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imaging on downstream evaluation and
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Objective. The diagnostic yield of combined cardiopulmonary exercise testing (CPET) and
myocardial perfusion imaging (MPI) in patients referred for stress testing has received limited study.

Methods. We evaluated consecutive patients who underwent combined CPET-MPI at a single
tertiary referral center between 2011 and 2015. An abnormal CPET was defined as any of the
following: reduced oxygen consumption, cardiac output impairment, or pulmonary impairment.
Normal MPI was defined as the absence of resting or stress perfusion defect. The primary study
outcome was change in clinical decision-making after CPET-MPI including management of
pulmonary disease, management of deconditioning, heart failure management, and referral for
cardiac catheterization. Outcomes of patients with normal and abnormal MPI were presented
based on the specific CPET abnormality.

Results. 415 patients were included in the study. Of the 269 patients that had normal MPI, 206
(77%) had abnormal CPET. Patients with abnormal CPET and normal MPI, compared with
patients that had normal CPET and normal MPI, were more frequently diagnosed with pul-
monary disease (11.7% vs 3.2%, P = .04) and deconditioning (33.5% vs 17.4%, P = .01). Of the
146 patients that had abnormal MPI, 128 (88%) had abnormal CPET. Patients with abnormal
CPET and abnormal MPI, compared with patients that had normal CPET and abnormal MPI,
did not statistically differ with regard to the study outcome.

Conclusion. An abnormal CPET, if the MPI was normal, prompted further evaluation and
led to management of pulmonary disease and deconditioning. (J Nucl Cardiol 2019;26:92-106.)
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Abbreviations VO, Oxygen consumption

CPET Cardiopulmonary exercise testing VE Minute ventilation

MPI Myocardial perfusion imaging VCO, Carbon dioxide production

SPECT Single-photon  emission computed RER Respiratory exchange ratio

tomography

MET Metabolic equivalents

FAC Functional aerobic capacity
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INTRODUCTION

Among patients referred for stress testing, if
patients are able to exercise, standard exercise treadmill
testing (ETT) is usually performed in conjunction with
single-photon emission computed tomography (SPECT)
myocardial perfusion imaging (MPI). Although infre-
quently, cardiopulmonary exercise testing (CPET) can
be combined with MPI to evaluate patients referred for
stress testing. CPET has the advantage of differentiating
cardiac diagnoses from pulmonary conditions while
providing additional prognostic information on both
cardiac and pulmonary function." Objective measure-
ments during CPET such as peak aerobic capacity (peak
VO,) and ventilatory efficiency (VE/VCO,) correlate
closely with peak cardiac output and are important
prognostic markers. These and other measurements
during CPET may also be useful in guiding patient
management.z_7 SPECT MPI, on the other hand, has
traditionally been used for more focused assessment of
suspected or known coronary artery disease (CAD). As
such, SPECT MPI and CPET may provide complemen-
tary diagnostic and prognostic information in the
evaluation of patients referred for stress testing. This is
important, as many of these patients have vague chest
symptoms, dyspnea, and/or other non-specific limita-
tions.® Their presentation may be due to underlying
CAD, other cardiac diagnoses, pulmonary disorders,
heart failure, deconditioning, or a combination of these
conditions. Although anticipated, it is not known
whether combining CPET with SPECT MPI increases
the diagnostic yield of the studies and affects the
downstream evaluation of such patients. The objective
of the current study was to determine if the addition of
CPET to SPECT MPI alters clinical decision-making.

METHODS

Patient Population

The Nuclear Cardiology Laboratory at Mayo Clinic in
Rochester, Minnesota, began offering combined CPET/
SPECT MPI in January of 2011 as a standard clinical
study. From January 2011 to December 2015, 435
consecutive patients underwent combined CPET-MPL
Inclusion criteria were patients who were clinically
referred for CPET/MPI testing at a single institution and
had given consent for their records to be included in
research studies. CPET and MPI referral was at the clinical
discretion of the physician. In about 25% of the patients,
the tests were ordered separately, and the referring
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providers were contacted and gave permission to combine
the tests. Among this group of 435 patients, 18 patients did
not provide research authorization and two patients had
incomplete SPECT and/or CPET data and were therefore
excluded. Therefore, a total of 415 patients were included
in the study. Baseline demographic data and medical
history were collected retrospectively, whereas test results
and additional patient evaluation and outcomes post
CPET/MPI were recorded prospectively. On some occa-
sions, patients received a consultation at our medical
center but then received additional testing or intervention
at another institution. In those cases where medical records
were not available, patients were reported to have missing
data and downstream evaluation was based on the docu-
mentation of the consulting physician at our medical
center. All patients included in the study provided research
authorization. The Mayo Clinic Institutional Review
Board approved the study.

