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BACKGROUND: Acute psychological stress may induce physiological changes predisposing individuals to adverse health
outcomes through hemodynamic and vascular effects. We studied the association between the aggregated stress-induced
changes in hemodynamic and vascular function tests with adverse cardiovascular outcomes in patients with coronary artery
disease, after adjusting for sociodemographic and clinical factors.

METHODS AND RESULTS: Individuals with stable coronary artery disease from 2 prospective cohort studies were studied.
Hemodynamic reactivity, changes in endothelial function, and vasoconstriction during mental stress were evaluated using
changes in rate-pressure product, brachial artery flow-mediated vasodilation, and peripheral arterial tonometry, respectively.
A cardiovascular reactivity risk score was calculated by allotting O to 3 points for each quartile of increasing abnormality for
each of the 3 reactivity responses and summing the quartile points from the MIPS (Mental Stress Ischemia Prognosis Study)
to yield a cardiovascular reactivity risk score ranging from 0 to 9. The outcome was a composite of cardiovascular death,
nonfatal myocardial infarction, and heart failure hospitalizations during follow-up. A total of 629 participants were included.
After adjustment for demographic and traditional risk factors, a blunted hemodynamic response, a greater decrease in flow-
mediated vasodilation, and a greater degree of peripheral vasoconstriction to mental stress were all independently associated
with a higher risk of adverse outcomes in both cohorts. By adding the cardiovascular reactivity risk score, the C-statistic
increased significantly by 10% (P<0.001).

CONCLUSIONS: Among individuals with stable coronary artery disease, a risk score derived from cardiovascular reactivity to
mental stress was predictive of adverse cardiovascular outcomes beyond traditional cardiovascular risk factors.

Key Words: adverse outcomes m coronary artery disease m endothelial function m hemodynamic reactivity m mental stress m
vasoconstriction

(CAD) have an increased risk of morbidity and mortal-
ity.! The identification of factors that might contribute
to this increased risk may lead to improved outcomes
in this population. One such factor is psychological
stress, which has been linked to both the development

Individuals with established coronary artery disease

and progression of CAD.? The laboratory-based as-
sessment of cardiovascular reactivity to a mental stress
challenge has been adopted as a valuable strategy to
help gain insight into stress response physiology that
may be detrimental for cardiovascular health. We and
others have shown that a low or blunted hemodynamic
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CLINICAL PERSPECTIVE

What Is New?

e A higher cardiovascular reactivity risk score,
which is based on blunted hemodynamic
reactivity, endothelial dysfunction, and greater
degree of peripheral vasoconstriction during
mental stress, is associated with worse
outcomes in patients with coronary artery
disease.

What Are the Clinical Implications?

e Development of the cardiovascular reactivity risk
score improves our ability to identify high-risk
groups with coronary artery disease based on
their psychological stress response physiology.

Nonstandard Abbreviations and Acronyms

CRR cardiovascular reactivity risk

FMD flow-mediated vasodilation

MIPS  Mental Stress Ischemia Prognosis Study

MIMS2 Myocardial Infarction and Mental Stress
Study 2

PAT peripheral arterial tonometry

RPP rate-pressure product

response to acute mental stress, as measured by
changes in rate-pressure product (RPP) with stress, is
linked to a higher risk for adverse outcomes in the CAD
population.®-% Additionally, our group and others have
demonstrated that an acute mental stress challenge
can induce transient endothelial dysfunction, evident
as a decrease in brachial artery flow-mediated vasodi-
lation (FMD), and that this reduction in FMD with stress
is associated with worse outcomes as compared with
those without endothelial dysfunction with stress.6-8
Finally, we have previously investigated peripheral mi-
crovascular constriction, measured using peripheral
arterial tonometry (PAT)-derived changes in the digi-
tal pulse amplitude during mental stress, and have
found that greater peripheral vasoconstriction, calcu-
lated as a ratio of digital pulse amplitude with stress
compared with rest (PAT ratio <1), was associated with
worse cardiovascular outcomes.® However, it is un-
clear whether these responses are interconnected or if
they independently contribute to worse cardiovascular
outcomes.

