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Abstract.
Background: Individuals with coronary artery disease (CAD) have worse executive function compared to the general
population but the mechanisms are unknown.
Objective: To investigate the role of acute mental stress (MS) on the executive function of patients with CAD.
Methods: Participants with stable CAD underwent acute MS testing with simultaneous peripheral vascular function measure-
ments and brain imaging using high resolution-positron emission tomography. Digital pulse wave amplitude was continuously
measured using peripheral artery tonometry (PAT, Itamar Inc). Stress/rest PAT ratio (sPAT) of pulse wave amplitude dur-
ing MS/baseline was calculated as a measure of microvascular constriction during MS. Plasma levels of catecholamine
and interleukin-6 were assessed at baseline and after MS. Executive function was assessed both at baseline and at 2 years
follow-up using the Trail Making Test parts A and B.
Results: We studied 389 individuals with brain data available for 148 participants. Of this population follow-up cognitive
assessments were performed in 226 individuals (121 with brain imaging). After multivariable adjustment for baseline demo-
graphics, risk factors, and medication use, a lower sPAT, indicating greater vasoconstriction, a higher inferior frontal lobe
activation with MS, and increases in norepinephrine and IL-6 levels with MS were all independently associated with greater
time to complete Trail B test.
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Conclusion: In response to acute MS, greater peripheral vasoconstriction, higher inferior frontal lobe brain activation, and
increases in the levels of norepinephrine and IL-6 are associated with worse executive function.

Keywords: Brain activation, cognitive impairment, mental stress, vasoconstriction

INTRODUCTION

Coronary artery disease (CAD) is a major cause of
morbidity and mortality worldwide [1]. Individuals
with CAD have worse executive functioning com-
pared to those without CAD [2–6]. Common risk
factors including smoking, advanced age, diabetes,
hyperlipidemia, and hypertension do not entirely
account for the risk of cognitive impairment in this
population [7]. An understudied risk factor for both
CAD and worse executive function is psychological
stress. Acute mental stress (MS) induces myocar-
dial ischemia in a subset of individuals with CAD
which is associated with a doubling of future cardio-
vascular events compared to those who do not have
myocardial ischemia induced by MS [8]. However,
it is unclear if acute MS can also affect the execu-
tive function in this population. Understanding the
mechanisms by which acute stress impacts execu-
tive function in patients with CAD will help unravel
the mechanisms by which psychological stress con-
tributes to worsening of executive function in this
population.

We and others have previously shown that acute
MS activates the prefrontal brain regions includ-
ing the inferior frontal gyrus [9–11], an area that is
involved in emotional regulation and stress responses
[12, 13]. This region is an important node of work-
ing memory and executive control [14]. However,
whether higher activation of this area in response to
acute MS is associated with worse executive func-
tioning in the CAD population is unknown.

MS causes vasoconstriction of the coronary and
peripheral vasculature, catecholamine release
through activation of the sympathetic nervous
system and an increase in inflammatory cytokines
[15, 16]. Stress induced peripheral vasoconstriction
can be estimated from changes in the digital pulse
amplitude during MS, measured using peripheral
arterial tonometry (PAT) [17–20]. The magnitude
of peripheral vasoconstriction during MS reflects
the degree of coronary vasoconstriction [21], and is
an independent predictor of future cardiovascular
events in patients with CAD [15]. Finally, we have
recently shown that the inferior frontal lobe is highly

activated in individuals with greater peripheral
vasoconstriction during MS [22]. In addition, acute
MS is associated with an increase in the release of
catecholamines [23], and inflammatory cytokines
such as interleukin-6 into the peripheral circulation
[16, 24]. However, it is unclear whether the vaso-
motor responses or the magnitude of catecholamine
and inflammatory responses to MS correlate with
executive function.

In the current study, we sought to understand
the links between vascular responses during MS,
activation of the inferior frontal lobe and executive
function in individuals with stable CAD. As the infe-
rior frontal lobe is directly involved in executive
function, and its activation with MS is associated with
greater peripheral vasoconstriction, we hypothesized
that inferior frontal lobe brain activation (exposure
variable) would be associated with lower executive
function and its decline (outcome variable). We also
investigated whether vascular, catecholamine and
inflammatory responses to MS (PAT, norepinephrine,
and interleukin-6) mediate the relationship between
this brain activation and worsening executive func-
tion (Fig. 1).