Combined CPET and SPECT MPI Protocol

Patients fasted for two hours prior to the procedure
but were continued on their daily medication regimen.
Each patient underwent symptom-limited graded tread-
mill testing (n = 410) or lower extremity bicycle
ergometry (n = 5) with continuous electrocardiographic
monitoring and breath-by-breath gas exchange analysis
consisting of 2-minute stages with 2-metabolic equiva-
lent (MET) increases per stage. Blood pressure,
electrocardiography, and continuous pulse oximetry
were monitored during the testing period. Metabolic
equivalents were defined as 1 MET = 3.5 mL/kg/min of
oxygen consumption and estimated based on exercise
time.” Functional aerobic capacity (FAC) was calculated
as achieved METs/predicted METs with predicted
METs dependent upon age and sex.” An appropriate
heart rate response was defined as the ability to achieve
85% of the age-predicted maximal heart rate.'® An
abnormal heart rate recovery was defined as a <12 beats
per minute decrease in the heart rate in the first minute
of active recovery.'' Ischemic and non-diagnostic elec-
trocardiographic criteria are as previously described.'?
A hypertensive response to exercise was defined
as a systolic blood pressure >210 mmHg in males
and >190 mmHg in females.'? A hypotensive response
to exercise was defined as a decline in systolic blood
pressure below resting value or an initial increase during
early exercise followed by a decrease of
>10 mmHg.'*'> A blunted heart rate response to
exercise was defined as an increase of maximal heart
rate during exercise less than 1.20 times the baseline
heart rate.'® Oxygen consumption (VO,), carbon dioxide
production (VCO,), and minute ventilation (VE) were
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measured throughout the testing period as previously
described.'® Predicted VO, max for males was calcu-
lated as 60 — (0.5 x age) mL/kg/min, whereas for
females was calculated as 48 — (0.4 x age) mL/kg/
min. Ventilatory efficiency was calculated as the min-
imum ratio of VE/VCO, during exercise (VE/VCO,
nadir) with normal values <35 (up to 40 for older
patients). A normal respiratory exchange ratio (RER)
was defined as >1.15 and a normal breathing reserve
(BR) was defined as between 15 and 40%."7 Pulmonary
impairment was defined as a low VO, max with a rise
over time, a respiratory exchange ratio (RER) <1.15, a
BR <10%, a high VE/VCO,, a low O, pulse with a rise
vs time, and generally O, saturations <90% (varying
dependent on type of pulmonary disease).” Cardiac
output impairment was defined as a low rise in VO, max
(defined as a flat rather than linear response of VO, with
workload 17), a RER >1.15, a BR >40%, a normal or
high VE/VCO,, a low O, pulse with a flat rise vs time,
and normal or reduced O, saturations. Deconditioning
was defined as a low VO, max with a rise over time, a
RER >1.15, a BR between 25 and 60%, a normal VE/
VCO,, a low O, pulse with a rise over time, and O,
saturations >90%.'” Poor effort was defined as a low
VO, max with a rise over time, a RER <1.15, a BR
>40%, a normal VE/VCO,, a low O, pulse with a rise
over time, and oxygen saturations >90%."’

A one-day rest/stress SPECT technetium-99m
(®”™Tc) sestamibi protocol was performed in conjunction
with the CPET. At rest, 555 MBq to 1.11 GBq (8-
10 mCi) of *™Tc¢ sestamibi was injected intravenously.
Thirty to 45 min following injection, resting images were
acquired using the D-SPECT camera (Spectrum Dynam-
ics, Haifa, Israel) in the semi-supine position.
Specifically, images were obtained as each of the 9
pixelated detector columns rotated along its vertical axis
and scanned the region of myocardium which was chosen
by the user. Images were acquired with the Acquisition
Optimization Time to achieve 1 million counts in the
myocardium (reference). Post-stress gated image acqui-
sition was performed using 16 frames per cardiac cycle.
Resulting data obtained from each detector were subse-
quently stored in a 16 x 64 matrix with data from all 9
detectors combined for final image reconstruction. Emis-
sion data were collected via 9 low-energy, tungsten hole
collimators and images were acquired using a standard
20% energy window centered on the 140 keV photopeak
of *™Tc. At peak exercise during CPET, 24-40 mCi of
9™MTc sestamibi was injected and repeat image acquisi-
tion was performed in the semi-supine position in a
similar manner as described for the rest acquisition.
Additionally, images were also acquired in the upright
position in a similar manner as described for the rest
acquisition. Studies were processed using Spectrum
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Dynamics proprietary reconstruction algorithms (QPS,
Cedars-Sinai Medical Center, Los Angeles) utilizing a
Spectrum Dynamics workstation. The reconstruction
algorithm utilized the maximum-likelihood expectation
maximization (MELM) method with resolution recovery,
4-7 iterations and 32 subsets. Additionally, kernel con-
volution smoothing filter (Gaussian) was used on
transaxial data. Attenuation or scatter correction was
not applied. Left ventricular ejection fraction (LVEF) was
automatically calculated utilizing QGS programing.'®