Herein, we examine the combined prognostic value
of hemodynamic and vascular (endothelial and vaso-
constrictive) responses to stress in 2 parallel cohorts of
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patients with stable CAD. We hypothesized that each
of these 3 cardiovascular reactivity indices are inde-
pendently associated with incident adverse cardiovas-
cular outcomes and that a cardiovascular reactivity risk
(CRR) score derived combining all 3 indices would pro-
vide additional prognostic information compared with
traditional risk models.

METHODS

Study Participants and Protocol Overview
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request. Between 2011 and 2016, we recruited individ-
uals with stable CAD in 2 parallel studies that followed
similar protocols: the MIPS (Mental Stress Ischemia
Prognosis Study)’® and the MIMS2 (Myocardial
Infarction and Mental Stress Study 2)."" In both co-
horts, patients with stable CAD were enrolled from
hospitals and clinics affiliated with Emory University
and shared protocols, staff, facilities, and equipment.
For the MIPS cohort, participants were included if they
were 30 to 79years of age and had a documented his-
tory of CAD. For the MIMS2 cohort, inclusion criteria
included a verified myocardial infarction within the past
8months and age between 18 and 60years at the time
of the myocardial infarction. MIMS2 also included 50%
women by design. Patients were excluded from either
study if they were pregnant or had medical comorbidi-
ties that would shorten life expectancy. The research
protocol for both study cohorts was approved by the
Institutional Review Board of Emory University and all
participants provided written informed consent.

Mental Stress Procedure

After a 12-hour fast, all patients underwent mental
stress testing in the morning. Following a 30-minute
rest in a quiet room, we conducted the mental stress
test, which was induced by a standardized public
speaking task as previously described.'® Each patient
was given 2minutes to prepare a speech and 3min-
utes to deliver it in front of an evaluative audience of at
least 4 people wearing laboratory coats.

Hemodynamic and Vascular Function
Measurements

We monitored blood pressure and heart rate during
the resting stage (every 5minutes) and during the en-
tire mental stress testing including both preparation
and speaking and stress test (every 1minute). We
calculated the RPP as the mean systolic blood pres-
sure xthe mean heart rate. RPP reactivity was calcu-
lated as the maximum RPP during stress minus the
minimum RPP at rest.
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We measured endothelium-dependent brachial ar-
tery FMD to evaluate conductance artery endothelial
function using ultrasonography (Acuson 10-mHz linear-
array transducer [Acuson]), before and 30 minutes after
the mental stress test, as described previously.'>4

The PAT (Itamar-Medical, Israel) device was used
to measure digital arterial pulse wave amplitude con-
tinuously during rest and mental stress testing, as
previously described.'®'® Briefly, the PAT device was
positioned on the index finger of the contralateral side
to blood pressure measurement and applies a con-
stant 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 only changes in digital arterial blood
perfusion. The baseline pulse wave amplitude during
rest was determined by averaging the last 3minutes
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 va-
soconstriction during the speaking period with a dura-
tion 30seconds to 2 minutes. sPAT ratio during mental
stress was calculated as the ratio of pulse wave ampli-
tudes during mental stress over the resting baseline,
such that a ratio <1 signifies peripheral arterial vaso-
constriction during mental stress.

Calculation of the Cardiovascular
Reactivity Risk Score

The distribution of each cardiovascular reactivity indi-
ces is shown in Figure S1. For each individual in the
MIPS cohort, a CRR score was calculated by allotting
0 to 3 points for each quartile of increasing abnormality
for each of the 3 reactivity responses (changes in RPP,
FMD, and sPAT ratio with mental stress). The quartile
points were summed across measures to yield a CRR
score ranging from 0 to 9. To replicate findings in the
MIPS cohort, the cutoff values from the MIPS cohort
were used to calculate the CRR score for the MIMS2
cohort (validation cohort).

