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OBJECTIVES The authors aimed to study the sensitivity and specificity of exercise treadmill testing (ETT) in the
diagnosis of coronary microvascular disease (CMD), as well as the prognostic implications of ETT results in patients with
CMD.

BACKGROUND ETT is validated to evaluate for flow-limiting coronary artery disease (CAD), however, little is known
about its use for evaluating CMD.

METHODS We retrospectively studied 249 consecutive patients between 2006 and 2016 who underwent ETT and
positron emission tomography within 12 months. Patients with obstructive CAD or left ventricular systolic dysfunction
were excluded. CMD was defined as a coronary flow reserve <2. Patients were followed for the occurrence of a first major
adverse event (composite of death or hospitalization for myocardial infarction or heart failure).

RESULTS The sensitivity and specificity of a positive ETT to detect CMD were 34.7% (95% Cl: 25.4%-45.0%) and
64.9% (95% Cl: 56.7%-72.5%), respectively. The specificity of a positive ETT to detect CMD increased to 86.8%
(95% Cl: 80.3%-91.7%) when only classifying studies with ischemic electrocardiogram changes that lasted at least

1 minute into recovery as positive, although at a cost of lower sensitivity (15.3%; 95% Cl: 8.8%-24.0%). Over a median
follow-up of 6.9 years (interquartile range: 5.1 years-8.2 years), 30 (12.1%) patients met the composite endpoint,
including 13 (13.3%) with CMD (n = 98). In patients with CMD, ETT result was not associated with the composite
endpoint (P = 0.076).

CONCLUSIONS Our data suggest limited sensitivity of ETT to detect CMD. However, a positive ETT with ischemic
changes that persist at least 1 minute into recovery in the absence of obstructive CAD should raise suspicion for the
presence of CMD given a high specificity. Further study is needed with larger patient sample sizes to assess the
association between ETT results and outcomes in patients with CMD. (J Am Coll Cardiol Img 2021;m:m-m)
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ABBREVIATIONS
AND ACRONYMS

CAC = coronary artery calcium
CAD = coronary artery disease
CFR = coronary flow reserve

CMD = coronary microvascular

disease

ECG = electrocardiogram
ETT = exercise treadmill test

IGR = interquartile range

LV = left ventricle

MI = myocardial infarction

MPHR = maximum predicted

heart rate

PET = positron emission
tomography

oronary microvascular disease

(CMD) refers to a subtype of nonob-

structive coronary artery disease
(CAD) that affects the structure and function
of the coronary microcirculation. CMD is
prevalent across a broad spectrum of cardio-
vascular risk factors and is associated with
increased morbidity and death even in the
absence of flow-limiting epicardial disease
(1,2). Precise diagnosis of CMD can help
direct therapy and has been associated with
improved quality of life (3). Although coro-
nary angiography is commonly used to eval-
uate symptomatic patients for obstructive
CAD, its use to diagnose CMD is limited
because the small coronary vasculature is
beyond the resolution of coronary angiog-
raphy. Consequently, the diagnosis of CMD requires
direct interrogation (invasive or noninvasive) of coro-

nary microvascular function (4). Because the wide-
spread use of invasive coronary physiological
assessment (including vascular function assessment
with adenosine and endothelial function assessment
with acetylcholine challenge (5)) has been limited,
cardiac positron emission tomography (PET) imaging
has emerged as an alternative approach for the evalu-
ation of CMD (6-8).

Electrocardiogram (ECG) exercise treadmill testing
(ETT) has a class I recommendation for the assess-
ment of exercise tolerance, symptoms, arrhythmias,
blood pressure response, and event risk in selected
patients (9). It is also the recommended initial test in
the evaluation of patients who can exercise and have
an interpretable ECG at baseline (10,11). However,
little is actually known about its relative utility in the
evaluation of patients with suspected CMD, and cur-
rent approaches for the evaluation of CMD are based
only on expert consensus (4,12). In this study, we
sought to evaluate both the diagnostic and prognostic
value of ETT in CMD.

