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Abstract

Objective: To understand if presence of mental stress-induced myocardial ischemia (MSIMI) is
associated with higher prevalence of cognitive impairment at baseline and its decline over time.

Methods: A cohort of participants with stable coronary atherosclerosis underwent acute mental
stress testing using a series of standardized speech/arithmetic stressors. The stress/rest digital
vasomotor response to mental stress (SPAT) was assessed to measure microvascular constriction
during mental stress. Patients received 99mTc-sestamibi myocardial perfusion imaging at rest,
with mental stress and with conventional (exercise/pharmacological) stress. Cognitive function
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was assessed both at baseline and at a 2 year follow-up using the Trail Making Test parts A and B
and the verbal and visual memory subtests of the Wechsler Memory Scale.

Results: We studied 486 individuals (72% male, 32.1% Black, 62 + 9 (mean = SD) years old).
After multivariable adjustment for baseline demographics, risk factors, and medication use,
presence of MSIMI was associated with 21% and 20% slower completion of Trail-A and Trail-B,
respectively (p for all < 0.01). After a 2-year follow-up period, presence of MSIMI was associated
with a 33% slower completion of Trail-B, denoting cognitive decline (B= 0.33, 95% ClI, 0.04,
0.62). A lower sPAT, indicating greater vasoconstriction, mediated the association between MSIMI
and worsening Trail-B performance by 18.2%. Ischemia with a conventional stress test was not
associated with any of the cognitive tests over time.

Conclusion: MSIMI is associated with slower visuomotor processing and worse executive
function at baseline and with greater decline in these abilities over time.

Introduction

Coronary atherosclerosis remains a major cause of morbidity and mortality worldwide.! The
risk of cognitive impairment, especially in the executive domain, has been shown to be
higher in those with coronary atherosclerosis compared to those without coronary
atherosclerosis.2=8 Executive function is crucial for secondary prevention in patients with
coronary atherosclerosis, as lower cognitive flexibility could result in difficulties with
regulation of one’s behavior, resulting in missed appointments, inability to make diet
changes, and reduced medication adherence.® 10 The exact mechanisms influencing the
maintenance of cognitive performance among persons with coronary atherosclerosis are
unclear.

Psychological stress has emerged as a risk factor for both coronary atherosclerosis and
cognitive impairment. Acute mental stress impairs various domains of cognitive function,
with executive functioning being the component that is most adversely affected by acute
stress.11: 12 Acute mental stress can also precipitate myocardial ischemia in individuals with
coronary atherosclerosis. Mental stress-induced myocardial ischemia (MSIMI) is associated
with a doubling of future cardiovascular events and mortality, similar to ischemia provoked
by conventional stress test testing.13 MSIMI, therefore, has been conceptualized as a marker
of cardiovascular vulnerability to emotional stress.14 Recently, we have demonstrated that
patients with MSIMI show increased brain activation in a number of regions involved in
memory and emotion such as the medial frontal gyrus, anterior cingulate, inferior frontal
gyrus, and parietal cortex (including inferior parietal lobule and supramarginal gyrus).1®
These findings underscore that MSIMI is a phenomenon driven by the physiological
response to stress that is regulated in the central nervous system. However, it is unclear if the
presence of MSIMI is associated with cognitive impairment; such a link could lend support
to the concept that acute psychological stress plays a role in cognitive decline among
individuals with coronary atherosclerosis.

MSIMI is thought to reflect coronary and peripheral vasoconstriction, rather than severity of
coronary atherosclerosis, which is the underlying mechanism of conventional stress-induced
myocardial ischemia (CSIMI).16 Peripheral vasoconstriction can be measured using
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peripheral arterial tonometry as stress/rest ratio (SPAT), the ratio of the pulse wave amplitude
of the digit during mental stress compared to the resting amplitude. sSPAT has shown to be an
important predictor of MSIMI and future cardiovascular events,1’-20 and is directly
associated with coronary vasomotion.21: 22

In the current study, we sought to understand the effects of acute mental stress on the
cognitive performance of individuals with coronary atherosclerosis by investigating the link
between MSIMI and cognitive function, and to evaluate whether stress-induced peripheral
microvascular constriction measured with sPAT plays a role. We also sought to contrast the
results for MSIMI with those for ischemia provoked by a conventional stress test. We
hypothesized that MSIMI is associated with worse cognitive impairment, and that a stronger
vasoconstrictive response to acute mental stress would mediate this association.

