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ABSTRACT

ISHIHARA, T., A. MIYAZAKI, H. TANAKA, and T. MATSUDA. Association of Cardiovascular Risk Markers and Fitness with
Task-Related Neural Activity during Animacy Perception. Med. Sci. Sports Exerc., Vol. 54, No. 10, pp. 1738—1750, 2022. Purpose: Numer-
ous studies have demonstrated the association between cardiovascular risk markers and fitness, and broad aspects of cognition; however, the
possible association of cardiovascular risk markers and fitness with social cognition, which plays a significant role in the development and
maintenance of social relationships, has largely been ignored. Herein, we investigated the relationship of cardiovascular risk markers and fit-
ness with task-related neural activity during animacy perception. Methods: We analyzed data from the Human Connectome Project derived
from 1027 adults age 2237 yr. Canonical correlation analysis (CCA) was conducted to evaluate the association between participants’ body
mass index, systolic and diastolic blood pressure, submaximal endurance, gait speed, hand dexterity, and muscular strength with task-related
neural activity during animacy perception. Results: We observed a single significant CCA mode. Body mass index and blood pressure dem-
onstrated negative cross-loadings with task-related neural activity in the temporoparietal, superior and anterior temporal, posterior cingulate,
and inferior frontal regions, whereas submaximal endurance, hand dexterity, and muscular strength demonstrated positive cross-loadings. The
observed CCA variates did not seem highly heritable, as the absolute differences in CCA variates in monozygotic twins, dizygotic twins, and
nontwin siblings were not statistically different. Furthermore, the cardiovascular risk markers and fitness CCA variates were positively asso-
ciated with animacy perception and emotion recognition accuracy, which was mediated by the task-related neural activity. Conclusions: The
present findings can provide new insights into the role of markers for cardiovascular health and fitness, specifically their association with social
cognition and the underlying neural basis. The intervention for cardiovascular risk and fitness could be a potentially cost-effective method of
targeting social cognition. Key Words: OBESITY, BLOOD PRESSURE, PHYSICAL FITNESS, MOTOR FITNESS, SOCIAL
COGNITION, THEORY OF MIND

ardiovascular disease accounts for one-third of deaths
worldwide (1) and represents a significant threat to
global health. Cardiovascular risk factors, such as obesity

and high blood pressure (BP), combined with low fitness are
associated with cardiovascular disease as well as poor cognitive
and overall brain health (2—6). Previous studies have focused nar-
rowly on varying domains of cognition, such as global cognitive
function, attention, processing speed, language, executive func-
tion, memory, and visuospatial abilities (2—6). The potential as-
sociation of cardiovascular risk markers and fitness with social
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cognition remains unclear.

Social cognition is an umbrella term that refers to the sum of
those processes that allow individuals of the same species to
interact with one another (7), and generally refers to the mental
operations that underlie social interactions, including perceiv-
ing, interpreting, and generating responses to the intentions,
dispositions, and behaviors of others (8). The most heavily
researched and central components of social cognition are
emotion recognition and theory of mind, because of their cru-
cial role in interpersonal interactions and mental health (8,9).
Emotion recognition is defined as the ability to identify emo-
tionally salient information in the environment, that is, verbal
and nonverbal cues to the emotions of other people (8). The
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theory of mind is defined as the ability to infer and predict
other people’s intentions, thoughts, desires, intuitions, behav-
ioral reactions, plans, and beliefs (8). Emotion recognition and
theory of mind have been defined as components of social cog-
nition that are closely related to each other, and they have con-
ceptual and neuroanatomical overlap (8). Emotion recognition
and theory of mind deficit seem to be a core cognitive pheno-
type of many clinical conditions, such as psychiatric, neuro-
logical, and developmental disorders (9). Social cognition
plays a pivotal role in our social lives and mental health; how-
ever, the potential association of markers for cardiovascular
risk and fitness with social cognition has not been thoroughly
investigated (10).

A recent novel finding demonstrated the positive association
between cardiorespiratory fitness and emotion recognition in
police officers (10). However, no studies have assessed the pos-
sible association of markers for cardiovascular risk and fitness
with social cognition and its underlying neural mechanisms.
An existing social brain network is consistently involved in
social cognitive processes (11,12): the medial prefrontal cor-
tex (MPFC) and temporoparietal junction (TPJ), which are in-
volved in thinking about mental states; the superior temporal
sulcus (STS), which is involved in observing faces and biolog-
ical motion; the anterior temporal cortex (ATC), which is in-
volved in applying social knowledge; the posterior cingulate
cortex/precuneus (PCC), which is involved in generating
knowledge regarding both our own mind and the minds of
others; and the inferior frontal gyrus (IFG), which is involved
in emotional judgment and might have a role in top-down as-
pects of emotion recognition. Previous task-related functional
magnetic resonance imaging (fMRI) studies consistently dem-
onstrated that the different experimental social cognitive tasks
requiring emotion recognition and theory of mind elicit neural
activation in the social brain network (13,14). Cardiovascular
risk markers and fitness are associated with altered brain struc-
ture and function in some regions overlapping with regions as-
sociated with social cognition, such as the MPFC, STS, and
IFG (15-18), and may affect social cognition by altering the
functional activity of the respective networks.