METHODS

POPULATION. We retrospectively studied consecu-
tive patients who were scheduled to undergo clini-
cally indicated ETT (with or without imaging) at
Brigham and Women’s Hospital or Massachusetts
General Hospital (both in Boston, Massachusetts) and
a PET myocardial perfusion study with coronary flow
reserve (CFR) assessment at Brigham and Women’s
Hospital for evaluation of symptoms suspected of
CAD between 2006 and 2016. From 1,428 patients, we
excluded those with >12 months between ETT and
PET study dates, known CAD, left ventricular (LV)
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ejection fraction <40%, history of cardiac trans-
plantation, left bundle branch block, ventricular
pacing, or ST-segment depression =1 mm on baseline
ECG, abnormal myocardial perfusion on PET consis-
tent with obstructive CAD (summed stress score =2)
(13), patients who did not undergo ETT at the time of
their scheduled stress test, and patients who had a
nonfatal myocardial infarction (MI) or heart failure
admission between their ETT and PET (Figure 1). No
patients underwent coronary revascularization be-
tween studies. Of the 249 patients in the final cohort,
a majority (n = 220; 88.4%) were referred for ETT
prior to (n = 184; 73.9%) or on the same day (n = 36;
14.5%) as PET. Patient demographics, clinical history,
medications, and indications for testing were
collected prospectively at the time of ETT and PET.
Pre-test probability of obstructive CAD was assigned
per recent guidelines (9,14). The Mass General Brig-
ham Institutional Review Board approved this study.

EXERCISE TREADMILL TESTING. ETT was performed
with the use of a symptom-limited Bruce protocol,
modified Bruce protocol, ramp protocol, or manual
protocol if clinically indicated, according to estab-
lished guidelines (10). The target heart rate was
determined as 85% of the maximum predicted heart
rate (MPHR = 220 — age). All ST-segment measure-
ments were performed 80 milliseconds after the J-
point (15).

We categorized each test result as positive, incon-
clusive, or negative using conventional criteria
(10,16). Positive tests were defined as: 1) horizontal or
downsloping ST-segment depressions =1 mm; or 2)
tests stopped due to moderate to severe angina (16)
(substernal chest discomfort relieved with rest or
nitroglycerin). Time in recovery to resolution of ST-
segment depressions was recorded for all positive
tests when applicable. Inconclusive tests were
defined as: 1) negative ECG in the setting of sub-
maximal exercise (inability to achieve at least average
METS for age and sex (17,18) and did not reach =85%
MPHR); or 2) test stopped prior to reaching at least
average METS for age and sex or 85% MPHR due to
hypertensive response (systolic blood pressure of
>250 mm Hg and/or diastolic blood pressure of
>115 mm Hg) (16). All stress ECGs were re-reviewed
independently by 2 cardiologists and differences
were resolved by consensus.

PET AND DIAGNOSIS OF CMD. Patients were imaged
with a standard hybrid whole-body PET-computed
tomography scanner (Discovery RX or STE LightSpeed
64, GE Healthcare) with ®*N-ammonia or 82Rubidium
as flow tracers at rest and vasodilator-stress, as pre-
viously described (19). Summed rest, stress, and
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FIGURE 1 Patient Population and ETT Results

1. =1 mm horizontal or
downsloping ST segment
depressions (n = 63)

2. Tested stopped due to
moderate or severe angina
(n=24)

Inconclusive

Consecutive patients between 2006 and 2016 from BWH
and MGH who were scheduled for both ETT and PET

(GEREL))

Excluded patients:

« That had greater than 12 months between ETT and PET study

dates
« That did not exercise at time of scheduled ETT

« That did not exercise on a treadmill at time of scheduled ETT

« With known CAD

 With LVEF <40%

« With history of cardiac transplant

« With an uninterpretable ECG (LBBB, V-paced)

« With a baseline ECG with =1 mm ST segment depression
» Sum stress score 22

» Non-fatal Ml or heart failure admission between studies

(GERRVE)]