METHODS

Study population

The data that support the findings of our study
are available from the corresponding author on
reasonable request. The Mental Stress Ischemia
Mechanisms and Prognosis Study (MIPS) enrolled
individuals with stable CAD from Emory University–
affiliated hospitals and clinics. Data on cognitive
function and vascular studies were available for 389
individuals. A random sample of 186 were included
for a brain imaging sub-study, of which data on infe-
rior frontal lobe activation was available for 148
participants. From this cohort, 121 subjects also had
a face-to-face clinic visit at 2 years of follow-up
with reassessments of cognitive function. A detailed
study protocol has been previously published [25].
Presence of CAD was defined based on a by an
abnormal coronary angiogram showing evidence of
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Fig. 1. A model of acute psychological stress leading to executive function impairment. Mental stress-induced inferior frontal lobe activation
is directly associated with worse executive function. Greater peripheral vasoconstriction, higher norepinephrine and interleukin-6 release to
MS partly mediates the relationship between inferior frontal lobe activation and worse executive function.

atherosclerosis, a positive nuclear stress test, or a
history of prior myocardial infarction or revascu-
larization. Exclusion criteria included a history of
recent (less than 1 week) acute coronary syndrome
or decompensated heart failure, end-stage renal dis-
ease, systolic blood pressure >180 mm Hg or diastolic
blood pressure >110 mm Hg on the day of the
clinic visit, or unstable psychiatric conditions such
as schizophrenia. Data regarding sociodemographic
characteristics, medical history, and medication use
of all participants were collected using standardized
questionnaires, and clinical information was verified
by medical record review. This study was approved by
the Institutional Review Board of Emory University,
and all participants provided informed consent.

Mental stress testing

All participants underwent MS testing using a stan-
dardized protocol, as previously described [25–27].
Briefly, following 30 min of resting in a temperature
controlled (21◦C–23◦C), quiet, and dimly lit room,
subjects were asked to perform two control tasks
(counting aloud and recalling a neutral event), fol-
lowed by two mentally stressful conditions including
a mental arithmetic task and a public speaking task.

During the mental arithmetic task, each participant
was asked to perform a series of increasingly compli-
cated mathematical calculations under time pressure,
including addition, subtraction, multiplication, and
division, whereas they received negative feedback on
their performance from a staff member performing
the test who was wearing a white coat [28]. The diffi-
culty of mental math was increased until participants
incorrectly answered three successive problems. Dur-
ing the public speaking task, each participant was
given two stressful situations, one involving a long-
term house guest who had overstayed her welcome
and the other an uncomfortable situation in which
an elderly sister was unfairly hit while driving in
a parking lot. Participants were then asked to pre-
pare a statement in 2 min and present it for 3 min
for each situation and were told the speech would be
evaluated for content. Blood pressure and heart rate
were recorded at one-minute intervals during the con-
trol and stress tasks using an automated oscillometric
device.

Executive function testing

All tests were performed on the day of MS testing
and brain imaging. We administered the Trail Making
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Test part A to test visuomotor sequencing [29]. Trail-
making part B test was used to measure executive
function [29]. During Trails A, each participant was
instructed to draw lines sequentially connecting 25
encircled numbers distributed on a sheet of paper,
whereas during the more complex Trails B testing,
patients were asked to rapidly switch between num-
bers and letters. The score on each part represents
the amount of time (in seconds) required to complete
the task. We also calculated the difference in time
between completing Trail-A and Trial-B in order to
better measure executive function that is not influ-
enced by visuomotor speed only [30, 31].

Digital blood flow measurement via finger
plethysmography

The PAT (Itamar-Medical, Israel) device was used
to measure digital arterial pulse wave amplitude con-
tinuously during rest and the MS test, as previously
described [18, 19]. The device uses a modified form
of plethysmography to measure pulsatile blood vol-
ume changes (Supplementary Figure 1). The probe
is applied on the index finger and applies a constant
subdiastolic pressure over the distal two-thirds of the
finger to prevent distal venous blood stasis, unload
arterial wall tension, and stabilize the probe to reduce
noise. As a result, the changes in pulsatile volume
only reflect changes in digital arterial blood perfu-
sion. Pulsatile pressure changes from the probe are
registered from a pressure transducer, and then fed
into a specialized software which filters, amplifies,
stores, and analyzes the signal in an operator inde-
pendent manner. The baseline pulse wave amplitude
during rest is determined by averaging the last 3 min
of recording that preceded the MS test. The pulse
wave amplitude during the MS test is determined
visually as the area of maximum vasoconstriction
during the MS task (Supplementary Figure 2). The
stress/rest PAT ratio (sPAT) was calculated as the
ratio of the pulse wave amplitude of the digit dur-
ing MS compared to the resting amplitude, where a
value <1 signifies vasoconstriction. This method has
previously been validated to reflect vasoconstriction
with MS testing [15, 18, 19, 32].