Social cognition involves processes at several levels, from
perceptual to conceptual. Classically, emotion recognition and
the theory of mind have been evaluated by high-level verbal
stimuli or visual depictions of humans (8). For example, emo-
tion recognition ability has been tested by the paradigm of
reading emotion from photographs of the face or a part of the
face (8), whereas theory of mind ability has been tested by the
paradigm of reading and answering questions about stories in-
volving complex mental states (8). A previous seminal meta-
analysis revealed that the beneficial effects of physical fitness
are disproportionately greater for executive functions governed
by the dorsolateral prefrontal cortex (DLPFC)—-associated net-
works (5). Emotion recognition and theory of mind using
higher-order stimuli also induce task-dependent neural activ-
ity outside the social brain network, including the DLPFC
(8,14,19). Accordingly, whether the previously reported posi-
tive association of fitness with emotion recognition from facial

expression (10) is dependent on dedicated neurocognitive
mechanisms for social cognition (i.e., social brain network)
or on other mechanisms, such as the DLPFC, remains unclear.
To better understand how cardiovascular risk and lower fitness
could impair social cognition, it is worth focusing on social
cognitive processing of low-level stimuli that purely elicit
activity in the social brain network. If cardiovascular risk
and fitness are related to the social brain network rather than
to the DLPFC, it would suggest that they may be related to
broader aspects of social cognition.

Animacy perception from the movement of simple geomet-
rical shapes (20,21) is useful for investigating whether markers
for cardiovascular risk and fitness are associated with the func-
tion of the social brain network. Animacy perception is con-
ceptualized as the tendency for observers to perceive simple
animated geometric shapes as characters with emotions, inten-
tions, and other social attributes (20,21). This paradigm was
developed to investigate whether the social brain network as
demonstrated in earlier studies using high-level visual and ver-
bal materials could also be triggered by a very minimalistic
and low-level input. Previous studies revealed that neural acti-
vation during animacy perception was demonstrated in broad
regions associated with the social brain network, including
the MPFC, TPJ, STS, ATC, and IFG, but no such neural acti-
vation was observed in the DLPFC (13,20,21).

The present study was designed to evaluate the association
of cardiovascular risk markers (i.e., body mass index [BMI]
and systolic and diastolic BP) and physical and motor fitness
(i.e., submaximal endurance, gait speed, hand dexterity, and
muscular strength) with neural activity during animacy percep-
tion using the large-scale data set of the Human Connectome
Project (HCP) (22-24). In addition, we examined whether al-
tered task-related neural activity due to higher cardiovascular
risk and poor fitness are associated with lower animacy percep-
tion. To test whether such association can be expanded to social
cognition using higher-level stimuli, the relationships between
cardiovascular risk markers and physical and motor fitness, and
emotion recognition from facial expression (via neural activity
during animacy perception) were tested. We hypothesized that
higher cardiovascular risk and poor fitness are associated with
altered neural activities in the regions associated with the social
brain network, resulting in poor animacy perception, for which
the association could be expanded to emotion recognition.

METHODS

Participants. We used cross-sectional data from the
HCP database derived from 1206 healthy participants age
22-37 yr. The HCP began in 2010, and the behavioral and
3T MRI data used in this study were collected from 2012 to
2015. By gathering data from 1200 healthy adults, the HCP
consortium aims to characterize human brain connectivity
and function in detail and enable comparisons between cir-
cuits, behavior, and genetics in an individual subject-based
manner (24). The study was approved by the Washington Uni-
versity in St. Louis’ institutional review board (Human Research
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Protection Office, No. 201204036) and was conducted in accor-
dance with the Declaration of Helsinki. All participants pro-
vided informed consent. Participants were excluded if they
had a significant history of psychiatric disorders or head injury,
showed evidence of a neurological or cardiorespiratory disease,
were pregnant, or had unsafe levels of heavy metals in their
bodies. Details of participant recruitment and exclusion criteria
have been reported previously (24).

Cardiovascular risk markers. BMI and systolic and
diastolic BP were used as markers for cardiovascular risk.
To calculate the BMI in metric units (in kilograms per meter
squared), we used the following formula: BMI =703 x weight
(Ib)/height (inches)®. Each participant’s BP was taken and re-
corded at their visit.

Physical and motor fitness. Four fitness measures (i.e.,
submaximal endurance, hand dexterity, muscular strength, and
gait speed) were evaluated by the National Institutes of Health
(NIH) Toolbox (25). Submaximal endurance was measured
using the 2-min walk test (26). Hand dexterity was measured
using the nine-hole pegboard dexterity test (27). Muscular
strength was measured using the grip strength test (25). Gait
speed was measured by the 4-m walk gait speed test (28).
The participant’s score was normalized to those in the entire
NIH Toolbox Normative Sample (18 yr and older) except for
the gait speed. A score of 100 indicated a performance that
was at the national average, and scores of 85 and 115 indicated
performances 1 SD below and above the national average, re-
spectively. Higher scores were indicative of higher fitness. Gait
speed score was reported in meters per second. The HCP pro-
vides unadjusted and age-adjusted scores on submaximal en-
durance, hand dexterity, and muscular strength, and we used
the unadjusted scores in the analyses. Because normalizing grip
strength measures by body mass has been proposed to be supe-
rior to simple grip strength in predicting health status and is
strongly associated with health outcomes relative to raw grip
strength (29), the score on the grip strength was regressed out
for bodyweight before the analyses. In the current data set,
the score on grip strength had a positive correlation with body
weight (Pearson’s = 0.49). The extensive reliability and valid-
ity of these measures have been reported (25).

Animacy perception. To assess animacy perception and
task-related functional activity, participants were asked to
complete the HCP version of a task used to probe animacy
perception while inside the MRI scanner. The task consisted
of two conditions: random and social. Participants were pre-
sented with short video clips (20 s). In the random condition,
the videos showed objects (i.e., squares, circles, triangles)
moving randomly, whereas in the social condition, the videos
showed objects interacting in some way. For example, in the
social condition, the two triangles moved as if they were doing
something together, such as the big triangle coaxing the reluc-
tant little triangle to come out of an enclosure. After watching
the video clips, participants chose among the following three
options: 1) the objects had a social interaction, 2) unsure about
the objects’ interaction, and 3) the objects had no interaction (30).
Each task condition comprised five trials (two social and three

random in the first session, three social and two random in
the second session). We used the accuracy of the social con-
dition (i.e., percentage of selection of the option “the objects
had a social interaction”) as an index of accurate animacy
perception. This is a well-validated and reliable task used
to probe animacy perception. The stimuli used generated ro-
bust task-related neural activity in the brain regions associ-
ated with social cognition (13,20,21). Video clips were short-
ened from the 40 s of the original clips to 20 s (21); however,
a pilot study in phase I of HCP confirmed that shorter videos
elicited similar responses to those associated with the longer
videos (30). To verify that participants had completed the
task, we checked the data for the number of nonresponses
and confirmed that all participants responded to all trials.