Patients who met criteria

(QEPZE)]

1. Negative ECG, but achieved
below average METS for age
and sex and did not meet
85% of age-predicted
maximum HR (n = 53)

2. Test stopped prior to
reaching at least average
METS for age and sex or 85%
age-predicted maximum HR
due to hypertensive
response* (n = 4)

Study cohort derivation, definitions of ETT results, and frequency of ETT results. *Hypertensive response = systolic blood pressure of >250 mm Hg and/or diastolic
blood pressure of >115 mm Hg. BWH = Brigham and Women's Hospital; CAD = coronary artery disease; ECG = electrocardiogram; ETT = exercise treadmill test;
HR = heart rate; LBBB = left bundle branch block; LVEF = left ventricular ejection fraction; METS = metabolic equivalents; MGH = Massachusetts General Hospital;
MI = myocardial infarction; MPHR = maximum predicted heart rate; PET = positron emission tomography; SSS = sum stress score; V-paced = ventricularly paced

rhythm; VT = ventricular tachycardia.

difference scores, with higher scores reflecting larger
area of myocardial scar, scar plus ischemia, or
ischemia, respectively, were computed (13). Rest and
stress LV ejection fractions were calculated from
gated myocardial perfusion images with commer-
cially available software (Corridor4DM, INVIA Medi-
cal Imaging Solutions). Absolute global myocardial
blood flow (in mL/min/g of tissue) was quantified at
rest and peak hyperemia using commercial software,
as previously described (19). Per-patient global CFR
was calculated as the ratio of stress to rest absolute
myocardial blood flow for the entire LV. Quantitative
measures of CFR were obtained from routine post-
processing of PET scans at no additional clinical
cost, imaging time, or radiation exposure to patients.
CMD was defined as CFR <2.

OUTCOMES. Patients were followed for the occur-
rence of a first major adverse event, defined as a
composite of death or hospitalization for nonfatal MI
or heart failure. Day 0 was defined as the date of the
first study performed (ETT or PET). Ascertainment of
clinical endpoints (death, MI hospitalization, and
heart failure hospitalization) was determined by
blinded adjudication of the longitudinal medical
record, Mass General Brigham Research Patient Data
Registry, and the National Death Index. For an event
to be classified as admission for nonfatal MI or heart
failure, discharge with a primary hospitalization
diagnosis of MI or heart failure, respectively, was
required. In addition, only events meeting the 2018
Fourth Universal Definition of MI or defined clinical
criteria for the presence of symptoms, signs, and
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TABLE 1 Baseline Characteristics Stratified by ETT Results
All Negative ETT Inconclusive ETT Positive ETT
(N = 249) (n =105) (n=57) (n =87) P Value
Demographics
Age (y) 58.9 £ 11.5 593 £11.8 574 £ 1.7 58.7 £ 11.0 0.429
Female 158 (63.5) 65 (61.9) 37 (64.9) 56 (64.4) 0.908
White 135 (54.2) 62 (59.1) 23 (40.4) 50 (57.5) 0.056
Black 56 (22.5) 25 (23.8) 15 (26.3) 16 (18.4) 0.491
BMI (kg/m?) 301+6.7 30.1+6.9 315+ 6.9 29.2 £ 6.4 0.129
Pre-test probability of obstructive CAD (%) 12.9 £10.1 12.7 £10.2 131 £10.6 12.8 £ 9.8 0.975
Medical history
Hypertension 168 (67.5) 70 (66.7) 44 (77.2) 54 (62.1) 0.162
Diabetes 59 (23.7) 18 (17.1) 20 (35.1) 21 (24.1) 0.037
Dyslipidemia 147 (59.0) 68 (64.8) 28 (49.1) 51 (58.6) 0.154
COPD 12 (4.8) 1(1.0) 6 (10.5) 5(5.8) 0.022
Tobacco use 20 (8.0) 7(6.7) 10 (17.5) 3(3.5) 0.008
Medications
Aspirin 126 (50.6) 50 (47.6) 27 (47.4) 49 (56.3) 0.417
Beta-blocker 12 (45.0) 43 (41.0) 31 (54.4) 38 (43.7) 0.248
RAS-blocker 70 (28.1) 27 (25.7) 17 (29.8) 26 (29.9) 0.772
Statin 116 (46.6) 49 (46.7) 22 (38.6) 45 (51.7) 0.303
Insulin 21 (8.4) 7(6.7) 8 (14.0) 6 (6.9) 0.222
Nitrate 15 (6.0) 4 (3.8) 2 (3.5 9 (10.3) 0.110
PET imaging parameters
Change in LVEF (%) (stress-rest) 6.5+55 6.0 £5.6 58 +5.2 75 +56 0.102
Change in EDV (mL) (stress-rest) 74 +12.7 9.2+ 1.0 6.3 +122 6.0 +14.6 0.164
Change in ESV (mL) (stress-rest) -34+6.7 -25+6.6 -344+6.2 —-45+72 0.126
Rest MBF (mL/min/g) 11+04 11+04 1.1+0.2 11+04 0.233
Stress MBF (mL/min/qg) 24 +0.8 25+09 23+0.8 24 +0.8 0.307
CFR 23+07 23+07 23+08 23+ 0.6 0.831
CFR <2 98 (39.4) 39 (37.1) 25 (43.9) 34 (39.1) 0.704
Values are mean =+ SD or n (%). Baseline demographics, medical history, medications, and noninvasive imaging parameters for the study cohort stratified by ETT results.
BMI = body mass index; CAD = coronary artery disease; CFR = coronary flow reserve; COPD = chronic obstructive pulmonary disease; EDV = end-diastolic volume;
ESV = end-systolic volume; ETT = exercise treadmill testing; LVEF = left ventricular ejection fraction; MBF = myocardial blood flow; PET = positron emission tomography;
RAS = renin-angiotensin system.