Other Measures

Information on demographics (age, sex, and race),
clinical factors (history of smoking, body mass index,
history of hypertension, diabetes, heart failure, left
ventricular ejection fraction, and previous myocar-
dial infarction,) and medications (B-blockers, statins,
angiotensin-converting enzyme inhibitors, and aspirin)
was obtained using standardized questionnaires and
chart reviews. Depressive symptoms were assessed
with the Beck Depression Inventory II,' general stress
with the 10-item Cohen Perceived Stress Scale, and
state anxiety with the Spielberger State—Trait Anxiety
Inventory.'®
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Follow-Up and Study Outcomes

We collected follow-up data through patient contacts,
review of medical records, and the Social Security
Death Index. If any hospitalizations or procedures
were reported, patients’ physicians were contacted
and hospital records were obtained.'®'°2? Patients
from the MIPS cohort were contacted at 6-month in-
tervals for the first 3years and then at 5years.'02021
Individuals from the MIMS2 cohort were contacted
at their approximate 3- and 5-year anniversary from
the initial visit.'"®?? Clinical events were adjudicated by
study cardiologists blinded to other study data. The
end point was a composite of cardiovascular death,
nonfatal myocardial infarction, and hospitalizations for
heart failure.

Statistical Analysis

Continuous variables are presented as mean+SD or
median (interquartile range), and categorical variables
are presented as proportions. Linear regression mod-
els were used to examine the association between the
CRR score and sociodemographic factors, medical
history factors, medication use, and psychological fac-
tors. We tested for multicollinearity using the Variance
Inflation Factor and confirmed that none of the covari-
ates entered in our model met criteria for collinearity.
Fine and Gray’s subdistribution hazard models were
constructed to assess the association between each
of the mental stress reactivity indices and the study end
points while treating noncardiovascular death as a com-
peting risk.2®> Cumulative event rate plots were calcu-
lated for tertiles of CRR score. Subgroup analyses were
also performed to examine whether the association of
CRR score with outcomes varied according to a priori
selected strata, including age (<60 versus >60years),
sex, race (Black versus non-Black), previous myocar-
dial infarction, diabetes, and history of heart failure by
adding the corresponding interactions in the models.
We tested the incremental value of adding the CRR
score to a model that included sociodemographic, tra-
ditional risk factors, current medications, and psycho-
logical factors. The Harrell C statistic (ie, area under the
receiver operating characteristic curve), and category-
free net reclassification improvement, were calculated
as indices of risk discrimination.?* Significance testing
was 2 sided with a significance threshold of P<0.05,
and all statistical analyses were performed using Stata
software, version 14.0 (StataCorp).