Catecholamine response and inflammatory
biomarker

Plasma levels of epinephrine and norepinephrine
were measured at rest and 2 min into the MS test
(EIA Kit; 2-CAT ELISA, Labor Diagnostika Nord as

supplied by Rocky Mountain Scientific, Centennial,
Co) [33]. In addition, levels of interleukin-6 (IL-6)
were measured at rest and 90 min after MS by a high-
sensitivity assay using the MesoScale system (Meso
Scale Diagnostics, Rockville, MD) with the SECTOR
Imager 2400, as previously described [33]. The cat-
echolamine and inflammatory response during acute
MS was calculated as the value during MS minus the
value at baseline.

Brain imaging during mental stress

High resolution-positron emission tomography
(HR-PET) brain imaging was conducted using a
High Resolution Research Tomograph (Siemens,
Inc., Knoxville, TN), with a spatial resolution of
2 mm [34]. Each participant underwent a total of
eight brain scans, with two scans during each of the
2 control conditions (counting aloud and recalling
a neutral event) and 2 scans for each of the stress
conditions (arithmetic and public speaking). Subjects
were injected with 20 mCi of O-15 water 10 s after
the beginning of each task to assess relative cere-
bral blood flow. The HR-PET has a sensitivity of
1,700,000 counts per second (cps)/(�Ci/ml) and a
spatial resolution of 2.4 mm in the transaxial plane.
This provides higher sensitivity than conventional
PET cameras.

Brain imaging analyses

Analysis of HR-PET images, including realign-
ing, normalizing, and smoothing, was completed
following established protocols using statistical para-
metric mapping (SPM12; www.fil.ion.ucl.ac.uk/spm/
software/spm12/) [35–37]. First, a mean intensity
image was created from the eight individual scans. In
the next step, each individual scan was spatially nor-
malized to this mean, and transformed into a common
anatomical space (SPM8 PET Template), followed
by smoothing with a three-dimensional Gaussian fil-
ter to 5 mm full width half maximum, and finally,
normalized to whole brain activity. HR-PET imaging
analysis was completed by creating individual con-
trast maps to determine increased regional blood flow
(Blood FlowNet = Blood FlowMental Stress Task –
Blood Flow Control Task). This method has been
used by previous studies to determine differences
in brain activation in response to MS challenges
[38–41]. Next, a custom mask limiting brain activity
to the bilateral inferior frontal lobe, derived from the
Automatic Anatomical Labeling atlas, was applied

www.fil.ion.ucl.ac.uk/spm/software/spm12/
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to the contrast image. Individual subject responses
(delta blood-flow values from individual contrast
map) were extracted from the masked contrast image
and averaged across non-zero voxels. We calculated
the Dice coefficient to quantify the amount of over-
lap between the mental arithmetic task and a public
speaking task. This index was calculated as the ratio
of twice the intersection of two volumes divided by
the sum of the two volumes, where A and B are values
of the two volumes to be compared (DS-Coeffs(A,
B) = 2(A ∩ B)/(A + B)). Values range between 0 and
1 with a value of 1 indicating total concordance
between two volumes. The data showed a Dice coeffi-
cient of 0.88 indicating an excellent overlap between
the mental arithmetic and public speaking tasks

