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Abstract
Objectives—To test an easily administered, noninvasive technology to identify vulnerability to
mental stress ischemia.

Background—Myocardial ischemia provoked by emotional stress (MSI) in patients with stable
coronary artery disease (CAD) predicts major adverse cardiac events. A clinically useful tool to risk
stratify patients on this factor is not available.

Methods—Patients with documented CAD (n=68) underwent single photon emission computed
tomography (SPECT) myocardial perfusion imaging concurrent with pulse wave amplitude
assessment by peripheral arterial tonometry (PAT) during a mental stress protocol of sequential rest
and anger stress periods. Heart rate and blood pressure were assessed, and blood was drawn for
catecholamine assay, during rest and stress. MSI was defined by the presence of a new perfusion
defect during anger stress (n=26) and the ratio of stress to rest PAT response was calculated.

Results—Patients with MSI had a significantly lower PAT ratio than those without MSI (0.76 ±
0.04 vs. 0.91 ± 0.05, p=0.03). An ROC curve for optimum sensitivity/specificity of PAT ratio as an
index of MSI produced a sensitivity of 0.62 and a specificity of 0.63. Among patients taking
angiotensin converter enzyme (ACE) inhibitors, the sensitivity and specificity of the test increased
to 0.86 and 0.73 (respectively); 90% of patients without MSI were correctly identified.

Conclusions—PAT in concert with ACE inhibition may provide a useful approach to assess risk
for MSI. Future studies should help determine how best to utilize this approach for risk assessment
in the clinical setting.
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INTRODUCTION
Emotionally stressful episodes can trigger acute heart failure, myocardial infarction (MI) and
sudden cardiac death (c.f., 1–4). Furthermore, both laboratory and real-world studies have
shown that emotional stress can precipitate frank myocardial ischemia (MSI) (6) in patients
with coronary artery disease (CAD). MSI is most often asymptomatic and accounts for up to
75% of total ischemic burden (6–8). In the laboratory, MSI has been observed in 30–60% of
patients with CAD (c.f., 8), depending on whether the ischemia is indexed by a decline in left
ventricular ejection fraction, by new ventricular wall motion abnormalities, or by a decrement
in myocardial perfusion. Vulnerability to MSI has prognostic significance above standard risk
models that include positive exercise imaging procedures, with studies demonstrating between
a 2.4–3.0 fold increased risk of acute coronary events over a 2–4 year (9–11), and a 3.0 rate
ratio of death at 5-years (13).

Despite the prognostic significance of MSI for patients with CAD, risk stratification algorithms
that include this factor have not been implemented in the clinical setting. One obstacle to such
implementation has been that detection requires a detailed protocol that includes nuclear
myocardial perfusion imaging (8). Considerations of logistics, expense, and risks for patients
have precluded the widespread use of this methodology for screening. Hence, an easily
administered, noninvasive test would facilitate the determination of the additional risk above
that determined by exercise testing that is associated with vulnerability to MSI in patients with
known CAD. Such a test would be useful in the clinical setting to identify CAD patients who
might benefit from a cardiac care strategy specifically designed to address the elements of their
disease related to emotional stress.

In addition to its ability as a provocateur of ischemia, emotional stress increases vascular
smooth muscle tone. This effect is observed in epicardial coronary vessels (14), in the coronary
microvascular bed (15), and in the peripheral circulation (16). Since change in peripheral
microvascular resistance reflects change in coronary microvascular resistance under given
conditions (17), the observed effects of emotional stress on the peripheral circulation
demonstrate one avenue by which MSI-associated risk stratification might be more easily
accomplished in the clinical setting. Peripheral arterial tonometry (PAT) is a technique for non-
invasively assessing arterial pulse wave amplitude (PWA) in the peripheral microcirculation
on a continuous basis (18–19). This technology thereby provides a means for measuring the
effects of either environmental or pharmacologic probes on microvascular smooth muscle tone.
In the present study, we tested the utility of this method for predicting vulnerability to MSI in
a group of patients with chronic stable CAD, and whether ACE inhibition therapy - known to
affect vascular performance - affects PAT prediction of MSI.

Mental and emotional stress also provokes an increase in neurohormonal output, most readily
observed as an increase in circulating sympathetic markers (2;6;20). To determine whether
sympathetic factors were linked to changes in peripheral arterial tone during emotional stress,
we also measured reactive changes in levels of circulating catecholamines.