Study Population

The Mental Stress Ischemia Mechanisms and Prognosis Study (MIPS) enrolled stable
coronary atherosclerosis individuals from Emory University—affiliated hospitals and clinics
between 2011 and 2014. Subjects had a face-to-face clinic visit at baseline and at 2 years.
Measures of cognitive function were added to the baseline assessments after the enrolment
had already begun. Cognitive function measures were repeated at the 2-year visit. A detailed
study protocol has been previously published.23 Presence of coronary atherosclerosis was
defined based on a positive nuclear stress test, an abnormal coronary angiogram showing
evidence of atherosclerosis, or a history of prior myocardial infarction or revascularization.
Exclusion criteria included a history of acute coronary syndrome in the previous week or
decompensated heart failure, end-stage kidney disease, a systolic blood pressure higher than
180 mm Hg or diastolic blood pressure higher than 110 mm Hg on the day of the clinic visit,
or severe psychiatric conditions such as schizophrenia. Data regarding sociodemographic
characteristics, medical history, and medication use 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

Each participant underwent standardized mental stress testing during the baseline exam, as
previously described.15 23. 24 Briefly, following 30 minutes of resting in a quiet and
temperature-controlled (21°C-23°C) room, subjects were asked to imagine a stressful
situation in which a close relative had been mistreated in a nursing home. Participants were
subsequently asked to prepare a statement for 2 minutes and then they were given 3 minutes
to present it in front of an evaluative audience wearing white coats. The mental stress testing
procedure was conducted by trained and experienced staff to ensure standardization of the
stress-provoking elements.
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Cognitive testing

We administered the Trail Making Test parts A and B to evaluate visuomotor sequencing
and executive function, respectively.25 During Trail A testing, each individual was instructed
to draw lines sequentially connecting 25 encircled numbers distributed on a sheet of paper,
whereas during the more complex Trails B testing, the individual was asked to rapidly
switch between numbers and letters. The score on each part represents the amount of time
(in seconds) required to complete the task. Lower scores on Trails A and B indicate faster
completion times and therefore better cognitive function. We also calculated the difference
in time between completing Trail-A and Trial-B in order to measure set shifting speed that is
not influenced by visuomotor speed only.

We also administered the Visual Reproduction and Verbal Memory subtests of the Wechsler
Memory Scale (WMS) according to the Russell revision.26 The Visual Reproduction subtest
was used to evaluate immediate and delayed visual memory, and the Verbal Memory subtest
was administered to evaluate immediate and delayed verbal declarative memory. For the
visual memory testing, participants were asked to reproduce a series of line drawings, each
presented for 10 seconds followed by immediate and then 30-minute delayed recall. For the
test of immediate verbal memory, each participant was asked to recall the details of a short
story immediately after it was read to them and then after a 30-minute delay. Points were
assigned, with higher scores indicating better cognitive function.

Digital Blood Flow Measurement via Finger Plethysmography

We used the PAT (Itamar-Medical, Israel) device to measure digital arterial pulse wave
amplitude continuously during rest and the mental stress test at the baseline visit, as
previously described.18 21 Briefly, 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 reflect changes in digital arterial blood perfusion. The
pulsatile pressure changes from the probe are then registered from a pressure transducer, and
fed into a specialized software which filters, amplifies, stores, and analyzes the signal in an
operator-independent manner. The baseline pulse wave amplitude at rest was determined by
averaging the last 3 minutes of recording that preceded the mental stress test. The pulse
wave amplitude during the mental stress test was determined visually as the area of
maximum vasoconstriction during the mental stress task. SPAT during mental stress was
calculated as the ratio of pulse wave amplitudes during mental stress over the resting
baseline, such that a ratio <1 signifies peripheral arterial vasoconstriction during mental
stress.