escalation of therapy for heart failure were classified
as such (20).

STATISTICAL ANALYSIS. Categorical variables are
reported as frequencies with percentage. Continuous
variables are expressed as mean + SD. We used chi-
square and one-way analysis of variance to evaluate
for differences in categorical and continuous baseline

characteristics, respectively. The sensitivity, speci-
ficity, positive predictive value, negative predictive
value, positive likelihood ratio, and negative likeli-
hood ratio along with exact (Clopper-Pearson)
95% ClIs, were calculated for all ETT studies using
CFR <2 by PET as the gold standard in the entire
cohort and in women only. We also performed 2

TABLE 2 Test Characteristics: ETT for CMD (Entire Cohort)

All Patients (N = 249)

Positive Negative Positive Negative
Sensitivity Specificity Predictive Value Predictive Value Likelihood Ratio Likelihood Ratio
(95% Cl), % (95% ClI), % (95% ClI), % (95% ClI), % (95% CI) (95% CI)

Positive ETT
Positive ETT with ischemic ECG changes

Positive ETT with ischemic ECG changes that
persist at least 1 min into recovery

34.7 (25.4-45.0)
22.5 (14.6-32.0)
15.3 (8.8-24.0)

64.9 (56.7-72.5)
76.2 (68.6-82.7)
86.8 (80.3-91.7)

39.1 (28.8-50.5)
37.9 (25.5-51.6)
42.9 (26.3-60.7)

60.5 (52.5-68.1)
60.2 (52.9-67.2)
61.2 (54.3-67.8)

0.99 (0.70-1.40)
0.94 (0.59-1.50)
1.16 (0.62-2.15)

1.01 (0.84-1.21)
1.02 (0.89-1.17)
0.98 (0.88-1.08)