Rest and stress images were displayed in three
standard planes (short-axis, horizontal long-axis, and
vertical long-axis) and divided into 17 segments.'® Images
were interpreted by a consensus of two experienced
observers using a standard 5-point semi-quantitative scale
(0 = normal perfusion, I = mildly diminished, 2 = mod-
erately diminished, 3 = severely diminished, and
4 = absent) along with a written description of the study
as being a normal study, or an abnormal study with a fixed
or reversible defect suggestive of infarction or ischemia,
respectively, or both (partial viability). A defect present on
the stress semi-supine position but not present on the
upright position or vice versa was considered an artifact and
was interpreted as being a normal study (i.e., interpreted as
having no defect).

Data Analysis

Cases were grouped based on the results of MPI
(presence or absence of perfusion defect) and were
subsequently classified based upon whether they had
abnormalities on CPET or not. All defects on MPI
(reversible or not) were considered abnormal. CPET
results were grouped based on whether pulmonary
impairment was present, cardiac output impairment
was present, or VO, was decreased. If any of those
variables were abnormal, CPET was considered abnor-
mal. The outcome of interest was clinical decision-
making, which included (1) management of pulmonary
disease, (2) management of deconditioning, (3) man-
agement of coronary disease, or (4) management of
heart failure. (1) Management of pulmonary disease
included the addition of inhaler therapy, referral to
pulmonary medicine, including evaluation for sleep
apnea, and/or referral for pulmonary function tests
(PFTs) within a month of the consultation. (2) Manage-
ment of deconditioning was defined as recommendations
for lifestyle modifications in the form of weight loss,
exercise counseling, or referral to cardiac rehabilitation
at the time of the consultation. (3) Management of
coronary artery disease was defined as referral to
coronary angiogram, percutaneous coronary interven-
tion, or coronary artery bypass grafting. We did not
include medications for coronary disease as part of the
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outcome since adjustment of those medications occurs
on the basis of angina rather than results of exercise
testing. (4) Management of heart failure included heart
failure medication changes (addition, removal or dose
adjustment of b-blockers, angiotensin converting
enzyme inhibitors, angiotensin receptor blockers, aldos-
terone antagonists, and diuretics at the time of the
consultation), referral for an automatic implantable car-
dioverter-defibrillator placement, or cardiac
resynchronization therapy within a month of the
consultation.

Statistical Analysis

Continuous variables were presented as means and
standard deviation or median and interquartile range and
compared using Student’s ¢ test or Wilcoxon rank-sum
test, as appropriate. Categorical variables were presented
as percentages and compared with the Chi-square test or
Fischer’s exact test, as appropriate. For the multivariable
analysis, baseline demographics and parameters of the
CPET and SPECT imaging were included in the
univariable part. Subsequently, variables with an asso-
ciation of P < .10 were included in the multivariable
model. A P value of <0.05 was considered statistically
significant for all analyses. All analyses were performed
with JMP software, version 9.0 (SAS Institute, Cary,
North Carolina).

RESULTS

415 patients were included in the study. In the
overall sample, mean age was 64 + 12 years, 64% of the
patients were male, body mass index (BMI) was 30 + 8§,
49% of the patients had prior diagnosed CAD (28% with
prior percutaneous coronary intervention [PCI] and 16%
with prior coronary artery bypass graft surgery
[CABG]), 30% had a history of congestive heart failure
(systolic or diastolic), 7% had diagnosed chronic
obstructive pulmonary disease or interstitial lung dis-
ease, and 19% had sleep-related disorder. In this cohort,
2% of the patients did not perform all of the evaluation
at our center and were reported as having missing data.
The reasons for referral are presented in Fig. 1. The
majority of patients were referred for the evaluation of
dyspnea (51%) or chest pain (31%). Overall, abnormal
CPET was observed in 77% of patients who had normal
MPI and in 88% of patients with abnormal MPI
(P = .007).