Myocardial perfusion imaging
All participants underwent 3 nuclear 99 m-Tc sestamibi-gated single-photon emission
computed-tomography (SPECT) scans at rest, during mental stress and during conventional
stress testing (with exercise or pharmacological stress depending on walking capacity). Two
experienced nuclear cardiologists performed visual interpretation of the SPECT scans while
blinded to clinical data. Any discrepancies in interpretation of images were resolved by
consensus. The extent and severity of perfusion defects were quantified at rest and during
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both mental and conventional stress using a 17-segement model 27, where the severity of the
defect was quantified using a 5-point scale from normal (score = 0) to absent perfusion
(score = 4). These scores were then summed across the 17 segments in a conventional
fashion, yielding a summed stress score for mental and conventional stress test, and a
summed rest score for rest, each with a theoretical range of 0 to 68. A summed difference
score was also calculated for both mental and conventional stress scans by subtracting the
summed rest score from the summed stress score. The summed difference score is a
semiquantitative measure of the number and severity of reversible (ischemic) myocardial
perfusion defects.28 Presence of myocardial ischemia was defined as a summed total score
of = 2 in any segment, or worsening of a preexisting impairment of at least 2 points in a
single segment, or worsening of at least 1 point in 2 or more contiguous segments.28

Statistical Analysis

For our analyses, each cognitive test was standardized by subtracting the mean from the raw
score and then dividing the result by the standard deviation. This transformation facilitated
comparison of the magnitude of association across cognitive function tests in regression
models. We performed both linear multivariable regression models to investigate the
relationship of mental stress and conventional stress ischemia with cognitive function tests
(outcome variables). We also performed similar linear regression analyses with changes in
cognitive tests during follow-up as outcome variables. The multivariable models used in the
present study were constructed as follows: Model 1: unadjusted; Model 2: adjusted for
demographics (age, sex, race, and education), clinical variables (body mass index,
hypertension, hyperlipidemia, diabetes mellitus, smoking history, prior myocardial
infarction, and heart failure) and medication use (aspirin, statin, angiotensin-converting
enzyme inhibitor, and beta-blockers); and Model 3: adjusted for all variables in Model 2 plus
SPAT as a continuous variable.

We also performed a mediation analysis with bootstrapping (1,000 bootstrap samples and a
95 percent confidence interval (Cl)) to test the statistical effects of SPAT on the association
of MSIMI with executive function (SPSS PROCESS macro version 2.16.3).2° This method
uses an ordinary least squares or logistic regression-based path framework to estimate direct
and indirect effects and produces Cls from bias-corrected bootstrap samples.2 All other
statistical analyses were done using Stata 14.0 (StataCorp LP; College Station, T). We used
Bonferroni corrections to account for multiple comparisons, with a two-sided p values at <
0.008 being used for significance testing.

Data availability

Results

Anonymized data can be made available on request to the corresponding author.

Between June 23, 2011 and August 5, 2014, 695 patients with coronary atherosclerosis were
enrolled. From this initial cohort, measures of cognitive function were introduced after the
enrolment had already begun and therefore were available on a subset of 487 individuals
who were analyzed in this study. A total of 36 individuals died during the 2-year follow-up
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period. From the remaining 451 individuals, 289 patients (64%) returned for repeat cognitive
testing.