Gold standard for coronary microvascular disease was CFR <2 via stress positron emission tomography.
CMD = coronary microvascular disease; ECG = electrocardiogram; other abbreviations as in Table 1.
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TABLE 3 Test Characteristics: ETT For CMD (Women Only)
Women Only (n = 158)
Positive Negative Positive Negative
Sensitivity Specificity Predictive Value Predictive Value Likelihood Ratio Likelihood Ratio
(95% CI), % (95% CI), % (95% C1), % (95% CI), % (95% CI) (95% CI)

Positive ETT
Positive ETT with ischemic ECG changes

Positive ETT with ischemic ECG changes that
persist at least 1 min into recovery

38.3 (26.1-51.8)
26.7 (16.1-39.7)
18.3 (8.8-24.0)

66.3 (56.1-75.6)
78.6 (69.1-86.2)
87.8 (80.3-91.7)

41.1 (28.1-55.0)
43.2 (27.1-60.5)
47.8 (26.8-69.4)

63.7 (53.6-73.0)
63.6 (54.4-72.2)
63.7 (55.0-71.8)

1.14 (0.74-1.74)
1.24 (0.71-2.19)
1.50 (0.71-3.18)

0.93 (0.73 to 1.19)
0.93 (0.78-1.12)
0.93 (0.81-1.07)

Gold standard for CMD was CFR <2 via stress positron emission tomography.
Abbreviations as in Tables 1 and 2.

sensitivity analyses by narrowing the criteria for a
positive ETT to: 1) horizontal or downsloping ST-
segment depressions =1 mm, and 2) horizontal or
downsloping ST-segment depressions =1 mm that
persisted at least 1 minute into recovery because
previous data have shown that patients who have
normalization of ischemic ECG changes quickly in
recovery often have normal subsequent study find-
ings (21).

To study the prognostic use of ETT in CMD, we
constructed Kaplan-Meier curves to illustrate survival
free from first major adverse event. Differences be-
tween ETT subgroups were tested using the log-rank
test. Cox proportional hazards models were used to
examine the association between ETT result in pa-
tients with CMD (CFR <2). Cox proportional hazards
assumptions tests based on graphical methods and
Schoenfeld residuals were used to verify that pro-
portional hazards assumptions were met. All tests
were 2-sided, and a value of P < 0.05 was considered
statistically significant. Statistical analysis was per-
formed with the use of Stata version 15.0 (Statacorp).

RESULTS

STUDY POPULATION. The baseline characteristics of
the study population stratified by ETT examination
results are presented in Table 1. The mean age of the
overall cohort was 58.9 + 11.5 years, 64% were
women, and 54% were white. ETT was negative for
ischemia in 105 (42%), inconclusive in 57 (23%), and
positive for ischemia in 87 (35%) patients (Table 1).
The baseline age, body mass index, sex, and race did
not differ across the ETT groups. Patients with
inconclusive ETTs were more likely to have diabetes
and to be current smokers, but the frequency of
smoking in the study population was low (8%). The
prevalence of hypertension and dyslipidemia were
similar across the 3 ETT groups. Among the 249 ETT
examinations performed, 195 (78.3%) were per-
formed without imaging. The median time between
ETT and PET was 18 days (interquartile range [IQR]:

2 days-123 days). The mean stress and rest global
myocardial blood flow were 2.4 + 0.8 mL/min/g and
1.1 + 0.4 mL/min/g, respectively, with a mean CFR of
2.3 + 0.7. The median CFR was similar (2.2; IQR: 1.7-
2.8).

The baseline characteristics of patients with and
without CMD are presented in Supplemental Table 1.
CFR was reduced (<2) in 98 (39.4%) patients and
preserved in 151 (60.6%) patients. The mean ages of
patients with and without CMD were 61.0 + 11.5 and
57.5 + 11.4 years, respectively (P = 0.022). The base-
line body mass index, sex, race, comorbidities, and
medications did not differ significantly between the 2
groups.