RESULTS

Study Population

Demographic and clinical characteristics of the MIPS
and MIMS2 cohorts are shown in Table 1. A total of
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Table 1. Baseline Characteristics of the 2 Study Cohorts increases in diastolic blood pressure and heart rate
S s with mental stress. Participants in the MIMS2 cohort
(N=411) (N=218) had a lower FMD at baseline and also showed larger
, decreases in FMD with mental stress compared with
Demographic factors ) ., .
MIPS patients (Table 2). Additionally, MIMS2 patients
Age, y, mean+SD 63 (8.7) 51 (6.6) had | . | litud d
Y —— w27 705 | 108499 ad a lower resting pulse wave amplitude compare
’ i - with the MIPS cohort, but both groups showed simi-
Black, n (%) 105(258) | 142(65.9) lar degrees of vasoconstriction in response to mental
College education, n (%) 300 (73.0) 129 (59.2) stress (SPAT ratio) (Table 2).
Cardiovascular risk factors
Body mass index, meanSD, ky/m* | 29.5(50) | 316(7.2) Association Between Cardiovascular
Diabetes, n (% 132 (32.1 67 (30.7 .. .
jabetes, )( : ( )) ‘ )) Reactivity Indices and Adverse
Dyslipidemia, n (% 342(83.2) | 181(83.0 .
, Cardiovascular Outcomes
Hypertension, n (%) 310 (75.4) 173 (79.4) L. , .
F————— Participants were followed for a median of 6.0 years (in-
. 9 b 2L pr— P terquartile range, 5.5-6.0years) in MIPS and 4.5years
versmorer ©2.5) ©3.7) (interquartile range, 3.7-5.2 years) in MIMS2. The com-
Current smoker 200(487) | 52(23.9) posite end point of incident cardiovascular death,
Clincil elraracio fes nonfatal myocardial infarction, or heart failure hospi-
Coronary artery revascularization, 220 (53.5) 180 (82.6) talizations occurred in 86 (209%) and 53 (243%) in-
L dividuals in MIPS and MIMS2, respectively. As shown
eft ventoular ejection fraction. 66:3(136) | 50.0(12:1) in Table 3, the unadjusted hazard ratio (HR) for car-
History of myocerdial Frersion, n B a2 e2n | 281100 diovascular death, myocardial infarction or heart fail-
e Y fhy o . R p 127’ 2000 ure hospitalizations for every SD lower RPP reactivity
story ofheart falure, n (%) 120 02 with mental stress was 1.61 (95% Cl, 1.23-2.08), and
Medications 1.31 (95% Cl, 1.14-1.53) for MIPS and MIMS2, respec-
Aspirin, n (%) 859 (87.3) | 176(80.7) tively. Similarly, for every SD worsening of endothelial
Statin, n (%) 351(85.4) | 186 (85.3) function (lower FMD) and greater degree of peripheral
Angiotensin-converting enzyme 181(44.0) | 102 (46.8) vasoconstriction (lower sPAT ratio), the unadjusted HR
inhibitor, n (%)
Beta blocker, n (%) 294 (71.5) 186 (85.3)
Clopidogrel, n (%) 125 (30.4) 165 (71.1) Table 2. Mental Stress Testing Characteristics of the 2
Antidepressants, n (%) 91 (22.1) 34 (15.6) Study Cohorts
Psychological factors, mean+SD MIPS MIMS2
Beck Depression Inventory |l 8.1(8.8) 11.8 (10.3) (N=411) (N=218)
Cohen Perceived Stress Scale 1.9 (7.7) 16.5 (8.3) Hemodynamic characteristics, mean+SD
State anxiety 30.9 (11.5) 36.3 (12.8) Blood pressure, baseline, mm Hg
Events Systolic 134.6 (17.6) | 133.9 (22.1)
Cardiovascular death, n (%) 42 (10.2) 16 (7.3) Diastolic 77.9 (9.6) 83.1 (12.6)
Myocardial infarction, n (%) 32(7.8) 24 (11.0) Heart rate, baseline, beats/min 63.3 (10.1) |63.7 (10.3)
Heart failure hospitalization, n (%) 12 (2.9 13 (6.0) RPP, baseline, per 1000 7.7 (1.7) 7.3(1.9
MIMS?2 indicates Myocardial Infarction and Mental Stress Study 2; and Blood pressure, change, mm Hg
MIPS, Mental Stress Ischemia Prognosis Study. Systolic 40.3(174) | 401 (16.6)
Diastolic 237 (10.9) |28.6(11.3)
629 (411 in MIPS and 218 in MIMS2) individuals had Heart rate, change, beats/min 16.3(9.4) |224(13.2
information on all 3 cardiovascular reactivity indices RPP, change, per 1000 52(24) 6028
and were included in the final analyses. By design, Endothelial function, mean+SD
participants in MIMS2 were younger and had higher Flow-mediated vasodilation, baseline, % | 4.8(3.7)  |3.8(2.8)
proportions of women and Black subjects than those Flow-mediated vasodilation, change, % | -0.98 (2.9) | -1.6 (2.1)
in MIPS. Resting systolic blood pressure and heart rate Peripheral vasoconstriction, mean=SD
were similar in both groups, whereas the MIMS2 pa- Rest pulse amplitude 2106 |1705)
tients had a higher baseline diastolic blood pressure Peripheral arterial tonometry ratio 0.72 (0.33) | 0.78 (0.46)
(Table 2). Following mental stress challenges, the sys- (stress/rest pulse amplitude)

tolic blood pressure increased similarly in both cohorts,
but individuals in the MIMS2 cohort showed higher
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MIMS2 indicates Myocardial Infarction and Mental Stress Study 2; MIPS,
Mental Stress Ischemia Prognosis Study; and RPP, rate-pressure product.
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Table 3. Association Between Maladaptive Stress
Responses to Mental Stress and Composite End Point of
Cardiovascular Death, Nonfatal Myocardial Infarction, and
Hospitalizations for Heart Failure in Patients With Coronary
Artery Disease