Statistical analysis

We performed linear multivariable regression
models to investigate the relationship between sPAT
(outcome variable), and cognitive function tests.
Multivariable linear regression models were also cre-
ated to examine the association between inferior
frontal lobe activation (outcome variable) and exec-
utive function. All models were adjusted for a priori
chosen covariates, including sociodemographic and
lifestyle characteristics (age, sex, race, education,
and current smoking), comorbidities (hypertension,
hyperlipidemia, diabetes, obesity, previous myocar-
dial infarction, and previous revascularization), and
medication use (aspirin, statin, beta-blocker and
angiotensin-converting enzyme inhibitor use). We
performed three separate mediation analyses with
bootstrapping (1,000 bootstrap samples and a 95%
CI) to estimate direct and indirect effects of MS-
induced inferior frontal lobe activation on changes
in executive function over time. We hypothesized
that increases in MS induced norepinephrine, IL-6
levels and vasoconstriction (sPAT) each mediate the
relationship between brain activation and worsening
executive function over time using Model 4 of SPSS
PROCESS macro (version 2.16.3) [42]. These medi-
ators were found to be mutually independent when
conditioned on brain activation and confounders. All
other statistical analyses were done using Stata 14.0
(StataCorp LP; College Station, TX). Two-sided p
values <0.05 were used for significance testing.

RESULTS

A total of 389 individuals were included in the
final analysis at baseline. From this cohort, 226

Table 1
Baseline characteristics of the study population

All Patients (389)

Demographics
Mean age, y (SD) 62 (9)
Male, N (%) 293 (75.3)
Black race, N (%) 121 (31.1)
Education, years (SD) 15 (3)

Medical History, N (%)
Current smoking 61 (15.7)
Obesity 318 (81.7)
Hypertension 312 (80.2)
Diabetes mellitus 128 (32.9)
History of heart failure 55 (14.1)
History of myocardial infarction 141 (36.2)

Mental stress related variables
sPAT, Mean (SD) 0.73 (0.32)

Medications, N (%)
Aspirin 328 (84.3)
Beta-Blocker 291 (74.8)
Statins 332 (85.6)
Angiotensin-converting enzyme inhibitors 187 (48.2)

Memory Function, mean (SD)
Trail-A (s) 42 (20)
Trail-B (s) 101 (50)

Trail-A (minimum 15, maximum 150), Trail-B (minimum 20, max-
imum 300), Lower scores on the Trail-A and B tests indicate better
cognitive function.

individuals had executive function reassessed at the
2-year follow-up visit. Data on inferior frontal lobe
activation was available for 148 individuals of which,
121 patients also completed the 2-year follow-up cog-
nitive assessment. At baseline, the mean age of the
cohort was 62 ± 8 years and 293 (75.3%) participants
were men (Table 1). The most common comorbidity
was a history of hyperlipidemia followed by obesity
and hypertension (Table 1). As shown in Supplemen-
tary Table 1, there were no significant differences in
the baseline, clinical characteristics, medication use,
and executive function tests between the group who
had follow-up tests and the baseline cohort.

Determinants of executive function

In unadjusted analyses (N = 389), older age and
Black race were associated with slower completion
of the Trail-B test indicating worse executive function
and statin use with better executive function (Table 2).
No other clinical factors were associated with exec-
utive function.

Association between executive function and
mental stress-induced vasoconstriction

A slower completion of Trail-B was associ-
ated with greater vasoconstriction (lower sPAT) in
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Table 2
Association between clinical variables (demographics, co-morbi-
dities, mental stress related variables, and medication use) and

Trail-B Test (N = 389)

Trail-B

Demographics B (95% CI)
Age 0.88 (0.33, 1.43)
Male sex –9.9 (–21.0, 1.91)
Black race 29.25 (18.8, 39.6)
Education, y (SD) 1.17 (–2.31, 4.72)

Medical History
Dyslipidemia 1.30 (–12.87, 14.4)
Current smoking –3.68 (–10.73, 3.3)
Obesity 6.09 (–7.11, 19.31)
Hypertension –6.27 (–18.80, 6.3)
Diabetes mellitus 1.25 (–9.41, 11.91)
History of heart failure –6.28 (–20.67, 8.0)
History of myocardial infarction –6.27 (–16.2, 4.17)

Mental stress related variables
sPAT –12.6 (–27.24, –3.2)
Heart rate changes during mental

stress, bpm
1.11 (–0.21, 2.31)

Blood pressure changes during MS,
mmHg

0.23 (–0.41, 0.91)

Rate-pressure product at rest,
mmHg∗bpm

2.84 (–0.18, 5.50)

Rate-pressure product during MS,
mmHg∗bpm

0.01 (–1.65, 1.69)