Table 1 shows the characteristics of the study sample. Individuals with MSIMI had higher
prevalence of CSIMI and lower sPAT indicating greater vasoconstriction compared to those
without MSIMI. Scores for both Trail-A and Trail-B were higher for those with MSIMI
compared to those without MSIMI, indicating worse cognitive performance in the attention
and executive function domains, respectively (Table 1). There were no other significant
differences in baseline demographics, clinical risk factors, medication use, and memory test
performance between those with and without MSIMI.

between ischemia and cognitive function

As shown in Table 2, unadjusted analyses indicated that presence of MSIMI was positively
associated with Trial-A and Trail-B scores (Model 1), indicating that those with MSIMI had
worse cognitive function than those without MSIMI. These associations remained significant
after adjusting for baseline demographics, clinical variables and medication use (Model 2).
In this model, presence of MSIMI was associated with 21% and 20% higher (i.e., slower)
Trail-A, and Trail-B scores, respectively (P<0.01 for both). However, further adjustment for
SPAT attenuated this association for both Trial-A and Trail-B scores (Model 3). Similarly,
MSIMI was positively associated with set shifting speed calculated as the difference in
seconds between Trail-A and Trail-B scores. After adjusting for variables in Model 2,
presence of MSIMI was associated with 16% higher scores in set shifting (B 0.16, 95% CI
0.06- 0.39). There were no significant associations between MSIMI and memory function
tests (Table 2). In contrast to MSIMI, CSIMI was not significantly associated with any of the
cognitive function measures (Table 2).

In order to understand the directionality of the association between ischemia and cognitive
function, we examined whether either ischemia measures were associated with changes in
cognitive function after 2 years of follow-up. Follow-up assessments of cognitive function
were available in 289 participants. Patients with MSIMI at baseline were found to have
worsening Trail-B scores at follow up (change in Trail-B, 6 seconds, P=0.02) while those
with a negative mental stress-induced ischemia did not show a significant decline (change in
Trail-B, 2 seconds, P=0.19). In a multivariable regression analysis adjusted for baseline
demographics, clinical variables and medication use, presence of MSIMI was associated
with 33% larger increase in Trail-B score, signifying a slower completion of Trail-B test
over time (worse function),compared with absence of MSIMI (Table 3). There were no
significant associations between MSIMI and changes in other memory performance
measures. CSIMI was not associated with changes in any of the cognitive tests over time
(Table 3).

Mediation Analysis

We performed mediation analysis to examine whether the pathway linking MSIMI to worse
Trail-B scores after 2 years of follow-up was mediated by lower sPAT (greater
vasoconstriction). As shown in Figure 1, sPAT significantly mediated the association of
MSIMI with changes in Trail-B scores by 18.2%.
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Discussion

In a cohort of individuals with coronary atherosclerosis, we showed that MSIMI, but not
CSIMI, is associated with worse cognitive performance in the domains of attention and
executive functioning. These associations remained significant after adjusting for baseline
demographics, clinical variables and medication use. Moreover, we found that MSIMI is
also associated with a more rapid decline in executive function over time. Finally, mediation
analysis showed that at least part of this association is mediated by higher peripheral
vasoconstriction during mental stress. These findings suggest that among individuals with
coronary atherosclerosis, those who exhibit MSIMI are at a higher risk of cognitive
impairment and, in particular, lower executive function, and that sympathetically-mediated
vasoconstriction during stress plays a role.

Our results showed that at baseline, individuals with MSIMI had worse executive function
compared to those without MSIMI. These differences were indicated by a 12% slower
completion of the Trail-B tests in those with MSIMI compared to those without MSIMI, and
were independent of baseline demographics and cardiovascular risk factors. These results
suggest that patients with coronary atherosclerosis who develop myocardial ischemia with a
mental stress challenges are also vulnerable to impairments in the executive function
domain.

In addition to the differences in baseline executive function, the group with MSIMI also
showed a more pronounced decline in executive function over time than the group without
MSIMI. During a 2-year follow-up period, those with MSIMI showed 33% slower
completion of the Trail-B scores compared to those without MSIMI. These findings suggest
that individuals with MSIMI are also at higher risk of worsening executive function over
time.