Task-fMRI data acquisition. All the task-fMRI data
were acquired on a Siemens Skyra 3T scanner. Whole-brain
echo-planar imaging acquisitions were acquired using a 32-
channel head coil with the following parameters: repetition
time, 720 ms; echo time, 33.1 ms; flip angle, 52°; bandwidth,
2290 Hz/Px; in-plane field of view, 208 x 180 mm; 72 slices;
and 2.0-mm isotropic voxels, with a multiband acceleration
factor of 8. Two runs of each task were acquired, one with a
right-to-left phase encoding and the other with a left-to-right
phase encoding (30). The fMRI data were preprocessed using
the HCP pipeline (22,23). The data were spatially smoothened
using a 4-mm full-width half-maximum Gaussian kernel. A
blocked-design approach was used for a preprocessed data
analysis. Task-related regressors were convolved with the
gamma hemodynamic response function using a general linear
model. The duration of task blocks was 23 s (20-s movie, 3-s
response). The difference between the social and random con-
ditions was subsequently calculated.

Emotion recognition. To assess the ability of emotion
recognition, Penn Emotion Recognition Test was used (30,31).
In this test, participants were shown a series of faces one at a
time and were asked to choose what emotion the face is show-
ing from five choices, that is, happy, sad, angry, scared, and no
feeling. Four female faces for each emotion (20 female faces)
and 4 male faces for each emotion (20 male faces) were used
as stimuli, for a total of 40 faces. A total number of correct re-
sponses and median reaction time were used to measure par-
ticipants’ ability of emotion recognition.

Parcellations (group-independent component
analysis). We used the group-independent component
analysis (group-ICA) data for resting-state fMRI provided by
HCP for brain parcellation. The output from the group-
averaged principal component analysis (PCA) spatial maps
(weighted eigenmaps; i.e., dense connectomes of all partici-
pants’ individual time series) was generated by MELODIC’s
incremental group-PCA. To create spatial-ICA network maps
at dimensionalities of 15, 25, 50, and 100 distinct components,
the dense connectome was subsequently parcellated using the
group-ICA (32). We used 100 parcels in the main analyses and
15, 25, and 50 parcels in the validation analyses.

Confounding variables. Age, sex, handedness, and educa-
tion level were included as confounds that could be associated
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with both independent (i.e., cardiovascular risk markers and
physical and motor fitness) and dependent variables (i.e.,
task-related neural activity). Age, sex, and education level
are associated with cardiovascular risk markers and fitness
(26-28,33-35), and resting-state functional connectivity (36,37),
which accurately predicts task-related neural activity in the
various tasks including animacy perception (38). Differences
in brain structure and resting-state functional connectivity in the
right- and left-handed participants have been reported (39,40).
Handedness was evaluated using the Edinburgh Handedness In-
ventory (41). Participant education level was defined according
to the Semi-Structured Assessment for the Genetics of Alcohol-
ism (42) education score. To avoid sample size reduction due to
missing data and overadjustment, we used the minimal number
of confounding variables in the main analysis. In addition, we
then used race and ethnicity, other Semi-Structured Assessment
for the Genetics of Alcoholism demographic measures (i.e.,
employment status, household income, in school for a degree
course, and married or in a live-in relationship), sleeping
habits evaluated by the total score of the Pittsburgh Sleep
Questionnaire (43), drinking habits (total drinks in the past
7 d), and smoking habits (total times used/smoked any to-
bacco in the past 7 d) in the sensitivity analysis.

Statistical analysis. Task-fMRI data were collected from
1049 participants; 22 participants were excluded because of
missing data (education level, 2; BMI, 1; submaximal endur-
ance, 2; muscular strength, 1; systolic and diastolic BP, 12;
animacy perception accuracy, 1; and emotion recognition
task, 3), resulting in 1027 participants included in the analyses.
All statistical analyses were conducted using R Studio (version
1.1.463). The brief analysis procedure used in this study is pre-
sented in Figure 1. To test the association of cardiovascular
risk markers and fitness with task-related functional activity
in each component derived by the group-ICA, canonical corre-
lation analysis (CCA) (44) was performed using the cc func-
tion in the CCA package. The CCA is a powerful multivariate
tool that jointly investigates the relationships among multiple
data sets that have been successfully applied in recent neuro-
imaging studies (45). The objective of CCA was to find linear
functions of cardiovascular risk markers and fitness that maxi-
mally correlate with linear functions of the neural activity dur-
ing animacy perception. The main strength of CCA is that it
can simultaneously evaluate the correlations between two dif-
ferent sets of variables (here cardiovascular risk markers and fit-
ness and task-related functional activity), without assuming any
particular form of precedence or directionality. Because CCA
allows us to identify patterns that describe many-to-many re-
lationships, it has the advantage of allowing interpretations
that go beyond techniques of mapping one-to-one relations
or many-to-one relationships, such as Pearson’s correlation
and multiple regression. CCA is a method to model the rela-
tionship between two sets of variables X (cardiovascular risk
markers and fitness) and Y (task-related functional activity)
of dimensions n X p (here n = 1027 [sample size] and p =7
[BMI, systolic and diastolic BP, submaximal endurance, gait
speed, hand dexterity, and muscular strength]) and n X ¢

(here g = 100 [100 parcels of group-ICA]) based on their cor-
relation. The goal of CCA is to successively build orthogonal
linear combinations of X and Y, such that at each step, the
correlation between the pair of latent variables is maximal.
Mathematically, the CCA seeks vectors 4 and B such that
the relation of the two indices A"X and B"Y is quantified in
some interpretable way. More precisely, it is looking for
the projections of 4 and B in the sense that they maximize
the correlation. The first CCA mode (U1 and ¥1) is reflected
in a linear combination of the variables in X and another lin-
ear combination of the variables in Y that maximize the first
mode’s correlation p.