RPP FMD sPAT ratio
HR (95% CI)
MIPS
Model 1 1.61 (1.23-2.08) 1.49 (1.25-1.78) | 1.28 (1.06-1.64)
Model 2 1.60 (1.21-2.05) 1.33(1.12-1.58) | 1.21 (1.05-1.59)
Model 3 1.58 (1.20-2.03) | 118 (1.09-1.33) | 1.09 (1.02-1.35)
MIMS2
Model 1 1.31 (1.14-1.53) 1.35 (1.14-1.59) | 1.12 (1.06-1.32)
Model 2 1.28 (1.10-1.48) 1.29 (1.10-1.48) | 1.07 (1.03-1.26)
Model 3 1.24 (1.08-1.42) 1.21 (1.08-1.42) | 1.05 (1.02-1.25)

Data shown for every SD decrease in RPP, FMD, and sPAT ratio. Model 1:
unadjusted. Model 2: adjusted for sociodemographics (age, sex, race, and
college education), cardiovascular risk factors and other relevant medical factors
(smoking, body mass index, history of hypertension, diabetes, heart failure,
and previous myocardial infarction). Model 3: adjusted for Model 2+ peripheral
vasoconstriction, endothelial dysfunction and blunted hemodynamic response.
FMD indicates flow-mediated vasodilation; MIMS2, myocardial infarction and
mental stress study 2; MIPS, mental stress ischemia prognosis study; RPP, rate-
pressure product; and sPAT ratio, Stress induced peripheral arterial tonometry.

for the composite adverse events were 1.49 (95% Cl,
1.25-1.78) and 1.28 (95% CI, 1.06-1.64) for MIPS and
1.35 (95% Cl, 1.14-1.59) and 1.12 (95% 1.06v1.32) for
MIMS2, respectively. Further adjustment for demo-
graphic, clinical, and psychological factors and medi-
cations did not affect the association substantially
(Table 3, Model 2). When all 3 cardiovascular reactiv-
ity indices were included in the fully adjusted model
(Model 3), all 3 indices were independently associated
with outcomes in both the MIPS and MIMS2 cohorts.
The magnitude of this association was greatest for a
low hemodynamic response to mental stress, followed
by worsening endothelial function and greater vaso-
constriction in both cohorts (Table 3, Model 3).

Association Between the Cardiovascular
Reactivity Risk Score and Baseline
Characteristics and Future Outcomes

The mean+SD CRR score was 4.5 (1.8) and 4.4 (1.7) for
the MIPS and MIMS2 cohort, respectively (Figure S2).
In unadjusted analyses from the MIPS cohort, a higher
CRR score was associated with a higher body mass
index, history of heart failure, use of antidepressants,
and higher score for depressive symptoms (Beck
Depression Inventory score) (Table S1). On multivari-
able linear regression analyses, a higher CRR score
remained significantly associated with a higher body
mass index and history of heart failure (Table S1).

In a Cox proportional hazards regression analysis ad-
justed for demographic, clinical, and psychological

J Am Heart Assoc. 2025;14:e034683. DOI: 10.1161/JAHA.124.034683
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factors and medications, every unit increase in the
CRR score was associated with an 18% increase in the
hazard of future events (HR, 1.18 [95% CI 1.06-1.33))
in the MIPS cohort. Similar results were obtained when
applying the CRR risk score to the MIMS2 cohort (HR,
115 [95% CI 1.03-1.31]). Cumulative incidence curves
for both cohorts demonstrated a dose-response rela-
tionship, with higher CRR scores corresponding with
higher risk of future cardiovascular events (Figure).
Sensitivity analysis showed that the association be-
tween RPP reactivity with mental stress and the risk
of future events was similar across subgroups strati-
fied by baseline demographics including age (<60
versus >60years), sex, race (Black versus non-Black),
and clinical characteristics such as previous myocar-
dial infarction, diabetes, and history of heart failure
(Figure S3).

