088
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0088
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0088
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0089
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0089
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0089
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0089
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0089
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0089
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0089
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0089
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0090
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0090
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0090
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0090
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0090
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0090
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0090
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0090
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0090
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0091
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0091
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0091
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0091
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0091
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0091
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0091
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0091
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0091
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0091
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0091
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0092
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0092
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0092
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0092
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0092
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0093
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0094
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0094
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0094
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0095
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0095
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0095
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0096
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0096
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0096
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0096
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0096
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0096
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0097
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0097
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0097
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0097
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0097
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0097
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0098
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0098
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0098
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0099
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0099
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0099
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0100
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0100
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0100
http://refhub.elsevier.com/S0197-4580(21)00145-7/sbref0100

	Sex differences in dopamine integrity and brain structure among healthy older adults: Relationships to episodic memory
	1 Introduction
	2 Material and methods
	2.1 Sample
	2.2 Volumetric assessments
	2.3 White-matter lesions
	2.4 Perfusion measurements
	2.5 D2DR availability
	2.6 Cognitive assessment
	2.7 Statistical evaluation

	3 Results
	3.1 Higher nigrostriatal D2DR availability in women
	3.2 Sex differences in regional volumes, perfusion, and lesion burden
	3.3 Interrelation between D2DR availability and structural brain measures
	3.4 Sex differences in episodic memory

	4 Discussion
	4.1 Conclusions

	Disclosure statement
	Funding
	CRediT authorship contribution statement
	References