Ul =alxl +a2x2+ ... +apxp = ATX,a ERP
V1=>blyl +b2y2 + ... + bgyg = BTY,bERI

p = corr(U1, V1) = corr(4"X,B"Y)

U and V are canonical variates, and 4 and B are weight vectors.
In addition to optimizing the correspondence between Ul and
V1 as the first canonical mode, it is possible to continue to seek
additional pairs of linear combinations of 4 and B that are un-
correlated with the first canonical mode(s) until the maximum
number of sets, min (p, q), is reached. The permutation test to
assign the statistical significance of canonical correlation coef-
ficients was performed using the p.perm function in the CCP
package. The number of permutation resamples calculated
was 1000, and Wilks’ lambda was used as a test statistic. Be-
fore performing the CCA, all variables were regressed from
confounds (i.e., age, sex, handedness, and educational level),
and the residuals were standardized.

The HCP data set included a combination of monozygotic
and dizygotic twins and nontwin siblings. This allowed us to
determine whether related participants had a more similar
CCA variate profile than nonrelated individuals. A one-way
ANOVA was performed to test whether the absolute differ-
ences in CCA variates differed among monozygotic and
dizygotic twin pairs, nontwin sibling pairs, and nonrelated
participants. The significant main effects of the group were
further analyzed via unpaired #-tests with Bonferroni correc-
tion. This approach has been applied when analyzing the
HCP data set (46).

The mediation effects of the neural activities during
animacy perception on the relationship between CCA cardio-
vascular risk markers and fitness, and animacy perception ac-
curacy and emotion recognition task performance were evalu-
ated using the sem function in the lavaan package with 5000
bootstrap samples.

We performed the following three sensitivity analyses sep-
arately: 1) to consider possible confounding effects of race and
ethnicity, all variables were additionally regressed from race
and ethnicity before the CCA; 2) to consider possible con-
founding effects of other demographic measures (i.e., employ-
ment status, household income, studying for a degree, and
being married or in a live-in relationship), all variables were
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FIGURE 1—Brief analysis procedure used in the current study.

additionally regressed from these measures before the CCA;
3) to consider possible confounding effects of health behav-
iors and reverse causation, that is, poor social cognition det-
rimental to cardiovascular health and fitness, via less engage-
ment in healthy behaviors, all variables were additionally
regressed from sleeping, drinking, and smoking habits, be-
fore the CCA.

The significance level was set at P < 0.05. All variables
were converted to z-scores before analysis. Because the pres-
ent study was a secondary analysis of the HCP database, we
did not perform a priori sample size calculation. However,
the sample size of 1027 was larger enough to detect a small ef-
fect size with adequate power in the CCA, mediation analysis,
and structural equation modeling.

RESULTS

The participants’ demographic data are outlined in Table 1.
Briefly, of the 1027 participants, 54% were women, and the
mean age was 28.8 yr (age range, 22-37 yr). The numbers

of participants with overweight, obese, and elevated BP variables
were 351, 207, and 591, respectively. Seven hundred and
sixty-four participants (74%) had excessive weight or elevated/
high BP. Participants’ scores on submaximal endurance, hand dex-
terity, and muscular strength were relatively higher than the na-
tional average (unadjusted: 110.6, 112.7, and 116.8, respec-
tively; age-adjusted: 108.3, 100.4, and 103.8, respectively).
Main analyses. A single significant CCA mode was ob-
served to be related to cardiovascular risk markers and fitness
measures to task-related neural activity (» = 0.41, Wilks’
lambda = 0.45, P = 0.02). Permutation test revealed no other
statistically significant mode (» < 0.37, Wilks’ lambda =
0.54-0.94, P = 0.06—0.84). The relationship of the cardiovas-
cular risk markers and fitness with CCA neural activity is
shown in Figure 2A. Cardiovascular risk markers demon-
strated negative canonical cross-loadings with task-related
neural activity (BMI: p = —0.34; systolic BP: p = —0.16; dia-
stolic BP: p =—0.13), whereas physical and motor fitness mea-
sures revealed positive canonical cross-loadings (submaximal
endurance: p = 0.24; hand dexterity: p = 0.22; muscular
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TABLE 1. Participants’ demographics.