METHODS
Participants

Study participants (n=68) were recruited from the Cardiology Clinics of Yale-New Haven
Hospital and VA Connecticut Healthcare System from January 2004 through June 2006. The
study was approved by the Institutional Review Boards at both medical facilities. The main
inclusion criterion was an existing diagnosis of stable CAD, based on a positive exercise
myocardial perfusion study (N=10), a history of myocardial infarction (N=10), or history of
percutaneous (N=31) or surgical (N=24) revascularization. Exclusion criteria were: ACS or
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coronary revascularization in the preceding 6 months; history of major cardiac arrhythmia, or
use of a pacemaker or ICD; uncompensated heart failure; presence of any other incapacitating
or life-threatening illness; major psychiatric disorder or abuse of psychoactive substances; or
chronic use of benzodiazepines or other sedatives. Patients meeting these criteria were
approached during routine clinic visits. The study was described to them, and informed consent
obtained. The population enrolled was homogeneous with regard to severity of CAD, with all
patients falling into NY Heart Association Class I–II.

Medical chart review and patient interview were used to obtain demographic information and
determine cardiovascular risk profile. Participants were classified as diabetic if they carried a
clinical diagnosis of Type I or II diabetes mellitus. Those with a recent history of systolic
pressure >140 mm Hg or diastolic pressure >90 mm Hg, or currently taking medication for
high blood pressure were classified as hypertensive, while those with total cholesterol ≥200
mg/dl, LDL ≥130 mg/dl, or taking cholesterol lowering medications were classified as having
hypercholesterolemia. Tobacco use was also determined.

Procedures
Participants were asked to eat a light breakfast and take their normal medications before
reporting to the VACT Neurocardiac Research Laboratory at 9 AM on the study day.
Intravenous (IV) access and ECG leads were secured, and a baseline myocardial perfusion
imaging (MPI) study was performed by single-photon emission computed tomography
(SPECT) with technetium-99-sestamibi (Tc-99m). The participant was then placed in a relaxed
recumbent position. A blood pressure cuff was placed on the arm with IV access, and a PAT
noninvasive plethysmographic probe (Itamar Medical, Caesarea, Israel) was placed on the
middle finger of the opposing arm.

The PAT is a computer driven, automated system for assessment of beat-to-beat PWA. The
plethysmographic probe applies a uniform pressure field around the fingertip; the field is
automatically adjusted for the subject’s baseline diastolic pressure to prevent venous pooling
of blood, and to unload arterial wall tension. Hence, any pulsatile volume change in the fingertip
is due only to arterial perfusion (18). The probe is attached to a pressure transducer and through
it to the main system, which amplifies the transducer signal and band-pass filters it in the
frequency range of 0.3 to 30 Hz. The system then sends the signal to a dedicated computer,
which records the amplitude of each pulse wave as a continuous tracing, providing a measure
of the micro-arterial smooth muscle tone in the fingertip. As tone increases, PWA decreases.
The PAT and associated hardware is small and portable.

The experiment employed standard laboratory emotional stress procedures (c.f., 4–5; 14–16),
and included a resting baseline condition followed by an anger condition. During the resting
baseline, the patient was instructed to close their eyes and imagine being in a restful setting.
The resting baseline condition lasted for 15 minutes. Approximately 10-minutes into this
condition a 4mL blood sample was collected into refrigerated tubes containing reduced
glutathione (for catecholamine analysis) and placed on ice.

After completion of the resting condition, the anger condition was initiated. Participants were
instructed to recall a recent incident that had made them irritated, aggravated, or frankly angry.
They were then instructed to describe this incident in detail to the interviewer, who asked
follow-up questions throughout the condition that were designed to make the experience of
anger more vivid. Approximately 90 seconds into this 10-minute condition, Tc-99m was
injected for assessment of myocardial perfusion during the condition. Approximately 2 minutes
into the condition, a 4mL blood sample was collected into refrigerated tubes containing reduced
glutathione (for catecholamine analysis) and placed on ice; an additional sample was collected
at the end of the task. Upon completion of the condition, all equipment and leads were removed.
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A SPECT MPI scan was performed approximately 30-minutes later, after which the subject
was released to home. Promptly after completion of the study protocol, centrifugation of blood
samples was performed at 3000 rpm for 5 minutes, at which time plasma was withdrawn and
aliquotted. All aliquots were stored at −80°C until batch analysis.