OTHER TESTING AFTER A POSITIVE ETT. In addition
to PET, 15 of the 87 patients who had a positive ETT
(17.2%) underwent coronary computed tomography
angiography or invasive coronary angiography within
12 months of their PET study (9 on the same day, 4
after the PET, and 2 before the PET). None of these 15
studies showed obstructive coronary disease (defined
as a luminal stenosis of =70% in any major epicardial
vessel). An additional 52 patients (59.8%) underwent
formal coronary artery calcium (CAC) scoring at the
time of PET. Among these 52 studies, 32 (61.5%) had
no CAC (CAC score 0), 5 (9.6%) had mild CAC (CAC
score 1-100), 7 (13.5%) had moderate CAC (CAC score
101-500), and 8 (15.4%) had extensive CAC (CAC score
>500).

TABLE 4 Symptoms And Exercise Characteristics Stratified By CFR

CFR =2 CFR <2

(n =151) (n=98) P Value
Dyspnea 34 (22.5) 32 (32.7) 0.077
Chest pain 49 (32.5) 24 (24.5) 0.178
METS less than average for age and sex 51 (34.7) 38 (40.0) 0.403
Duke Treadmill Score 41+ 0.4 37+05 0.438

Score. Patients could report dyspnea and chest pain.
Abbreviations as in Table 1.

Values are n (%) or mean + SD. Frequency of symptoms during ETT, functional capacity, and Duke Treadmill
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FIGURE 2 Kaplan-Meier Curves Examining Outcomes According to ETT Result Among Patients With CMD
Event-Free Survival in CMD Cohort (CFR <2)
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E * 95% C1 0.28 -10.09 + 95% Cl 0.76 -12.15 # 95% CI 1.03 - 25.37
= =0.568 =0m7 =0.046
5 25 p P P
o log-rank test p = 0.076
T T T T
0 2 4 6
Follow-Up Time (Years)
Number at risk
Negative ETT 39 38 32 29
Inconclusive ETT 25 24 19 14
— Positive ETT 34 33 31 23
Event-free survival for the CFR <2 subgroup stratified by ETT result. CFR = coronary flow reserve; CMD = coronary microvascular disease;
other abbreviations as in Figure 1.

RELATIONSHIP BETWEEN ETT RESULT AND CFR.
Overall, 98 patients (39.4%) of the study cohort had a
CFR <2, consistent with CMD. There were no statis-
tical differences in the prevalence of CMD across
the negative, inconclusive, or positive ETT groups
(Table 1). Baseline characteristics of the study cohort
stratified by CFR <2 and CFR =2 are listed in Sup-
plemental Table 1 and baseline characteristics of the
CMD subgroup stratified by ETT result are listed in
Supplemental Table 2.

The sensitivity and specificity of a positive ETT to
detect CMD in the entire cohort were 34.7% (95% CI:
25.4%-45.0%) and 64.9% (95% CI: 56.7%-72.5%),
respectively (Table 2). When the criteria for a positive
ETT were narrowed to only ischemic ECG changes,
the sensitivity and specificity to detect CMD were
22.5% (95% CI: 14.6%-32.0%) and 76.2% (95% CI:
68.6%-82.7%), respectively (Table 2). Finally, when
the criteria for a positive ETT were further narrowed
to only ischemic ECG changes that persisted at least
1 minute into recovery, the sensitivity and specificity
to detect CMD were 15.3% (95% CI: 8.8%-24.0%) and
86.8% (80.3%-91.7%), respectively (Table 2). The
positive and negative likelihood ratios were close to 1
for each of the criteria cutoffs. When including only
women (n = 158), the positive likelihood ratio was
higher across the positive ETT criteria (Table 3).