n (%) or
Variables Mean (SD) Range
N 1027
Women 550 (54%)
Men 477 (46%)
Age (yr) 28.8(3.7) 2210 37
Race
White 784 (76%)
Black or African American 141 (14%)
Asian, Native Hawaiian, and Other 60 (6%)
Pacific Islander
Other 42 (4%)
Ethnicity
Hispanic 89 (9%)
Not Hispanic 926 (90%)
Unknown or not reported 12 (1%)
Handedness 66.0 (45.0) -100 to 100
Education (yr) 14.9 (1.8) 11t0 17
Household income
<$10,000 69 (7%)
$10,000-19,999 77 (7%)
$20,000-29,999 130 (13%)
$30,000-39,999 119 (12%)
$40,000-49,999 101 (10%)
$50,000-59,999 218 (21%)
$60,000-69,999 145 (14%)
$60,000-79,999 163 (16%)
Missing 5 (<1%)
In school for degree course
Yes 204 (20%)
No 823 (80%)
Employment status
Not working 150 (15%)
Part-time employment 178 (17%)
Full-time employment 699 (68%)
Married or in live-in relationship
Yes 465 (45%)
No 562 (55%)
Pittsburgh Sleep Questionnaire (total score) 47 (2.7) O0to19
Total drinks in the past 7 d 49 (7.0) 0to55
Total times used/smoked any tobacco in 7.8 (24.6) 0to 195
the past 7 d
Height (in) 67.5(3.9) 5810 80
Weight (Ib) 171.3 (38.4) 93 to 305
BMI (kg-m~2) 26.3 (4.9) 16.5t047.8
Healthy weight (BMI <25) 469 (46%)
Overweight (BMI 25-30) 351 (34%)
Obesity (BMI >30) 207 (20%)
Systolic BP (mm Hg) 1235 (13.9) 8710185
Diastolic BP (mm Hg) 76.4 (10.6) 38t0115
Normal BP (systolic BP <120 and diastolic 436 (42%)
BP <80)
Elevated/high BP (systolic BP >120 or 591 (58%)
diastolic BP >80)
Submaximal endurance (normalized score) 110.6 (12.0) 80 to 145
Gait speed (m-s™) 1.3(0.2) 081020
Hand dexterity (normalized score) 112.7 (10.7) 85 to 149
Muscular strength (normalized score) 116.8 (11.2) 55 to 155

BMI was calculated using the equation: 703 x weight (Ib)/height (inches)?.

strength: p = 0.13; gait speed: p = 0.09). The scatter plots
showing the relationship of CCA cardiovascular risk markers
and fitness with CCA neural activity colored by cardiovascu-
lar risk markers and fitness are presented in Figure 2B.

The relationships of the task-related neural activity with CCA
cardiovascular risk markers and fitness variate are shown in
Figures 2C and D. The task-related neural activity in the TPJ,
STS, ATC, IFG, and PCC revealed positive canonical cross-
loadings with the cardiovascular risk markers and fitness.
On the other hand, the task-related neural activity in the re-
gion involving visual, dorsal attention, cingulo-opercular,

and frontoparietal networks (visual and premotor cortices,
parietal lobe, insula, and DLPFC) revealed negative canonical
cross-loadings with cardiovascular risk markers and fitness.
Consistent results were observed in the validation analysis
using the same analysis techniques with contiguous parcels
from the 15, 25, and 50 resting-state networks identified using
independent component analysis by the HCP (22-24) (Sup-
plemental Fig. S1, Supplemental Digital Content 1, Results
of the CCA, http://links.lww.com/MSS/C617). Detailed statis-
tics for canonical vector and cross-loading are summarized in
Supplemental Table S1 (Supplemental Digital Content 2, Sum-
mary of the results of canonical vector and cross-loading, http://
links.lww.com/MSS/C618).

The heritability analysis demonstrated that the groups had a
significant effect on CCA cardiovascular risk markers and fit-
ness variates (F = 5.33, P = 0.001). Post hoc testing demon-
strated that the absolute differences in CCA cardiovascular
risk markers and fitness variates among monozygotic twins
were significantly lower than those among unrelated pairs
(Cohen’s d = 0.54, Bonferroni adjusted P = 0.0008), whereas
no other statistically significant difference was observed
(Cohen’s d < 0.41, Bonferroni adjusted P > 0.08; Fig. 2E).
The absolute CCA neural activity variate’s differences were
not statistically different among the groups (F = 0.73,
P =0.53; Fig. 2E).

The CCA cardiovascular risk markers and fitness were pos-
itively associated with animacy perception accuracy (£ = 0.08,
P = 0.01) and emotion recognition accuracy (£ = 0.20,
P =0.001), which was partially mediated by task-related neu-
ral activity CCA weight (animacy perception: f = 0.04,
P =0.01; emotion recognition: b = 0.08, P = 0.006; Fig. 3).
The detailed results of the direct and indirect association anal-
yses are summarized in Supplemental Table 2 (Supplemental
Digital Content 3, Results of direct and indirect association
analyses of CCA cardiovascular risk markers and fitness,
http://links.lww.com/MSS/C619).

Sensitivity analyses. The results of sensitivity analyses
are summarized in Supplemental Figure 2 (Supplemental Digital
Content 4, http://links.lww.com/MSS/C620) and Supplemental
Table 3 (Supplemental Digital Content 5, http://links.lww.com/
MSS/C621). All sensitivity analyses supported the main analyses
except for the results of gait speed. After controlling for race
and ethnicity, positive canonical cross-loadings of gait speed
disappeared. The mediation effects were consistent with the
main analysis in all sensitivity analyses.

Subgroup analyses. Main analyses revealed that BMI, BP,
submaximal endurance, hand dexterity, muscular strength, and
gait speed were associated with altered neural activity during
animacy perception. The present participants were young
adults, and the fitness scores were relatively high (~1 SD above
the national average; Table 1). Performing subgroup analyses
based on participants’ health status can help understand whether
one factor is protective against the detriments of the other, or
vice versa, and the generalizability of the present findings. Thus,
we performed post hoc subgroup analyses based on participants’
health status. The participants were assigned to either unhealthy or
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FIGURE 2—Results of the CCA. A, Relationship of cardiovascular risk markers and fitness with the CCA neural activity variate. B, Scatter plots showing
the relationship of the CCA cardiovascular risk markers and fitness variate with the CCA neural activity variate colored by the BMI and submaximal
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*Bonferroni adjusted P < 0.05.

healthy groups based on BMI (overweight/obese: BMI >25 kg-m 2 and motor fitness with task-related neural activity observed in
(n = 558); healthy weight: BMI <25 kg'm 2 (n = 469)), BP the main analysis were consistently observed in the unhealthy