Measures
Myocardial perfusion images were analyzed in the standard fashion using a previously
published Wackers-Liu software package developed at Yale University (21). Two experienced
nuclear cardiologists (RS, AS) blindly interpreted all SPECT studies by visual analysis, and
each region was coded as normal, reversible or partially reversible (ischemic), or fixed.
Disagreements were adjudicated by a third reader (RL).

PWA was recorded continuously throughout the experiment. Heart rate, blood pressure, and
ECG were recorded at 5-minute intervals during the resting baseline and at 1-minute intervals
during the anger period. Average hemodynamic parameters were calculated for heart rate (HR)
and systolic (SBP)/diastolic (DBP) blood pressure during the resting baseline. Rate pressure
product (RPP) was determined for each minute of the anger period. Change in HR and SBP/
DBP from baseline to anger was calculated by subtracting the baseline average from the reading
for the interval with the greatest RPP during anger.

PAT ratio (PWAanger/PWArest), which provides an index of change in microarterial tone during
anger stress, was automatically calculated by the computer system. A 1-minute representative
segment from the resting baseline period and a 30-second to 1-minute segment with the lowest
PWA from the anger period (indicating maximum reaction to the anger condition) was selected
for this calculation. Figure 1 displays examples of PWA traces that demonstrate increased and
unchanged PAT ratios during anger stress.

Blood was assayed for levels of epinephrine and norepinephrine, measured using reverse-phase
high-performance liquid chromatography (ESA Inc, Chelmsford, MA) and electrochemical
detection (Coulochem II) after alumina extraction. The intra-assay coefficient of variation for
this method is 1–2%, and the inter-assay coefficient of variation varied from 10% for
norepinephrine to 25% for low levels of epinephrine (<25 pg/ml). Samples were run in
duplicate for each subject.

Statistical Analysis
MSI was defined by the presence of a new myocardial perfusion defect on SPECT MPI during
anger stress, compared to the baseline scan. Participants with (MSI+) vs. without (MSI−)
ischemia during anger were compared on age, baseline LVEF, and demographic
characteristics. All BP data were normally distributed and comparisons were made by Student’s
t test. Nonparametric tests were used for analyses involving HR, RPP, and catecholamine levels
due to their significant positive skew. Average PAT ratios are reported as mean ± SEM. All
other results are reported as mean ± SD except where data are not normally distributed, in
which case they are reported as median (interquartile range).

MSI+ and MSI− groups were compared on PAT ratio by Student’s t test. A receiver operating
characteristics (ROC) curve was generated for the relationship between PAT ratio and MSI to
find a threshold value for PAT ratio with maxima of sensitivity and specificity. These results
were compared with existing findings that suggested a threshold of <0.8 for an abnormal PAT
ratio (22). A group of patients at or below this threshold was identified using the results of the
ROC curve and analysis. Cross-tabulation of PAT test results with SPECT-MPI results was
performed using Fisher’s Exact Test to evaluate significance and concordance of these indices.
All analyses were performed using SAS statistical software (23).
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RESULTS
Of the total study sample, 34% (26 of 68 patients) demonstrated a new mild (N=22) to moderate
(N=4) perfusion defect during anger (MSI+), which is consistent with other studies that have
used anger stress (c.f., 8). Demographic information is provided in Table 1. MSI+ patients did
not differ significantly from MSI− patients with respect to age, LVEF, medical comorbidity,
or cardiovascular medications. HR, SBP, DBP, and RPP, are shown in Table 2. Hemodynamic
parameters increased significantly during anger for MSI+ and MSI− groups (P < 0.001), and
there was no significant difference between the two groups on these parameters at baseline or
during anger.

PAT and MSI
The average PAT ratio for the study population was 0.86 ± 0.04, indicating on average, a
peripheral vasoconstriction response during anger. MSI+ participants had an average PAT ratio
of 0.76 ± 0.04, while MSI− participants had an average PAT ratio of 0.91 ± 0.05 (p=0.03).
MSI+ patients therefore demonstrated significantly greater peripheral vasoconstriction during
anger stress.