RELATIONSHIP BETWEEN SYMPTOMS AND WORKLOAD
DURING ETT AND CFR. A total of 201 (80.7%) patients
were referred to undergo an ETT for the evaluation of
chest pain (22% typical, 39% atypical, and 39% non-
anginal) or dyspnea. The remaining patients were
referred for risk factors for CAD or abnormal ECG
(n = 19; 7.7%), perioperative risk assessment (n = 13;
5.2%), palpitations/arrhythmia (n = 12; 4.8%), or
presyncope/syncope (n = 4; 1.6%). During the ETT, 73
(29.3%) patients reported chest pain and 66 (26.5%)
patients reported dyspnea (47 [18.9%] had dyspnea
alone). As shown in Table 4, there was no significant
relationship seen between ETT symptoms (chest pain
or dyspnea) and CFR (2.0 cutoff). The mean Duke
Treadmill Score and the proportion of patients with
less than average METS for age and sex were similar
in both groups.

CLINICAL OUTCOMES. Over a median follow-up of
6.9 years (IQR: 5.1-8.2), a total of 30 (12.1%) patients
met the primary composite endpoint of all-cause
death (n = 17), hospitalization for nonfatal MI
(n = 4), or hospitalization for heart failure (n = 9).
Thirteen of the 98 patients with CMD (13.3%) met the
primary composite endpoint of all-cause death
(n = 8), hospitalization for nonfatal MI (n = 1), or
hospitalization for heart failure (n = 4). Among pa-
tients with CMD, ETT result was not significantly
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CENTRAL ILLUSTRATION Sensitivity and Specificity of Positive ETT in Suspected Symptomatic CMD

ETT Positive:
Moderate/Severe Angina or
Ischemic ECG Changes

CFR <2
Sensitivity 34.7%

Specificity 64.9%

ETT Positive:
Ischemic ECG Changes

Exercise Recovery

CFR <2
Sensitivity 22.5%
Specificity 76.2%

ETT Positive:
Ischemic ECG Changes that
Persist 21 min into Recovery

Exercise Recovery

CFR <2
Sensitivity 15.3%

Specificity 86.8%

Positive Likelihood Ratio 0.99
Negative Likelihood Ratio 1.01

Positive Likelihood Ratio 0.94
Negative Likelihood Ratio 1.02

Positive Likelihood Ratio 1.16
Negative Likelihood Ratio 0.98

Lopez, D.M. et al. J Am Coll Cardiol Img. 2021;m(m):m-N.

If anatomic testing (CCTA or IA) and/or perfusion imaging reveal no obstructive CAD and ETT is positive (moderate/severe angina or ischemic ECG
changes), the diagnosis of CMD should be considered given a specificity of 64.9%. If criteria for a positive ETT are further narrowed to ischemic ECG
changes that persist at least 1 minute into recovery, CMD is likely based on our data because specificity increases to 86.8%. Of note, the positive and
negative likelihood ratios close to 1 indicate that ETT result only marginally affects post-test probability of disease. CAD = coronary artery disease;
CCTA = coronary computed tomography angiography; CFR = coronary flow reserve; CMD = coronary microvascular disease; ECG = electrocardiogram;

ETT = exercise treadmill testing; IA = invasive angiography; MPI = myocardial perfusion imaging.

associated with adverse event-free survival (log-rank
test P = 0.076) (Figure 2).

DISCUSSION

In this study, we found that the presence of ECG ab-
normalities on ETT has a low sensitivity for the
diagnosis of CMD in symptomatic patients without LV
dysfunction or obstructive CAD on PET myocardial
perfusion imaging. A positive ETT, particularly
caused by ischemic ECG changes that persisted at
least 1 minute into recovery, had a high specificity for
the diagnosis of CMD. Importantly, ETT result has a

limited effect on post-test probability of CMD given
positive and negative likelihood ratio values close to
1, except for in women who had ischemic ECG
changes that persisted 1 minute into recovery (posi-
tive likelihood ratio: 1.50).

Although exercise-induced ischemic ECG changes
during angina-like chest pain have been traditionally
considered an important feature in the diagnosis of
CMD (22,23), our data would suggest that this notion
is outdated. The high specificity of a positive ETT
caused by ischemic ECG changes that persist at least
1 minute into recovery in this population for the
diagnosis of CMD is an important new finding from
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our study and parallels data from previous studies
linking CMD and abnormalities on myocardial perfu-
sion imaging (24-28) and exercise testing (29). Addi-
tionally, undiagnosed CMD may be the reason why
patients with abnormal exercise ECG findings but
normal stress echocardiography findings were
recently found to be at increased risk of adverse
clinical events (30). An abnormal exercise ECG may be
a marker of microvascular disease that is undetect-
able using traditional imaging methods, and should
prompt further evaluation in the right clinical
context.