Patients with Normal MPI

Of the 415 patients in the study, 269 (65%) had
normal MPI. Of these patients, 206 (77%) had abnormal
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CPET. Baseline demographic characteristics were sim-
ilar in patients with and without CPET abnormalities.
Compared to patients with normal CPET and normal
MPI, patients with abnormal CPET but normal MPI had
higher BMI (30 + 6 vs 28 + 4 kg/mz, P < .01). There
was a trend for higher proportion of chest pain and
dyspnea as the presentation in patients with normal MPI/
abnormal CPET, although the difference was not statis-
tically significant (Table 1). In addition, patients with
normal MPI but abnormal CPET demonstrated abnormal
blood pressure response (P < .0l) and heart rate
response during stress testing (P = .01) more frequently
(Table 2). Abnormal CPET was also associated with
decreased exercise time (6.9 £ 1.9 vs 9.8 = 2.6 min,
P < .01), decreased functional aerobic capacity
(78 £ 16% vs 105 £ 19%, P < .01), and decreased
metabolic equivalents (METS) (7.0 £ 2.0 vs 9.5 + 2.6,
P < .01) (Table 2).

In patients with normal MPI, an abnormal pul-
monary response on CPET was associated with an
increased referral to Pulmonary Medicine (37.2% vs
4.0%, P < .001). Decreased VO, resulted in manage-
ment of deconditioning more frequently compared to
normal VO, (35.4 vs 18.2, P = .004). In patients where
CPET showed cardiac output limitation, medication
therapy was augmented in 20.0% vs 8.1% of cases in
which CPET showed no cardiac limitation (P = .006).
Referral for coronary angiography was not significantly
different between people with abnormal and normal
CPET (5.8% vs 3.2%, P = .34). Among the 13 (5.8%)
patients who were referred for coronary angiography in
the abnormal CPET group, PCI was performed in 2
patients with two-vessel disease for lesions both <70%.
The remaining of the patients who were referred for
cardiac catheterization did not undergo revasculariza-
tion. One patient was directly referred for CABG after
MPI/CPET (based on results of prior recent cardiac
catheterization that revealed triple-vessel disease
>70%).

Patients with Abnormal MPI

Of the 415 patients in the study, 146 (35%) had
abnormal MPIL. Of these patients, 128 (88%) had
abnormal CPET. Patients with abnormal CPET, com-
pared to patients with normal CPET, had higher BMI
(31 =11 vs 28 +4 kg/m>, P=.01) and a higher
prevalence of systolic dysfunction (defined as LVEF
<50%) (44% vs 17%, P < .01). Chest pain was the
presentation in 31% of patients with normal MPI and
30% of patients with abnormal MPI. In addition, patients
with abnormal CPET were more likely to have a history
of valvular heart disease compared to patients with
normal CPET (23% vs 0%, P = .02) (Table 1). In
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Figure 1. Reasons for referral for combined SPECT MPI and CPET.

regards to stress-testing data, post-stress wall motion
abnormalities (independent of LVEF) were noted more
frequently in patients with CPET abnormalities (5 [3-13]
vs 2 [1-8] segments, P = .04) and those patients also
demonstrated abnormal blood pressure responses
(P < .01) and heart rate responses (P = .0l) more
frequently. Finally, patients with CPET abnormalities,
as compared to patients without CPET abnormalities,
had significant differences in exercise time, functional
aerobic capacity, and metabolic equivalents (P < .01,
Table 2).

In patients with abnormal MPI and abnormal CPET,
most of the clinical decision-making was directed
toward treatment of myocardial ischemia. In patients
with a cardiac limitation on CPET, referral for cardiac
catheterization was observed more frequently compared
to patients with a normal cardiac response (33.3% vs
14.7%, P = .009). Of note, this increased referral rate
was not influenced by discrepancies in the presence of
reversible defects on MPI between patients with or
without cardiac impairment (20/26 patients [77%] vs 7/
10 [70%], P = .99). In addition, patients with reversible
defects (compared to patients with non-reversible
defects) on MPI did not have a statistically increased
rate of referral to cardiac catheterization (29% vs 17%,

P = .10). Cardiac impairment on CPET was associated
with an increased referral rate in patients with reversible
defects (20% vs 7%, P = .02), but not in patients with
fixed defects (22% vs 12%, P = .47). Patients without
cardiac limitation received counseling for decondition-
ing more frequently compared to patients with cardiac
limitation (32.4% vs 14.1%, P = .009). Medication
changes and management of pulmonary issues did not
significantly differ in patients with abnormal vs patients
with normal CPET when the MPI was also abnormal
(Table 4).