To determine the optimum sensitivity/specificity threshold for PAT as an index of MSI, an
ROC curve was generated (Figure 2). The estimated area under the curve (AUC) was 0.613
with a standard error of 0.065 (one-sided p = 0.04). Using the standard approach of selecting
the point at which the false positive values begin to exceed the number of false negative values,
this curve produced a maximum of sensitivity vs. 1-specificity at a value of 0.78 to define a
positive test, with a sensitivity of 0.62 and a specificity of 0.63 at this value. This threshold
produced a positive predictive value of 0.46 and a negative predictive value of 0.76. There
were no significant differences in AUC when comparing active smoking, obesity, and diabetes.

The study population was divided into groups at or below (PAT+) and above (PAT−) the PAT
ratio threshold of 0.78. PAT+ and PAT− groups demonstrated a significant increase in
hemodynamic parameters from baseline to anger stress (p < 0.001), and there was no significant
difference between the two groups on these parameters at baseline or during anger (see Table
2). Cross-tabulation of these groups as a function of MSI revealed that 47% of those who were
PAT+ were classified as MSI+ and 23% of those who were PAT− were classified as MSI+.
We evaluated the concordance in a 2 × 2 contingency table using the Fisher’s test to determine
the independence of frequencies. The overall concordance using this approach was 64% (i.e.,
the test properly diagnosed 64% of the subjects, p=0.05).

PAT, MSI and ACE Inhibition
ACE inhibitors are prescribed for patients with cardiovascular disease because they lower
arteriolar resistance venous capacitance - they affect microvascular performance. We therefore
next generated separate ROC curves for participants taking, and not taking ACE inhibitors.
For those on ACE inhibitors the AUC was 0.768 (standard error 0.081, one-sided p < 0.001),
versus 0.408 (standard error 0.095, one-sided p = 0.17) for those not on ACE inhibitors (p =
0.004 for difference in AUC, Figure 3). In the group taking ACE inhibitors, the sensitivity and
specificity of the test increased to 0.86 and 0.73 (respectively), at the established threshold of
0.78, and the PAT accurately identified 63% of patients as MSI+ (PAT+, MSI+), and 90% as
MSI− (PAT−, MSI−) with overall concordance as defined above of 78% (p< 0.001). These
values were also maxima for the ROC curve. Despite this difference in the performance of
PAT ratio as a test of MSI, there was no difference in average PAT ratio between those taking
and not taking ACE inhibitors (0.88 ± 0.07 vs. 0.83 ± 0.04, ns), nor was there a difference in
percent of patients who were MSI+ vs. MSI− on this class of medications (see Table 1).
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PAT, Catecholamines, and ACE Inhibition
Norepinephrine and epinephrine at baseline and during anger stress was examined as a function
of PAT findings and ACE inhibition. PAT+ and PAT− groups each demonstrated a significant
increase in norepinephrine from baseline to anger (see Table 3) however, when examined in
light of ACE inhibition, those on ACE inhibitors in the PAT+ group showed this effect while
those on ACE inhibitors in the PAT− group did not. In the PAT+ group, patients taking ACE
inhibitors also had significantly higher norepinephrine at baseline (327±175 vs. 204±106,
p<0.05) and during anger (358±183 vs. 229±90, p<0.03) than patients in this group not taking
ACE inhibitors; this difference was not seen in the PAT− group. The PAT+ and PAT− groups
also demonstrated a significant increase in epinephrine from baseline to anger stress (see Table
4).

DISCUSSION
In this study of patients with chronic stable CAD, we found that a threshold PAT ratio of 0.78
when paired with ACE inhibitor therapy correctly identified 63% of those subjects who
evidenced myocardial ischemia during anger stress - MSI, and 90% of those who did not. The
sensitivity and specificity of the test in subjects with ongoing ACE therapy was 0.86 and 0.73
respectively. PAT therefore provided a relatively easy method to identify risk for MSI within
this group of patients, and in particular, to identify those not at risk. The availability of easily
administered procedures for risk stratification associated with MSI, by overcoming obstacles
to the determination of MSI associated risk clinically, could have an important impact on the
care of patients with CAD, since MSI is associated with early morbidity (9–11) and 5-year
mortality (12). The PAT is FDA approved for the diagnosis of obstructive sleep apnea, and the
cost and portability of the device provide for home testing in this regard. If the findings of this
study are extended and replicated, PAT technology could lead to routine screening of CAD
patients for MSI as a component of primary and secondary prevention. Patients identified as
not at risk for MSI could be reassured, while those identified as at risk could be referred for
further testing and/or specific interventions such as stress management, that have been found
to reduce the occurrence of MSI while improving overall event-free survival, and reducing the
costs of cardiologic care (24–25).