(elevated or high BP: systolic BP >120 mm Hg or diastolic BP groups, whereas those were inconsistent in the healthy group
>80 mm Hg (n = 591); normal BP: systolic BP <120 mm Hg (Fig. 4A). The negative canonical cross-loadings of BMI were
and diastolic BP <80 mm Hg (n = 436)), submaximal endur- seen in all subgroups; however, the association was relatively
ance (low: residual score <0 (n = 546); high: residual score weak in healthy participants. The negative canonical cross-
>0 (n = 481)), hand dexterity (low: residual score <0 (n = 536); loadings of BP were not observed for participants with normal
high: residual score >0 (n = 491)), muscular strength (low: BP, high endurance, and high muscular strength. The positive
residual score <0 (n = 520); high: residual score >0 (n = canonical cross-loadings of submaximal endurance were not
507)), and gait speed (low: residual score <0 (n = 539); observed in the healthy weight group. The positive canonical
high: residual score >0 (n = 488)). Thereafter, CCA was cross-loadings of hand dexterity were not observed in the high
performed in each group. hand dexterity and muscular strength groups. The positive ca-

The negative canonical cross-loadings of cardiovascular nonical cross-loadings of muscular strength were not observed
risk markers and positive canonical cross-loadings of physical in the healthy weight and BP, and high hand dexterity groups.

Neural activity variate (V1) }—ﬂ—-{ Animacy perception K

16
Ay A8

Cardiovascular risk and
fitness variate (Us)

Emotion
recognition

— Animacy perception — Emotion recognition
Total effect: g =.08, p = .01 Total effect: B = .20, p = .001 54 -12
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FIGURE 3—Results of the mediation analysis of the direct and indirect relationship between the CCA cardiovascular risk markers and fitness variate and
animacy perception and emotion recognition. The model showed an adequate fit (x> =0.39, P=0.53, comparative fit index = 1.00, goodness of fit index = 1.00,
adjusted goodness of fit index = 0.99, root mean square error of approximation = 0.00, 90% CI = 0.00-0.07, P close fit = 0.85, standardized root mean square
residual = 0.005). Solid and dashed lines represent the significant and nonsignificant paths, respectively. *P < 0.05, **P < 0.01, ***P < 0.001. CI, confidence
interval; RT, response time.
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Similarly, the canonical cross-loadings of task-related neural
activity with cardiovascular risk markers and fitness ob-
served in the main analysis were consistently observed in the
unhealthy groups, while being inconsistent in the healthy
groups (Fig. 4B). The loadings in unhealthy groups were
strongly correlated with those of the main analyses (Pearson’s
r = 0.64-0.89), whereas the loadings in healthy groups had
relatively weak correlations with those of the main analyses
(Pearson’s » = 0.01-0.49). However, it is important to note
that the permutation tests did not reach significance for mode 1
in any subgroup (P > 0.06).

DISCUSSION

The present study examined the association of cardiovascular
risk markers and fitness with neural activity during animacy
perception using the large-scale data set of the HCP. As hypoth-
esized, the present results demonstrated that higher cardiovas-
cular risk and poor fitness were associated with altered neural
activities in specific regions associated with social brain net-
work. Specifically, higher BMI and BP were negatively asso-
ciated with neural activities in the TPJ, STS, ATC, IFG, and

PCC, whereas submaximal endurance, hand dexterity, muscu-
lar strength, and gait speed were positively associated with
neural activities in these regions. Clear effects of heritability
on the observed CCA variates for cardiovascular risk markers
and fitness and neural activity were not observed. In addition,
these neural activity patterns mediated the association of higher
cardiovascular risk and poor fitness with lower accuracy in
animacy perception. These could be expanded to broad social
cognition using higher-level stimuli, as evidenced by the relations
of cardiovascular risk markers and physical and motor fitness
with facial emotion recognition via neural activity and perfor-
mance during animacy perception. These findings expand previ-
ous research by identifying a negative association of higher
cardiovascular risk and poor fitness with the social aspects of cog-
nition and clarifying their underlying neural mechanisms. Be-
cause cardiovascular risk and fitness are factors modifiable by
low-cost healthy behaviors, such as regular exercise, adequate
sleep, prevention of excessive alcohol consumption, and smoking
cessation, management of cardiovascular risk and fitness could be
a potentially cost-effective method of targeting social cognition.
Previous studies in the obesity—cognition field have demon-
strated that BMI is negatively associated with certain aspects
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of cognitive function, such as attention, executive function, lan-
guage, and memory (4,6). These findings were supported by
previous task-based fMRI studies showing altered task-related
neural activities in the frontoparietal, salience, and default mode
networks in individuals with obesity (47). A recent systematic
review also demonstrated that increased BP is associated with
impairment of global cognitive functions, attention, processing
speed, executive functions, memory, and visuospatial abilities
(3). The association between BP and task-related neural activity
has not been well established; however, the findings were sup-
ported by altered functional brain connectivity in patients with
hypertension, including within the dorsal attention, sensorimo-
tor, visual, and frontoparietal networks (48). The association
of cardiovascular risk markers with social cognition and related
neural activity has not been previously examined; therefore, we
revealed that higher BMI and BP were negatively associated
with the social aspect of cognition via lower neural activity in
the regions associated with social cognition.

After a seminal meta-analysis that revealed that the benefi-
cial effects of physical fitness are disproportionately greater
for the DLPFC-dependent executive functions (5), most stud-
ies examining the interaction between fitness and cognition
have focused on executive function. These findings were con-
sistent with earlier fMRI studies demonstrating the association
between fitness and frontoparietal, default mode, and hippo-
campal networks (49,50); however, there was limited under-
standing of the potential association between fitness and social
cognition via task-related neural activity. A previous study ex-
amined the association between cardiorespiratory fitness and
social cognition in police officers and demonstrated a positive
association between cardiorespiratory fitness and facial emo-
tion recognition task performance (10). Our results support
these findings by demonstrating a positive association be-
tween fitness and accuracy of animacy perception and emotion
recognition. The present study expands previous knowledge
by identifying the contribution of task-related neural activities
on the association between fitness and social cognition.