The Role of Left Ventricular Ejection
Fraction Calculated by MPI on Downstream
Evaluation

LVEF was calculated by MPI in 389 patients,
whereas in 26 patients it was indeterminate, and was
found to be <50% in 91 of the 389 patients. If LVEF
<50% was used to define an abnormal perfusion
imaging study (regardless of perfusion defects), CPET
addition had similar impacts on downstream evaluation
and treatment. Specifically, of the 415 patients in the
study, 238 patients had normal MPI (based on perfusion
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e 2 2 8 only) and LVEF >50% (or indeterminate LVEF) and
o~ = 177 patients had abnormal MPI or LVEF <50%.
g ~8| o ) § In the first group (both no perfusion abnormality
3 g e o) 5 and LVEF >50%), an abnormal CPET would lead to
z & ©° N ﬁ changes in evaluation and management similar to as
- - 2 described in Table 3. In this group, patients had man-
z N § ) < g g agement of pulmonary disease more frequently if they
o g I =} - 5 = had evidence of pulmonary impairment vs no evidence
g s ] .E :'_>) of pulmonary impairment on CPET (13 patients [38%]
S vs 8 patients [4%], P < .001). They also had more
& 2 2 § £ frequent medication changes if their CPET showed
§ g cardiac limitation vs it did not show cardiac limitation
g s _ g o (1.8 patients [23%] vs 18 patients [11%], P = .02).
S s aE.a N s < : S F.n?all'y, they were more frequentily managed for decon-
‘5 § E ‘H‘ oS = = § d1t10nlgg if they had low VOQ. vs if they had normal VO,
o0& © o0 o @ (56 patients [35%] vs 15 patlents [19%], P = .01).
z E= £ 3 In the second group (either perfusion defects present
:"j 2 or LVEF <50%), an abnormal CPET did not significantly
- s E‘g_ determine downstream evaluation and management;
; E _ 5 5 similar to what was seen in patients with perfusion defects
3 E A - = %= only (Table 4). The one exception was that pulmonary
9 E nl = &) ‘; % impairment on CPET led to significantly increased rate of
=§ E‘S - N El}E’ pulmonary disease management compared to no pul-
5' = g 58 monary impairment (7 patients [17%] vs 3 patients [2%],
" " = f P < .001). Otherwise, medication changes, cardiac
&z z '8 ) catheterization rates, and management of deconditioning
> 'g A did not significant change based on CPET variables.
TEg 9=
§eR ] | 5P
E="| o o 5 Multivariable Analysis in the Whole
2 é g - 0 y £ Population
2 . § 5 On multivariable analysis, the presence of pul-
T g monary impairment of CPET was associated with a 10-
2E _ % ua:, fold increase in management of pulmonary disease (OR
§ g g o 5} E _3 10.1, 95% CI 4.3-24.4, P < .001), whereas stress-
£ E I = =2 E S induced ischemia on MPI led to significant decrease of
E %5 © e 5 5 management of pulmonary disease (OR 0.1, 95% CI
= § g 0.02-0.4, P = .007). Management of deconditioning
e £ ‘2 S f— was most strongly associated with BMI >30 (OR 2.9,
_ N “S 95% CI 1.7-4.9, P < .001, female sex (OR 1.8, 95% CI
E =8 _ ) B 1.1-3.0, P = .02) and dyspnea on presentation (OR 2.0,
5 E-: il g s | £2 95% CI 1.2-33, P = .006). Referral for cardiac
Z & © N %% catheterization was driven by chest pain (OR 2.3, 95%
_ a % CI 1.1-4.8, P = .02) and reversible defects on MPI (OR
E o —_ 8T 3.4,95% C11.7-6.8, P < .001). Finally, changes in heart
EER| 2 © R0 fail dications were associated with dyspnea on
5 o - Ag ailure me ysp
- goll = oy o9 presentation (OR 2.4, 95% CI 1.5-4.0, P < .001) and
S < R low VO, on CPET (OR 2.2, 95% CI 1.3-4.0, P = .006)
c S
= S D5 (Supplemental Table 1).
5 s g g
° scy & |83
: 59 g o0 8. g DISCUSSION
% % @ ?g 28 § 3 Our study demonstrated that (1) CPET abnormal-
= 4 = O E ities were found in a substantial portion of the patients
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with normal MPI (77%) and abnormal MPI (88%)
(P =.007), (2) normal MPI/pulmonary impairment
results in more frequent downstream evaluation of
pulmonary disease, (3) normal MPIl/cardiac output
impairment leads to advancement of medical therapy
for heart failure, and (4) normal MPI/decreased VO,
leads to treatment of deconditioning. To our knowledge,
this is the first study to examine a combined CPET/
SPECT MPI protocol.