This study also contributes to an understanding of the pathophysiology underlying MSI. Prior
studies have shown that anger provokes vasoconstriction in epicardial coronary arteries with
significant stenotic disease (14;26), and we previously reported impaired coronary flow reserve
in the microvascular bed of patients with stable CAD during laboratory stress (15). The current
findings also highlight the importance of vascular performance as a factor underlying MSI,
while demonstrating that the peripheral effects of emotional stress can be a useful indicator of
comparable effects in the coronary vasculature. In addition, the importance of sympathetic
factors was highlighted, since patients who were PAT+ (those who demonstrated a pronounced
peripheral vasoconstriction) also demonstrated a neurohormonal profile that was marked by a
more robust increase in norepinephrine, compared to those who were PAT− (10.5% vs. 3.3%).
This finding is consistent with earlier validation work accomplished with the PAT device
(18–19;22). Acute emotional stress is known to increase neurohormonal output overall, and
through sympatho-neuronal processes, of norepinephrine in particular (2;6;20).
Norepinephrine, as part of the overall response to emotional stress may therefore play an
essential role in the provocation of MSI among patients with CAD.

The ability of PAT ratio to predict vulnerability to MSI was heightened among patients taking
ACE inhibitors as part of their cardiologic care. The failure of standard pharmacologic agents
to protect patients from emotion provoked ischemia in the lab has been described previously
for β-blockers, and the failure with regard to that class of agents was thought to be a function
of unopposed α-adrenergic effects on the vasculature (5). The response measured by PAT is
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particularly sensitive to changes in circulating norepinephrine (18–19;22). Within the PAT+
group, we found significantly higher levels of norepinephrine during both baseline and anger
among patients taking ACE inhibitors, compared to patients not on ACE inhibition; this was
not the case for the PAT− group. The use of ACE inhibitors results in positive remodeling of
the arterial vasculature (c.f., 27–28), a reduction in the bioavailability of angiotensin-II, and
an increase in the circulating levels of norepinephrine, which serves to maintain vasomotor
tone (c.f., 29–30). Under these conditions the vessel wall may become more sensitive to the
influences of norepinephrine. As a result, those patients who increased their norepinephrine
during anger may have had a systemic vascular response they were more likely to evidence
both a PAT+ response (peripheral vasoconstriction) and an MSI+ response (coronary
vasoconstriction). Hence, the increased importance of norepinephrine for maintenance of
vascular tone may help reveal both a central (cardiac) and peripheral vulnerability to the effects
of emotional stress among patients.

While the results of the current study hold promise for the establishment in the clinical setting
of risk stratification by emotional stress testing with an ACE-PAT test, further work is needed.
The sample reported here was relatively small, and studies that replicate these findings are
needed. These replications must further more clearly determine CAD severity in the study
group, and test the effect of ACE inhibitor washout on PAT response and its ability to predict
vulnerability to MSI.

In summary, the importance of MSI as a prognostic indicator for major adverse cardiac events
and the ability to intervene successfully with patients who demonstrate this form of ischemia
highlights the need for a clinically useful tool to assess patient vulnerability. Our preliminary
data with the ACE-PAT test shows the potential of this tool for such purposes.
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Abbreviations
CAD  

Coronary artery disease

MSI  
Mental stress induced ischemia

SPECT  
Single photon emission computed tomography

PAT  
Peripheral arterial tonometry

PWA  
Pulse wave amplitude

ACE  
Angiotensin converting enzyme

ACS  
Acute coronary syndrome

IV  
Intravenous
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MPI  
Myocardial perfusion imaging