Although prior studies have shown that approxi-
mately 30%-60% of patients with CMD present with
angina (31-35), atypical angina is also common (36),
and patients can also present with reduced exercise
tolerance and/or exertional dyspnea (4,31-35,37,38).
This wide spectrum of clinical presentations of CMD
may explain why a low CFR was not associated with a
specific ETT symptom profile in previous reports (33)
or in our study cohort.

The potential association between ETT results and
outcomes in patients with CMD should be studied
with larger patient sizes. One of the current limita-
tions of PET is that myocardial stress blood flows are
obtained using pharmacological stress agents, and,
therefore, helpful and important exercise data are not
captured routinely for patients at the time of PET.
The exploratory data from our study suggest that
exercise testing may be of incremental prognostic
value beyond PET in patients with CMD.

Based on the data from our study, the Central
Illustration presents how sensitive and specific a
positive ETT result is for CMD based on ETT findings.
In patients with normal myocardial perfusion and/or
no obstructive CAD via noninvasive or invasive cor-
onary angiography, CMD is likely to be present in a
patient who has a positive ETT caused by ischemic
ECG changes that last at least 1 minute into recovery.
A positive ETT result is less specific, but more sensi-
tive, for CMD if positive criteria are expanded to
ischemic ECG changes that resolve quickly in recov-
ery and moderate/severe angina requiring termina-
tion of the ETT.

STUDY LIMITATIONS. It is a 2-center, retrospective
observational study in which the population consisted
of patients clinically referred for PET myocardial
perfusion imaging at 1 center and for ETT at 1 of 2
centers within 12 months. Therefore, patients who
were unable to exercise on a treadmill were not
included. Additionally, it is possible that patient-
specific characteristics changed between ETT and
PET studies. However, the median time between
studies was 18 days. To focus on the diagnostic and
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prognostic value of ETT in CMD, we excluded from our
analysis patients with known CAD or LV systolic
dysfunction. Although it is possible that the cohort
contained some patients with multivessel, obstructive
CAD without perfusion abnormalities on PET, our
clinical experience has previously suggested that this
is unlikely (39). The modest sample size and very
small number of outcome events limit the rigor of the
prognostic analysis. Finally, it is possible that a
normal CFR may have underestimated the possibility
of epicardial or microvascular vasospasm as a prin-
cipal mechanism for angina and abnormal ECG
response to exercise in some patients (40,41). Under-
standing these important limitations, these results
may have clinical implications for the use of ETT in
the diagnosis of CMD and risk stratification of patients
with CMD based on ETT results.

CONCLUSIONS

In conclusion, although ETT is an accepted risk
assessment tool for the evaluation of myocardial
ischemia, our data suggest limited sensitivity of ETT to
detect CMD. Therefore, clinicians should consider
alternative noninvasive or invasive testing when
CMD is suspected. However, exercise-induced hori-
zontal or downsloping ST-segment depressions that
persist at least 1 minute into recovery in the absence of
obstructive CAD should raise suspicion for the pres-
ence of CMD given a high specificity. Further studies
are needed to examine the association between ETT
results and risk of adverse events in patients with
CMD, and if existing and novel risk factor modification
strategies should be considered for these patients.
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PERSPECTIVES

COMPETENCY IN PATIENT CARE AND PROCEDURAL
SKILLS: In patients without CAD or abnormal LV systolic func-
tion who underwent both ETT and PET within 12 months, a
positive ETT with ischemic ECG changes that persisted at least
1 minute into recovery had low sensitivity but high specificity for
the diagnosis of CMD (CFR <2).
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