A powerful characteristic of CPET is its ability to
distinguish between cardiac and pulmonary disease.?’
Several CPET abnormalities, such as the VE/VCO,, Pgt
CO,, oxygen uptake efficiency slope, and breathing
reserve can be used for that differentiation. Our study
specifically used low rise in VO, max, a RER <1.15, a
BR <10%, and a high VE/VCO,, among others. Based
on those parameters, 24 (11.7%) patients with normal
MPLl/abnormal CPET had management of pulmonary
issues, compared to only 2 (3.2%) of patients with
normal MPI/normal CPET (P = .04, patients needed to
test = 11.8). In addition, only patients with normal MPI
seemed to be treated for pulmonary issues more
frequently. Importantly, addition of CPET to MPI may
be considered for the patient that present primarily with
dyspnea, rather than chest pain.

Identification and management of patients with
deconditioning is perhaps the most common contribu-
tion of combined MPI and CPET. This occurred to
33.5% of patients with normal MPI/abnormal CPET,
compared to only 17.4% of patients with normal MPI/
normal CPET (P = .01, number needed to test = 6.2).
Decrease in VO, was shown to correlate best with this
change, which is consistent with the literature.® Addi-
tional parameters that can be used to determine the need
and intensity of exercise prescriptions include VO,
reserve (difference between resting and peak VO,) and
heart rate reserve (difference between basal and peak
heart rate).%’28

Currently, the use of CPET as a diagnostic tool to
detect coronary ischemia is not endorsed in the 2012 and
2016 Joint Statements of the European Association for
Cardiovascular Prevention and Rehabilitation and the
American Heart Association,”* particularly since only
limited studies suggest that CPET may be of value in
such an evaluation.’®>* However, it is possible that in
patients with abnormal MPI, the additional finding of
abnormal CPET (such as cardiac impairment) may assist
in the work-up for cardiac ischemia by indicating
increased CAD severity and thus expedite coronary
angiography. Our study did not demonstrate a significant
increase in referral rates for coronary catheterization or
CAD revascularization in patients with abnormal CPET
and normal or abnormal MPI (compared to the patients
with normal CPET). Of note, the patients with abnormal
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CPET/normal MPI who did undergo PCI after being
referred for cardiac catheterization had both stents
placed in <70% lesions.

Determining who may benefit from CPET as well as
timing of combined or sequential MPI/CPET testing
may be challenging. Since CPET is an expensive
diagnostic tool with more limited availability, it is
important to specify the patient populations that would
benefit from its addition to the standard work-up of chest
pain or dyspnea. Limitations to CPET use include higher
cost than testing without CPET (i.e., exercise ECG
without CPET or SPECT MPI without CPET), technical
difficulties associated with calibration, and more limited
expertise in performing and interpreting the test. Addi-
tion of CPET to stress testing should be directed to
specific patient groups where combined testing may
have a higher diagnostic yield. Our study demonstrated a
benefit of CPET mostly when the MPI is normal
(Tables 3, 4). This finding suggests that it may be more
cost-efficient to perform MPI studies first and add CPET
if the former is normal. Concurrent testing may be
advisable if cost is not a limiting factor and in special
populations in which CAD is not the most suspected
diagnosis but needs to be ruled out in the presence (or
even absence) of CAD-risk factors. Such populations
may include younger females, patients with advanced
lung disease, patients with prior normal coronary
angiograms, and patients with congestive heart failure
likely from non-ischemic cardiomyopathy.

Several important limitations merit discussion: (1)
the current analysis does not serve to assess the diagnostic
accuracy of CPET for CAD or other cardiopulmonary
conditions, and rather it sought to evaluate its impact on
clinical decision-making; (2) downstream evaluation of
patients may have been affected by reasons that are
unrelated to results of CPET, including patient preference
or strong clinical suspicion; (3) the observational study
design introduces selection bias since referral for com-
bined testing is more likely to occur when other cardiac or
pulmonary conditions other than coronary artery disease
are suspected; (4) the study was performed at a single
tertiary center thus limiting its generalizability to other
medical centers where CPET is not readily available and a
multidisciplinary approach is less feasible; (5) the study
may have been underpowered to detect significant differ-
ences in regards to cardiac catheterization and medication
changes, among others, as suspected by the trend seen in
those categories; and (6) the study did not describe long-
term outcomes in patients who were tested.

In conclusion, in an observational tertiary referral
center study, CPET is commonly abnormal in patients
with normal perfusion imaging and is associated with
increased referral rates to pulmonary medicine and
management of deconditioning factors. When perfusion
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imaging is abnormal, CPET is also commonly abnormal
but management of these issues is less frequent. Com-
bined testing should be considered in patients where
ischemia is not the most likely diagnosis, but needs to be
ruled out.