The present findings revealed that the association of cardio-
vascular risk markers and fitness with social cognition could
be seen even in a very minimalistic and low-level input com-
pared with previous work using higher-level visual stimuli
(10). The findings suggest that cardiovascular risk and fitness
could have an important role in broad aspects of social cogni-
tion. Indeed, we observed the significant association of cardio-
vascular risk markers and fitness with emotion recognition
from facial expression via neural activity in the TPJ, STS,
ATC, IFG, and PCC and performance during animacy percep-
tion. Theory of mind and emotion recognition induce neural
activity in areas other than the social brain network (including
the DLPFC) (8,14,19); however, the neural mechanism of the
association of cardiovascular risk markers and fitness with social
cognition seems to be seen in the dedicated neurocognitive mech-
anism for social cognition. The association of cardiovascular risk
markers and fitness with emotion recognition was stronger than
with animacy perception (£ = 0.20 vs 0.08), and only 44% of this
association was mediated by neural activity. This disproportionate

association might be due to the contributions of cardiovascular
risk markers and fitness on the brain function outside of the so-
cial brain network, elicited during emotion recognition, such
as the DLPFC. A part of the remaining mediation effects
might be caused by this task-dependent neural activity.

The independence of neural mechanisms in the associa-
tion of cardiovascular risk markers and fitness with social
cognition from the mechanisms of executive function is also
supported by the greater activation in dorsal attention and
frontoparietal networks during animacy perception in partic-
ipants with higher cardiovascular risk and lower fitness. Our
previous study using the HCP data set revealed that higher
submaximal endurance and hand dexterity are associated
with greater neural activity in the frontoparietal network dur-
ing executive function tasks (49), whereas the present results
demonstrated the opposite association during animacy percep-
tion. Thus, the mechanisms of the contribution of fitness to
executive function and social cognition seem to be different.
Because animacy perception is an automatic and irresistible
process (51), the greater activations in dorsal attention and
frontoparietal networks in participants with higher cardio-
vascular risk and poor fitness can be interpreted as having
overrecruited attentional and cognitive control during animacy
perception. A previous study suggested that individuals with
autism-spectrum disorder, characterized by social skill defi-
cits, overrecruit attentional and cognitive control regions to
compensate for decreased processing capabilities for social
cues (52). Considering the compensation hypothesis (53,54),
the present results suggest that individuals with more health
detriments demonstrate some form of accelerated or accentu-
ated aging, which contributes to compensatory activation in
the dorsal attention and frontoparietal networks. The present
findings speculate that individuals with higher cardiovascular
risk and poor fitness have poor processes of animacy percep-
tion skills and overrecruit attentional and cognitive control
regions to compensate.

The association of higher cardiovascular risk and poor fit-
ness with animacy perception via decreased neural activity in
the corresponding network is consistent with previous struc-
tural MRI studies. A meta-analysis of 21 studies on obesity
and voxel-based morphometry reported that obesity-related
variables, such as BMI and waist circumference, were consis-
tently associated with lower gray matter volume in the MPFC,
cerebellum, and ATC (16). Another meta-analysis of 10 stud-
ies reported gray matter reduction in the IFG, medial temporal
gyrus, left precentral gyrus, and cerebellum of individuals with
obesity (17). Moreover, higher BP was associated with smaller
gray matter volume in broad regions, including the STS, IFG,
PCC, and MPFC (18). Another study observed that higher car-
diorespiratory fitness and speed—agility were associated with
greater gray matter volume in the STS and IFG in overweight
and obese children (15). Furthermore, a randomized controlled
trial revealed that aerobic exercise training increased gray mat-
ter volume in the STS and IFG (55). Considering these findings,
the altered brain structure of regions associated with social brain
network (i.e., MPFC, TPJ, STS, ATC, IFG, and PCC) may
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account for the harmful association of higher cardiovascular
risk and poor fitness with animacy perception. However, be-
cause of the complex nature of the association between gray
matter volume and neural activity, this hypothesis should be ac-
cepted with caution. Gray matter volume is positively associ-
ated with cognitive function (56); however, greater gray matter
volume might not necessarily be associated with increased neu-
ral activity. For instance, it has been shown that gray matter vol-
ume decreases with age (57), but neural activity in the same area
may increase (58). Further studies are needed to clarify the as-
sociation of cardiovascular risk markers and fitness with social
cognition via coupling of brain structure and function by the
integrated use of multimodal neuroimaging data.

In the subgroup analyses, the permutation tests did not reach
significance for mode 1 in any subgroup. The analyses were
performed in post hoc; therefore, the results of subgroup analy-
ses should be regarded with caution. However, the findings
from the subgroup analyses have information worth discussing.
Subgroup analyses showed that the main findings were robustly
detected in unhealthy participants; however, some inconsis-
tencies were detected in healthy participants. These results
suggest that maintaining a healthy weight, normal BP, and
high physical and motor fitness may be protective against
the detriments of the other group. For example, the detrimen-
tal relationship between low hand dexterity and neural activ-
ity seems absent in individuals with high muscular strength
and vice versa. Similarly, the detrimental relationship with
elevated/high BP was not noted in individuals with high sub-
maximal endurance and muscular strength. Furthermore, nega-
tive cross-loading of BMI was stronger in participants with
overweight/obesity, elevated/high BP, and low fitness than in
participants with healthy weight, normal BP, and high fitness.
These results suggest that maintaining healthy conditions may
protect against the negative effects of other unhealthy factors
for individuals with some specific good health conditions. In
contrast, lower cardiovascular risk and greater physical and mo-
tor fitness may have a significantly greater positive association
with social cognition in individuals in unhealthy conditions
compared with healthy individuals.