Norepinephrine at rest, pg/ml 0.17 (–0.07,0.43)
Norepinephrine after MS, pg/ml 0.08 (0.02, 0.19)
Norepinephrine change during MS,

pg/ml
0.01 (0.003, 0.23)

Epinephrine at rest, pg/ml 0.01 (–0.02, 0.03)
Epinephrine after MS, pg/ml 0.02 (–0.02, 0.05)
Epinephrine change during MS, pg/ml 0.06 (–0.07, 0.19)
Interleukin-6 levels at rest, pg/ml –6.27 (–15.2, 2.62)
Interleukin-6 levels after MS, pg/ml 3.24 (0.86, 5.61)
Interleukin-6 levels change during

MS, pg/ml
4.32 (0.09, 9.41)

Medications, N (%)
Aspirin –9.21 (–23.2, 4.09)
Beta-Blocker 9.02 (–2.49, 20.5)
Angiotensin-converting enzyme

inhibitors
3.74 (–6.23, 13.7)

Statins –16.7 (–30.9, –2.5)

bivariate analysis (N = 389, Table 2), an association
that remained significant after adjusting for baseline
demographics, clinical variables and medication use
(N = 389, Table 3). Every 10 s longer duration for
completion of Trail-B test (worse executive function)
was associated with –0.12 (95% CI –0.21, –0.02)
lower sPAT, signifying 12% greater vasoconstriction.

In order to understand the directionality of the asso-
ciation between sPAT and Trail-B scores, we assessed
the association between sPAT at baseline and changes
in cognitive function after 2 years of follow-up in

Table 3
Multivariable linear regression investigating the association
between executive function at baseline (Trail-B score and dif-
ference between Trail-A and Trail-B) and mental stress related

variables

Trail-B

Variables∗ B (95% CI)
sPAT –5.31 (–9.65, –0.88)
RPP response, mmHg∗bpm 0.91 (–2.89, 13.32)
Epinephrine response, pg/ml 1.68 (–2.21, 6.72)
Norepinephrine response, pg/ml 2.89 (1.01, 7.63)
Interleukin-6 response, pg/ml 4.69 (0.25, 8.71)
Inferior Frontal Lobe Activation∗∗ 11.2 (1.01– 21.3)

∗SD units. Definition of 1 SD: sPAT 0.34, RPP response 2,997
mmHg∗bpm, Epinephrine response 47.2 pg/ml, Norepinephrine
response 280.2 pg/ml, Interluekin-6 response 2.01 pg/ml, Infe-
rior frontal lobe activation 1.01. ∗∗Analyses related to inferior
frontal lobe activation was performed on 148 individuals. Model
adjusted for demographics (age, sex, race, and education), clini-
cal variables (body mass index, hyperlipidemia, diabetes mellitus,
smoking history, prior myocardial infarction, and heart failure),
blood pressure at baseline, and medication use (aspirin, statin,
angiotensin-converting enzyme inhibitor, and beta-blockers), rate-
pressure product during MS.

226 participants. A lower sPAT was independently
associated with slower completion of Trail-B tests
over time indicating worsening executive function,
after adjusting for the aforementioned covariates and
baseline executive function (B –0.03, 95% CI –0.11,
–0.009).

Association between executive function and
mental stress-induced inferior frontal lobe
activation

As shown in Supplementary Table 2, unadjusted
analyses showed significant associations between
higher activation of the inferior frontal lobe with
MS and worse performance in both Trail-A and
Trail-B scales (N = 148). When further adjusting for
baseline demographics, clinical variables and med-
ication use, only measures of executive function
(Trail-B) remained significantly associated with infe-
rior frontal lobe brain activation (Table 3). Every SD
increase in MS-induced inferior frontal lobe activa-
tion was associated with 12.1 s longer duration to
complete Trail-B test (B 12.1, 95% CI 1.1– 23.1).

In longitudinal analyses (N = 121), after a 2-year
follow-up, a higher inferior frontal lobe activation
with MS at baseline was associated with greater time
needed to complete Trail-B test after adjusting for
the aforementioned covariates (B 0.24, 95% CI 0.11,
0.39).
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Fig. 2. Mediation analysis linking higher mental stress-induced brain activation to worse executive function. Model adjusted for demographics
(age, sex, race, and education), clinical variables (body mass index, hyperlipidemia, diabetes mellitus, smoking history, prior myocardial
infarction, and heart failure), baseline blood pressure levels, baseline Trail-B scores, and medication use (aspirin, statin, angiotensin-converting
enzyme inhibitor, and beta-blockers). Indirect effects of norepinephrine increase, IL-6 increase, and lower sPAT on the association between
inferior frontal lobe activation and change in Trail-B scores over time. Norepinephrine, Il-6, and sPAT accounted for 14.1%, 12.3%. and
18.1% of the association (Indirect effect/Total effect x100).