Risk Discrimination

Using the pooled sample, we tested the incremental
value of adding the CRR score to a statistical model
with baseline demographics and traditional and psy-
chosocial risk factors in predicting future outcomes.
The C-statistic increased significantly with the addi-
tion of the risk score by 10% (P<0.001) (Table 4). The
continuous net-reclassification-improvement metric
also showed significant reclassification of participant
risk after adding the CRR score by 44% (P<0.001)
(Table 4).

DISCUSSION

In a retrospective analysis of 2 separate cohorts of
patients with CAD, we showed that blunted hemody-
namic response, greater reduction in endothelial func-
tion, and greater degree of peripheral vasoconstriction
in response to acute mental stress were all indepen-
dently associated with a higher risk of incident adverse
cardiovascular events. By combining all 3 indices of
cardiovascular reactivity in response to mental stress
into a CRR score, a measure of maladaptive cardio-
vascular reactivity to stress, we demonstrated a pro-
gressive increase in the risk of future cardiovascular
events with increasing level of the risk score. Finally,
addition of the CRR score was associated with signifi-
cant improvements in the discrimination of future risk
of adverse outcomes compared with a standard clini-
cal model. These findings demonstrate that these mal-
adaptive responses to mental stress increase the risk
of cardiovascular events in patients with CAD through
distinct hemodynamic and vascular mechanisms.
Second, such an evaluation identifies individuals with
stable CAD who have higher residual risk and opens
the door to investigating interventions designed to nor-
malize these responses and thus reduce risk.
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Figure. Cumulative incidence of cardiovascular death, nonfatal myocardial infarction, and heart failure hospitalization in

each of the 2 study populations with respect to tertiles of cardiovascular reactivity risk score.
Compared with the reference group (score 0-3), patients in the highest tertile of cardiovascular reactivity risk score had the highest
risk of adverse events (HR, 1.96 [95% Cl, 1.05-3.55]) for MIPS, and HR, 2.03 [95% Cl, 1.07-4.01]) for MIMS2), followed by the middle
tertile (HR, 1.54 [95% ClI, 1.02-2.73]) for MIPS, and HR, 1.63 [95% CI, 1.03-3.13]) for MIMS2). HR indicates hazard ratio; MIMS2.
Myocardial Infarction and Mental Stress Study 2; and MIPS, Mental Stress Ischemia Prognosis Study.

We and others have previously shown that in pa-
tients with established CAD, a low hemodynamic reac-
tivity to mental stress was associated with a greater risk
of clinical cardiovascular events.®-52% This association
has been found to be independent of clinical charac-
teristics, stress perception, or the magnitude of phys-
iological responses to stress measured by changes in
plasma epinephrine levels with mental stress.?®

Our results showed that a decrease in FMD with
mental stress was independently associated with

Table 4. Risk Prediction Metrics for the Cardiovascular
Reactivity Risk Score for the Composite End Point of
Cardiovascular Death, Nonfatal Myocardial Infarction, and
Hospitalizations for Heart Failure in the Pooled Sample
(N=629)

C-Statistics
(95% Cl)

AC-statistic
(95% CI)

Continuous
NRI (95% CI)

Cardiovascular death, nonfatal myocardial infarction, or congestive
heart failure hospitalizations

Full model 0.71

without CRR (0.61-0.80)

score

Full model + 0.81 0.10 0.44

CRR score (0.69-0.91) (0.05-0.21) (0.25-0.76)

Model included demographic factors (age, sex, and race), cardiovascular
risk factors and other relevant medical factors (smoking, body mass index,
history of hypertension, diabetes, heart failure, and previous myocardial
infarction), current medications (B-blockers, statins, angiotensin-converting
enzyme inhibitors, and aspirin), and psychological factors (depressive
symptoms, general stress, and state anxiety). CRR indicates cardiovascular
reactivity risk; and NRI, net reclassification index.

worse outcomes in both cohorts of CAD. Assessing
endothelial function through FMD testing has emerged
as a valuable biomarker of cardiovascular risk both
in populations with and without known CAD.?%?7 We
have also previously shown that the FMD response
to mental stress is a powerful prognostic indicator
for adverse events in patients with CAD and poten-
tially even more informative than resting FMD alone.®
Prior observations have also documented that bra-
chial artery FMD levels reflect coronary vascular en-
dothelial function, and that mental stress promotes
endothelium-dependent  coronary  vasoconstric-
tion.?82° These findings suggest that the noninvasive
method of measuring changes in FMD with mental
stress could reflect the changes in coronary endo-
thelial function with stress and be used clinically in
identifying patients with CAD who are at high risk of
developing major adverse outcomes.