The findings from the subgroup analyses have clinical impli-
cations because metabolically healthy but obese individuals—
characterized by having lower amounts of visceral adipose tis-
sue and adipose cell size as well as higher cardiorespiratory fit-
ness and physical activity levels than in metabolically unhealthy
overweight/obese individuals—account for 10%-30% of obese
adults (59). The results of the subgroup analysis suggest that in
metabolically healthy (having high submaximal endurance)
obese individuals, the detrimental association of obesity with
social cognition is mitigated. The difference in health outcomes,
such as the risk of cardiovascular mortality between metaboli-
cally healthy but obese individuals and metabolically unhealthy
and obese individuals, is well studied; however, whether these
differences may also extend to the brain and cognitive functions
has been understudied. A previous study demonstrated that
metabolically healthy overweight/obese children had greater
gray matter volume, hippocampal connectivity, and academic

achievement compared with metabolically unhealthy overweight/
obese children (50,60), suggesting that maintaining appropri-
ate metabolic factors could protect against the harmful influ-
ences of obesity on the brain and cognitive health. The present
findings support this conclusion.

Because the present study population comprised young
adults and predominantly fit individuals (~1 SD above the na-
tional average; Table 1) with high cardiovascular risk factors
(58% and 54% having elevated BP and excessive weight, re-
spectively; Table 1), the applicability of our findings to the
general population needs to be carefully verified. The main
findings were robustly observed in individuals with lower fit-
ness in the subgroup analysis; thus, they could likely be ap-
plied to lower fitness populations. In contrast, as mentioned
previously, the present main results may not be directly appli-
cable to healthy individuals. Accordingly, the observed associ-
ation of cardiovascular risk markers and fitness with social
cognition in the main analysis may be ascribed to the general
population with a high cardiovascular risk. However, the main
results do not seem necessarily inapplicable to healthy people.
The contribution of submaximal endurance and hand dexterity
on neural activity during animacy perception was consistently
detected in the high-fitness and low-cardiovascular-risk groups,
respectively. Because the association of cardiovascular risks
and fitness with social cognition has been tested only in young
adults (10), whether the current findings can be applied in older
populations remains unclear. Considering the reported associa-
tion in middle-age and elderly populations between cardiovas-
cular risk and fitness and brain structures related to the social
brain network (16,17,55), the present results may be applicable
to middle-age and elderly people as well. Consequently, the re-
sults of this study may also apply, to some extent, to the gen-
eral population; however, further studies are necessary.

The novelty of the present study lies in the finding of an as-
sociation of multiple indices of cardiovascular risk markers
and fitness with large-scale task-related neural activity data
of social cognition using CCA. Previous research mainly fo-
cused on a single or few indices of cardiovascular risk markers
and fitness. We demonstrated the strength of the contribution
of each index on social cognition and related neural activities,
and observed that BMI, BP, hand dexterity, and submaximal
endurance may have a stronger association with social cogni-
tion. We speculate that these results could be interpreted by
Porges’ polyvagal theory (61), which proposes that the mam-
malian autonomic nervous system has evolved to support the
survival, reproduction, and social engagement of the species.
According to the theory, the vagal brake promotes social inter-
action and allows individuals to detect social cues when the
environment is safe. A higher heart rate variability at rest, a
measure of vagal predominance, is a biological marker of
emotion recognition capacity in humans (62) and is relevant
to neural function in the regions associated with the social
brain network (63). Because regular exercise increases heart
rate variability at rest (64), improved physical and motor fit-
ness may increase social cognition via adaptation of heart rate
variability. The effects of the type of exercise are inconsistent
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in the literature; however, some evidence suggests the stronger
effects of endurance and motor exercise relative to resistance
exercise on heart rate variability at rest (65). Furthermore,
overweight/obesity and hypertension are powerful markers
for low heart rate variability (66,67). Therefore, we speculated
that the present results revealed the stronger association of
BMI, BP, submaximal endurance, and hand dexterity with so-
cial cognition and neural activity in the social brain network.
To elucidate the mechanisms of the disproportionate associa-
tion, more studies are necessary.

Based on the present findings, cardiovascular risk and fit-
ness interventions could be a potentially cost-effective method
of targeting social cognition. CCA cardiovascular risk markers
and fitness and neural activity variates do not seem to be
strongly heritable, as evidenced by the fact that absolute differ-
ences in CCA variates in monozygotic twins, dizygotic twins,
and nontwin siblings were not statistically different. Thus, the
contributions of cardiovascular risk markers and fitness to so-
cial cognition have room for improvement by behavior and en-
vironment. For example, cardiovascular risk and fitness are fac-
tors modifiable by regular exercise, adequate sleep, prevention
of excessive alcohol consumption, and smoking cessation, and
these could be cost-effective behaviors for enhancing social
cognition. Considering the strength of the observed associa-
tion, we hypothesize that health behaviors that lead to weight
loss and improvement of endurance and fine motor skills are
useful behaviors, especially in unhealthy populations.

The main strength of our current study is the use of the HCP
data set comprising large-scale data derived from healthy
adults (22,23), acquired with high spatial and temporal resolu-
tion and preprocessed with minimal distortions, blurring, and
temporal artifacts; however, it is important to note that there
are limitations to this study due to the cross-sectional design.
Thus, causal inferences cannot be formulated, and the current
model could work reverse. That is, individuals with poor so-
cial cognition may be less likely to engage in health behaviors
that promote fitness and cardiovascular health. However, be-
cause the main findings were consistently observed after con-
trolling for existing health behavior data in the HCP data set
(ie., sleeping, drinking, and smoking habits), the reverse causation
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