Association between executive function and
mental stress-induced catecholamine and
inflammatory responses

Baseline levels of epinephrine, norepinephrine
and IL-6 were not associated with Trail-B scores
(N = 389, Table 2). However, higher levels of nore-
pinephrine and IL-6 after MS as well as changes
in these levels with MS were significantly associ-
ated with longer duration to complete the Trail-B
test (N = 389, Table 1), an association that remained
significant after adjustment (Table 3). In longitudi-
nal analyses (N = 226), an increase in norepinephrine
and IL-6 levels with MS were significantly associated
with longer duration to complete Trail-B tests after
2-years of follow up (B 0.002, 95% CI 0.001–0.005,
and B 0.03, 95% CI 0.01–0.06, for changes in nore-
pinephrine and IL-6 levels, respectively).

Mediation analyses

We performed mediation analyses on 121 indi-
viduals to examine the hypothesized mechanistic
links between a higher level of inferior frontal lobe
activation with MS, and worse executive function
during follow-up. As shown in Fig. 2, these path-
ways significantly mediated the association between
brain activation and worsening of the time needed
to complete Trail-B test over time. After adjust-
ing for the aforementioned covariates and baseline
Trail-B scores, an increase in norepinephrine and
IL-6 levels after MS appear to mediate the asso-
ciation between higher inferior frontal lobe brain

activation and worsening of time needed to complete
Trail-B scores during follow-up by 26.4%. We also
investigated a separate pathway of peripheral vaso-
constriction mediating the relationship between brain
activation and cognitive decline. After adjusting for
the above factors, a lower sPAT mediated the associ-
ation between higher inferior frontal lobe activation
and worsening of the time needed to complete Trail-B
by 18.1% (Fig. 2).

DISCUSSION

In patients with stable CAD, we demonstrated
that a higher brain activation with MS in the infe-
rior frontal lobe is associated with prevalent worse
executive function and its decline with time. Greater
peripheral vasoconstriction, higher catecholamine
release, and higher inflammatory responses to acute
MS were also associated with worse executive func-
tion. While the directionality of these associations
could not be determined from cross-sectional analy-
ses, follow-up data showed that the neurobiological
responses to acute MS are associated with a more
rapid decline in executive function over time. Finally,
as shown in Fig. 1, pathway analyses showed that
the relationship between inferior frontal lobe activa-
tion and worsening executive function was at least
partly mediated by a higher norepinephrine and IL-6
response to MS and a higher vasoconstriction to MS.
These findings provide supportive evidence for the
existence of a neurobiological pathway linking acute
psychological stress to worse executive function in
the CAD population.
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Previous studies have shown neurophysiological
links between psychological stress and cardiovascu-
lar disease risk [43]. For example, brain blood flow
responses to cognitive challenges identify individu-
als predisposed to hypertension [44], and activation
of the prefrontal cortex during stress influences heart
rate variability [45]. Our results further support these
findings by identifying potential neurophysiologi-
cal pathways that link acute psychological stress to
executive function decline in the CAD population
[46–48].

We showed that the inferior frontal lobe activa-
tion in response to MS may have an upstream role
in the worsening of executive function through a
greater vasoconstrictor response. The inferior frontal
lobe is involved in processes relevant to stress such
as regulation of attention and outcome expectancies
[49]. Through its connections with the parietal lobe,
the inferior lobe also mediates a heightened activity
in brain areas involved in perception and cognition
during stress. We have recently shown that among
individuals with CAD, this region is highly activated
in response to acute MS [11], and the magnitude of
activation correlates with both the peripheral vaso-
constriction and MS-induced myocardial ischemia
[21, 22, 27]. Our current findings further expand the
role of inferior frontal lobe activation with respect to
cardiovascular health by demonstrating that higher
activation of this region adversely affects executive
function, at least partly by a greater vasoconstrictor
response to stress.