We demonstrated that a greater degree of periph-
eral vasoconstriction during mental stress was asso-
ciated with worse cardiovascular outcomes. These
findings were in line with our previous study indicating
the prognostic importance of peripheral vasoconstric-
tion in response to mental stress in patients with CAD.?
Our group has previously demonstrated by simultane-
ous measurements in the coronary and digital circu-
lations that the peripheral vasoconstrictive response
during mental stress closely correlates with coronary
vasomotion.?® Previous studies have also shown that
greater coronary vasoconstriction with mental stress
may trigger atherosclerotic plaque disruption and

J Am Heart Assoc. 2025;14:e034683. DOI: 10.1161/JAHA.124.034683 6
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rupture due to changes in wall shear stress, ultimately
leading to acute coronary events.®%8! These obser-
vations suggest that peripheral arterial tonometry-
derived changes in the digital pulse amplitude during
mental stress could act as a noninvasive surrogate for
coronary vasomotion and be applied as a predictor for
cardiovascular events.

Our findings demonstrated a dose-response
relationship between a higher CRR score, repre-
senting a greater maladaptive response, and future
outcomes. The survival curves revealed that the risk
tied to a higher CRR score manifests early in the
clinical follow-up and remain consistent over time.
This observation, along with the fact that the CRR
reactivity score improved the C-statistic by 10% and
reclassified risk in 44% of participants, imply that
hemodynamic and vascular responses to mental
stress are key in delineating residual risk among in-
dividuals with stable CAD, beyond established risk
factors.

This study is strengthened by investigating 2 inde-
pendent populations with CAD validating the results.
We also used a standardized mental stress protocol
which allowed a controlled assessment of the stress ex-
posure on hemodynamic and vascular changes. Other
strengths of the study include the prospective study
design with adjudicated cardiovascular outcomes. The
study also has limitations. The observational nature of
the study could not preclude the possibility of resid-
ual and unmeasured confounding. Our study was also
conducted at a single institution in a population with
CAD. The lack of external validation and generalizabil-
ity to broader populations underscores the need for
additional research in diverse clinical settings to un-
derstand the broader implications of cardiovascular
reactivity to stress.

Our results highlight the potential for incorporating
psychological factors and stress response profiles to
risk stratify patients with CAD. The CRR score could
enhance prevention and clinical care for the population
with CAD by improving our ability to identify high-risk
groups based on their psychological stress response
physiology. Although more data are needed from im-
plementation studies, a formal mental stress protocol
could complement exercise stress testing in identify-
ing individuals at risk of future cardiovascular events.
Furthermore, the ability to identify patients with CAD
exhibiting maladaptive cardiovascular responses to
stress allows for more personalized management
strategies. High-risk patients identified through the
CRR score may benefit from intensified preventive
measures or closer monitoring to mitigate their risk of
future cardiovascular events. Additionally, interventions
aimed at improving the CRR score could be explored
as adjunctive strategies to standard medical therapy in
patients with CAD.
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Conclusions

In conclusion, among individuals with stable CAD, a
maladaptive cardiovascular reactivity to mental stress
consisting of a blunted hemodynamic response, a de-
crease in endothelial function, and greater degree of
peripheral vasoconstriction is associated with adverse
outcomes and improves the discrimination of future
risk of cardiovascular events beyond traditional risk in-
dicators. Future studies are needed to assess the mo-
lecular mechanisms underlying this association and
evaluate the clinical significance and cost-effectiveness
of testing cardiovascular reactivity to stress in the clini-
cal setting. It is also crucial to explore how changes
in these cardiovascular reactivity measures may influ-
ence the long-term outcomes for patients with CAD.
Future studies could explore the dynamic nature of
these responses over time and their predictive value in
guiding personalized treatment strategies for individu-
als with stable CAD.
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