In our study, MSIMI was only associated with worse executive functioning, and no
significant associations were found between MSIMI and other cognitive domains including
visual and verbal memory. Our findings are in line with previous reports showing that
among cognitive domains, executive function is most affected in those with coronary
atherosclerosis.28 Structural brain studies have shown that white matter microstructural
integrity is positively associated with executive functioning, but not with other domains of
cognitive function,in those with coronary atherosclerosis.3% These findings emphasize the
need to develop strategies to prevent cognitive impairment, especially in the executive
functioning domain, in this vulnerable population.

Our results demonstrated that those with MSIMI had higher peripheral vasoconstriction
(lower sPAT) during mental stress compared to those without MSIMI. This is similar to
previous reports that have shown sPAT to be an important predictor of MSIM1.17-20
Moreover, our mediation analyses revealed that sSPAT partly explained the association
between MSIMI and worsening of executive function. These findings is in line with our
previous study showing that sPAT is associated with mental stress-induced brain activity
changes in areas of the brain that are involved in executive functioning such as the inferior
frontal lobe, medial prefrontal cortex (anterior cingulate) and cuneus.3! These findings
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suggest that vasoconstriction could play a role in the link between MSIMI and worsening
cognitive function.

We did not find any associations between CSIMI and impairments in any cognitive domains.
Follow-up cognitive studies also did not reveal any associations between CSIMI and
cognitive decline over time. These findings could be attributed to the differences in
pathophysiological mechanisms between MSIMI and CSIMI.14 Conventional stress testing
is accompanied by dilatation of both the epicardial coronary arteries and the peripheral
vasculature.32: 33 |n the presence of coronary stenosis, the demand for vasodilation of post-
stenotic segments at rest is increased to maintain flow.33 This reduces the vasodilatory
capacity during exercise, predisposing the post-stenotic coronary vessels to ischemia during
conventional stress testing.3* In contrast to conventional stress testing, mental stress
increases both coronary and peripheral vasculature resistance. These findings further support
the notion that the sympathetically mediated vasoconstriction with mental stress is a key
factor in cognitive decline among individuals with coronary atherosclerosis.

The major strengths of our study included the prospective design and the inclusion of a large
cohort of individuals with stable coronary atherosclerosis who underwent both mental and
conventional stress testing, as well as cognitive and vascular reactivity measurements. A
limitation included the relatively short duration of follow-up which may not have been
sufficient to observe cognitive decline in domains other than executive function. However,
we were still able to show an association between MSIMI and worsening executive function.
Also, we did not include a control group free of coronary atherosclerosis in this study. While
MSIMI is only relevant to individuals with a diagnosis of coronary artery disease, it would
be important to understand if similar vasoconstrictive responses to mental stress in absence
of coronary atherosclerosis could help identify those at risk of cognitive impairment.
Follow-up cognitive measures were only available for a subgroup of individuals. This may
have introduced selection bias, as sicker individuals with worse cognitive performance may
have been less likely to participate in the repeat in-person interview. However, it is likely
that this loss of potentially more impaired individuals would have biased the study estimates
towards the null. Another limitation is that, while we measured peripheral vasoconstriction
as an indication of the intensity of sympathetic response to stress, peripheral
vasoconstriction has multifactorial origins and may not solely be a representation of
heightened adrenergic responses to acute mental stress. Furthermore, although our measure
of acute stress in the laboratory is a strength, we did not have measures of chronic stress.
However, the implication is that acute stress responses may repeat during everyday life and
thus, in addition to acute effects, mental stress testing may index potential cumulative,
chronic effects. Finally, the association between MSIMI and cognitive impairment could be
a manifestation of systemic atherosclerosis affecting both cardiac and brain vasculature.
However, the lack of an association between CSIMI and cognitive impairment suggests that
systemic atherosclerosis may not have a prominent role in this association.