Peripheral microvascular constriction measured
during psychological stress has been suggested as
a biomarker of cardiovascular stress vulnerability
[15, 18, 19]. Our group and others have previously
shown that peripheral vasoconstriction during MS,
measured as sPAT, correlates closely with coronary
vasomotion and myocardial ischemia [17, 18, 20,
21]. Moreover, a lower sPAT is associated with
worse outcomes in patients with CAD [15]. We now
demonstrate that a greater peripheral vasoconstrictor
response in response to MS is associated with both
worse executive function at baseline and its’ greater
decline.

In response to acute MS, sympathetic stimula-
tion causes norepinephrine release and �-adrenergic
receptor activation. A maladaptive norepinephrine
response to MS has previously been shown to be asso-
ciated with the development of hypertension [23].
More recently, we have shown that this maladap-
tive catecholamine response to MS, by producing
greater vasoconstriction, can contribute to adverse

cardiovascular outcomes in those with CAD [15].
Release of norepinephrine is coupled with enhanced
entry of oxygen and glucose into brain tissue, result-
ing in regional brain activation [50]. Moreover,
catecholamine reactivity to MS appears to be rel-
atively stable over time [51]. Our current findings
show that a heightened norepinephrine response to
MS also adversely affects cognition and in particu-
lar, executive function. Thus, it is likely that repeated
MS challenges during daily life could affect an indi-
vidual’s cognition through heightened catecholamine
responses over time.

Acute MS increases inflammation by upregulating
transcription of pro-inflammatory immune response
genes and increasing degranulation of inflamma-
tory factors from leukocytes [16, 24]. We have
shown that IL-6 is an early and most consistently
robust marker of inflammation that is increased
with acute MS [52]. It has been demonstrated that
peripheral inflammation can give rise to neuroinflam-
mation through microglial activation [53, 54]. This
heightened inflammation can subsequently accelerate
cognitive impairment [55]. Our results support prior
findings by showing that the magnitude of increase
in IL-6 in response to acute MS is directly associ-
ated with the extent of impairment in the executive
function over time.

Executive function refers to higher level cognitive
processes that are needed for the attainment of a spe-
cific goal. Previous studies have shown that executive
function is particularly vulnerable to the effects of
acute stress [56–58]. Impairment in executive func-
tioning has also been consistently observed in patients
with CAD [59–61]. An intact executive function is
crucial for management of chronic diseases such as
CAD, as reduced cognitive flexibility may result in
problems with regulation of one’s behavior, result-
ing in missed appointments, inability to make diet
changes, and reduced medication adherence [62, 63].
Therefore, identifying specific factors involved in the
worsening of the executive function of those with
CAD could help identify individuals at higher risk of
cognitive impairment, who may benefit from a more
aggressive treatment.

Major strengths of our study include our abil-
ity to measure both vascular reactivity and cerebral
perfusion during MS. This enabled us to explore
the mechanistic links between brain activation and
peripheral vasoconstriction during stress and the
risk of executive function impairment. Limitations
include firstly, the lack of generalizability of our find-
ings to populations without CAD. Nonetheless, this
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is an important population to study because of the
high prevalence of cognitive impairment and demen-
tia. Second, we used standardized MS testing in the
laboratory setting which may not reflect real-life
stress. However, our protocol offered a controlled
environment where specific effects could be tested
with greater precision. Other limitations include the
possibility of other confounding factors or reverse
causation. It should be noted that individuals with
CAD may be susceptible to language difficulties.
These difficulties may become more pronounced in
those with cognitive impairment, which as a result,
could impair their ability to perform mental arith-
metic tasks. Despite these limitations, our study is
strengthened by the large size of a well-characterized
cohort of individuals with CAD, and its prospective
design to study the risk of cognitive impairment.

In conclusion, we demonstrated that a specific
brain activation pattern during acute MS, involv-
ing the inferior frontal lobe region, that is known
to be associated with emotional regulation, medi-
ates greater peripheral vasoconstriction, at least partly
via higher sympathetic nervous system activation and
greater inflammation, that in turn is associated with
worse executive function. These findings suggest that
stress-induced inferior frontal lobe activation could
help risk stratify individuals at risk of cognitive
impairment. Whether therapeutic interventions tar-
geting peripheral vasomotor responses to MS will
improve cognitive function requires further investi-
gation.
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