SBP/DBP  
Systolic/diastolic blood pressure

HR  
Heart rate

RPP  
Rate pressure product

LVEF  
Left ventricular ejection fraction

ROC  
Receiver operating characteristics curve
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Figure 1.
Examples of PWA traces as a function of time. Numeral 0 in each trace indicates the relaxation
period and numeral 1 indicates the beginning of the mental stress task. A. Trace resulting in
an abnormal PAT ratio, with relative vasoconstriction during mental stress. B. Trace resulting
in a normal PAT ratio, with relative vasodilatation during mental stress.
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Figure 2.
ROC curve for PAT ratio predicting mental stress ischemia. The AUC is 0.613 (SE, 0.065,
one-sided P = 0.04), indicating that PAT ratio has diagnostic utility in predicting MSI.
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Figure 3.
ROC curves for PAT ratio predicting mental stress ischemia for those who were taking ACE
inhibitors versus those who were not. The AUCs are 0.768 (SE = 0.081, one-sided P < 0.001)
when ACE inhibitors are present and 0.408 (SE = 0.095, one-sided P = 0.17) when they are
absent (P = 0.004 for difference in AUC). PAT ratio performs significantly better as a test for
MSI in those who are taking ACE inhibitors.
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Table 1
Demographics of the study group.A

Variable Overall (n=68) MSI+ (n=22) MSI− (n=46)

Age (years) 65.9 ± 8.9 64.9 ± 6.9 66.2 ± 9.7

Female 8 (12%) 1 (5%) 7 (15%)

Nonwhite 11 (16%) 3 (14%) 8 (17%)

LVEF 54 (18) 53 (18) 54 (17)

Comorbidities

Hypertension 59 (87%) 20 (91%) 39 (85%)

Diabetes 18 (27%) 8 (36%) 10 (22%)

Hypercholesterolemia 65 (96%) 22 (100%) 43 (94%)

Obesity 23 (34%) 7 (32%) 16 (35%)

History of Smoking 45 (66%) 16 (73%) 29 (63%)

Actively Smoking 14 (21%) 2 (9%) 12 (26%)

Medications

ACE Inhibitor 35 (52%) 12 (55%) 23 (50%)

Beta Blocker 51 (75%) 16 (73%) 35 (76%)

Calcium Channel Agents 16 (24%) 6 (27%) 10 (22%)

Statin 61 (90%) 20 (91%) 41 (89%)

Aspirin 47 (69%) 15 (68%) 32 (70%)
A

Values are displayed as n (%), mean ± SD (age), or median (interquartile range) (LVEF). There were no significant differences between the ischemic
and non-ischemic groups with regard to demographics or comorbidities (P = NS).
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Table 3
Norepinephrine at baseline and anger recall as a function of ACE inhibition (ACE +/−) and PAT response

Group Condition

p ValueSubgroup Baseline Mental Stress

PAT + (n=29) 267 (156) 295 (157) 0.001

PAT − (n=39) 387 (325) 400 (247) 0.04

  p value 0.13 0.08

ACE + (n=35) 388 (311) 385 (226) 0.06

ACE − (n=33) 281 (212) 324 (209) 0.002

  p value .08 .17

PAT + (n=29)

 ACE + (n=15) 327 (175) 358 (183) 0.02

 ACE − (n=14) 204 (106) 229 (90) 0.05

  p value 0.05 0.03

PAT − (n=39)

 ACE + (n=20) 435 (381) 406 (257) 0.54

 ACE − (n=19) 338 (253) 394 (244) 0.03

  p value 0.45 0.92
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Table 4
Epinephrine at baseline and anger recall as a function of ACE inhibition (ACE +/−) and PAT response

Group Condition

p ValueSubgroup Baseline Mental Stress

PAT + 19.5 (26.0) 26.7 (27.4) 0.02

PAT − 23.0 (28.4) 36.6 (49.5) 0.0009

  p value 0.57 0.63

ACE + 19.6 (17.5) 28.6 (25.9) 0.001

ACE − 23.5 (35.0) 36.4 (53.6) 0.01

  p value 0.83 0.80

PAT +

 ACE + 15.9 (13.3) 24.3 (21.9) 0.14

 ACE − 23.4 (35.2) 29.2 (33.0) 0.06

 p value 0.90 0.68

PAT −

 ACE + 22.4 (20.0) 31.8 (28.7) 0.004

 ACE − 23.7 (35.8) 41.6 (65.3) 0.09

  p value 0.67 0.37
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