In conclusion, our study demonstrated that myocardial ischemia induced by mental stress,
but not by conventional stress testing, is associated, both cross-sectionally and
longitudinally, with worse cognitive performance primarily in the executive function
domain. This association was partly explained by a greater peripheral vasoconstrictive
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response during mental stress. These findings suggest that stress-induced vascular responses
play a role in the pathogenesis of cognitive decline in patients with coronary atherosclerosis.
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Highlights
. Mental stress-induced myocardial ischemia is associated with slower
visuomotor processing.
. Mental stress-induced myocardial ischemia is associated with worse executive
function
. This association exists both at baseline and during follow-up.
. This association is partly explained by greater peripheral vasoconstriction.
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sPAT

Mental Stress-Induced
Myocardial Ischemia

Indirect effect: B 0.06

Direct effect: B 0.27
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B 0.17, P=0.02

» | Changes in Trail-B Scores

Over Time

Figure 1. Mediation analysis linking mental stress-induced myocardial ischemia and worse

executive function over time through peripheral vasoconstriction

Total and indirect effects of SPAT on the association between mental stress-induced ischemia
and worsening executive function. Indirect effect= 0.35*0.17. This pathway accounted for
18.2% of the total effect (indirect effect/(indirect effect + direct effect) x100).

Model adjusted for demographics (age, sex, race, and education), clinical variables (body
mass index, hypertension, hyperlipidemia, diabetes mellitus, smoking history, prior
myocardial infarction, and heart failure) and medication use (aspirin, statin, angiotensin-
converting enzyme inhibitor, and beta-blockers).
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Table 1.
Baseline characteristic of the study population, overall and according to presence of mental stress-induced
ischemia.
All Patients (N=486) Without Mental Stress- With Mental Stress- P-value
Induced Ischemia Induced Ischemia (N=77)
(N=409)
Demographics
Mean age, years (SD) 62 (9) 62.6 (9.1) 62.3(9.3) 0.79
Male, N (%) 350 (72.0) 290 (70.9) 60 (77.9) 0.20
African-American, N (%) 156 (32.1) 129 (31.5) 27(35.1) 0.54
Education, years (SD) 15.1 (3) 15.0(3.2) 15.1 (3.5) 0.80
Medical History, N (%)
Dyslipidemia 410 (84.4) 344 (84.1) 66 (85.7) 0.72
Current smoking 72 (14.9) 61 (15.0) 11 (14.3) 0.63
Obesity 394 (81.6) 333 (82.0) 61 (79.2) 0.56
Hypertension 387 (79.6) 325 (79.5) 62 (80.5) 0.83
Diabetes mellitus 156 (32.1) 138 (33.7) 18 (23.4) 0.09
History of heart failure 66 (13.6) 60 (14.7) 6(7.8) 0.10
History of myocardial infarction 176 (36.2) 143 (35.0) 33(42.9) 0.18
Physical stress-induced ischemia 158 (32.8) 103 (25.4) 55 (72.4) <0.001
Mental stress related variables
SPAT ratio, Mean (SD) 0.73 (0.34) 0.75 (0.35) 0.65 (0.31) 0.02
Medications, N (%0)
Aspirin 411 (84.7) 342 (83.8) 69 (89.6) 0.19
Beta-Blocker 364 (75.1) 302 (74.0) 62 (80.5) 0.22
Statins 418 (86.2) 352 (86.3) 66 (85.7) 0.89
Angiotensin-converting enzyme inhibitors 239 (49.3) 194 (47.5) 45 (58.4) 0.10
Memory Function, mean (SD)
Trail-A (seconds) 43 (19) 41 (17) 46 (24) 0.007
Trail-B (seconds) 101 (49) 99 (46) 111 (59) 0.002
Immediate Verbal Memory (score points) 10.4 (3.3) 10.5(3.3) 9.9(3.1) 0.55
Delayed Verbal Memory (score points) 7.4(3.7) 7.6 (3.8) 6.9 (3.3) 0.29
p:’r::]rtggdiate Visual Reproduction (score 8.8 (4.7) 8.8 (4.7) 8.1 (4.3) 024
Delayed Visual Reproduction (score points) 8.3(4.7) 8.5(4.8) 7.7 (4.5) 0.55

SPAT: peripheral arterial tonometry as stress/rest ratio with higher sPAT indicating greater vasoconstriction
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