NEW KNOWLEDGE GAINED

Over three-quarters of patients undergoing com-
bined CPET-MPI imaging have a normal perfusion
study but an abnormal CPET assessment. These patients
are more likely to undergo further assessment and
management of pulmonary conditions and decondition-
ing when compared to patients who had both normal
MPI and CPET. Therefore, the addition of CPET testing
to MPI may be beneficial in diagnosing etiologies other
than ischemia, such as pulmonary disorders and decon-
ditioning, which could be contributing to the patient’s
symptomatology. Combined CPET-MPI testing should
be considered when ischemia is being included as a
component of the differential diagnosis but other
etiologies are thought to be contributing to the patient’s
presentation.

Disclosure

All authors declare that they have no conflict of interest.

References

1. Arena R, Sietsema KE. Cardiopulmonary exercise testing in the
clinical evaluation of patients with heart and lung disease. Cir-
culation. 2011;123:668-80.

2. Task Force of the Italian Working Group on Cardiac Rehabilita-
tion Prevention, Working Group on Cardiac Rehabilitation,
Exercise Physiology of the European Society of Cardiology.
Statement on cardiopulmonary exercise testing in chronic heart
failure due to left ventricular dysfunction: Recommendations for
performance and interpretation. Part III: interpretation of car-
diopulmonary exercise testing in chronic heart failure and future
applications. Eur J Cardiovasc Prev Rehabil. 2006;13:485-94.

3. Task Force of the Italian Working Group on Cardiac Rehabilita-
tion Prevention, Working Group on Cardiac Rehabilitation,
Exercise Physiology of the European Society of Cardiology, Pie-
poli MF, Corra U, et al. Statement on cardiopulmonary exercise
testing in chronic heart failure due to left ventricular dysfunction:
Recommendations for performance and interpretation. Part IT: how
to perform cardiopulmonary exercise testing in chronic heart
failure. Eur J Cardiovasc Prev Rehabil. 2006;13:300-11.

4. Task Force of the Italian Working Group on Cardiac Rehabilita-
tion Prevention, Working Group on Cardiac Rehabilitation,
Exercise Physiology of the European Society of Cardiology, Pie-
poli MF, Corra U, Agostoni PG, et al. Statement on
cardiopulmonary exercise testing in chronic heart failure due to
left ventricular dysfunction: Recommendations for performance
and interpretation. Part I: definition of cardiopulmonary exercise

Christopoulos et al 105
The impact of combined cardiopulmonary exercise testing

testing parameters for appropriate use in chronic heart failure. Eur
J Cardiovasc Prev Rehabil. 2006;13:150-64.

5. Patel CB, DeVore AD, Felker GM, Wojdyla DM, Hernandez AF,
Milano CA, et al. Characteristics and outcomes of patients with
heart failure and discordant findings by right-sided heart
catheterization and cardiopulmonary exercise testing. Am J Car-
diol. 2014;114:1059-64.

6. Keteyian SJ, Patel M, Kraus WE, Brawner CA, McConnell TR,
Pina IL, et al. Variables measured during cardiopulmonary exer-
cise testing as predictors of mortality in chronic systolic heart
failure. J Am Coll Cardiol. 2016;67:780-9.

7. Patel MJ. Cardiopulmonary exercise tests in patients with heart
failure and chronic obstructive pulmonary disease: moving beyond
risk assessment. JACC Heart Fail. 2016;4:262—4.

8. Gholamrezanezhad A, Shirafkan A, Mirpour S, Rayatnavaz M,
Alborzi A, Mogharrabi M, et al. Appropriateness of referrals for
single-photon emission computed tomography myocardial perfu-
sion imaging (SPECT-MPI) in a developing community: A
comparison between 2005 and 2009 versions of ACCF/ASNC
appropriateness criteria. J Nucl Cardiol. 2011;18:1044-52.

9. Daida H, Allison TG, Squires RW, Miller TD, Gau GT. Peak
exercise blood pressure stratified by age and gender in apparently
healthy subjects. Mayo Clin Proc. 1996;71:445-52.

10. Balady GJ, Arena R, Sietsema K, Myers J, Coke L, Fletcher GF,
et al. Clinician’s Guide to cardiopulmonary exercise testing in
adults: A scientific statement from the American Heart Associa-
tion. Circulation. 2010;122:191-225.

11. Cole CR, Blackstone EH, Pashkow FJ, Snader CE, Lauer MS.
Heart-rate recovery immediately after exercise as a predictor of
mortality. N Engl J Med. 1999;341:1351-7.

12. Fihn SD, Gardin JM, Abrams J, Berra K, Blankenship JC, Dallas
AP, et al. 2012 ACCF/AHA/ACP/AATS/PCNA/SCAL/STS
Guideline for the diagnosis and management of patients with
stable ischemic heart disease: A report of the American College of
Cardiology Foundation/American Heart Association Task Force
on Practice Guidelines, and the American College of Physicians,
American Association for Thoracic Surgery, Preventive Cardio-
vascular Nurses Association, Society for Cardiovascular
Angiography and Interventions, and Society of Thoracic Surgeons.
J Am Coll Cardiol. 2012;60:e44—164.

13. Lauer MS, Levy D, Anderson KM, Plehn JF. Is there a relationship
between exercise systolic blood pressure response and left ven-
tricular mass? The Framingham Heart Study. Ann Intern Med.
1992;116:203-10.

14. Sanmarco ME, Pontius S, Selvester RH. Abnormal blood pressure
response and marked ischemic ST-segment depression as predic-
tors of severe coronary artery disease. Circulation. 1980;61:572-8.

15. Fletcher GF, Ades PA, Kligfield P, Arena R, Balady GJ, Bittner
VA, et al. Exercise standards for testing and training: A scientific
statement from the American Heart Association. Circulation.
2013;128:873-934.

16. Mathur S, Shah AR, Ahlberg AW, Katten DM, Heller GV. Blunted
heart rate response as a predictor of cardiac death in patients
undergoing vasodilator stress technetium-99m sestamibi gated
SPECT myocardial perfusion imaging. J Nucl Cardiol.
2010;17:617-24.

17. Allison TG. Mayo clinic cardiology concise textbook 4th edition.
Cardiopulmonary Exercise Testing in Clinical Medicine; 2012.

18. Germano G, Kavanagh PB, Waechter P, Areeda J, Van Kriekinge
S, Sharir T, et al. A new algorithm for the quantitation of
myocardial perfusion SPECT. I: Technical principles and repro-
ducibility. J Nucl Med. 2000;41:712-9.

19. http://www.asnc.org/files/SPECT 2010.pdf.


http://www.asnc.org/files/SPECT

106

20.

21.

22.

23.

24.

25.

26.

Christopoulos et al
The impact of combined cardiopulmonary exercise testing

Guazzi M, Adams V, Conraads V, Halle M, Mezzani A, Vanhees
L, et al. EACPR/AHA Joint Scientific Statement. Clinical rec-
ommendations for cardiopulmonary testing data
assessment in specific patient populations. Eur Heart J.
2012;33:2917-27.

Hiraga T, Maekura R, Okuda Y, Okamoto T, Hirotani A, Kitada S,
et al. Prognostic predictors for survival in patients with COPD
using cardiopulmonary exercise testing. Clin Physiol Funct
Imaging. 2003;23:324-31.

Oga T, Nishimura K, Tsukino M, Sato S, Hajiro T. Analysis of the
factors related to mortality in chronic obstructive pulmonary dis-
ease: Role of exercise capacity and health status. Am J Respir Crit
Care Med. 2003;167:544-9.

Fell CD, Liu LX, Motika C, Kazerooni EA, Gross BH, Travis WD,
et al. The prognostic value of cardiopulmonary exercise testing in
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med.
2009;179:402-7.

Miki K, Maekura R, Hiraga T, Okuda Y, Okamoto T, Hirotani A,
et al. Impairments and prognostic factors for survival in patients
with idiopathic pulmonary fibrosis. Respir Med. 2003;97:482-90.
Barron A, Francis DP, Mayet J, Ewert R, Obst A, Mason M, et al.
Oxygen uptake efficiency slope and breathing reserve, not anaer-
obic threshold, discriminate between patients with cardiovascular
disease over chronic obstructive pulmonary disease. JACC Heart
Fail. 2016;4:252-61.

Mezzani A, Hamm LF, Jones AM, McBride PE, Moholdt T, Stone
JA, et al. Aerobic exercise intensity assessment and prescription in
cardiac rehabilitation: A joint position statement of the European
Association for Cardiovascular Prevention and Rehabilitation, the
American Association of Cardiovascular and Pulmonary

exercise

217.

28.

29.

30.

31.

32.

33.

Journal of Nuclear Cardiology®
January/February 2019

Rehabilitation and the Canadian Association of Cardiac Rehabil-
itation. Eur J Prev Cardiol. 2013;20:442-67.

Meyer T, Gabriel HH, Kindermann W. Is determination of exer-
cise intensities as percentages of VO,max or HRmax adequate?
Med Sci Sports Exerc. 1999;31:1342-5.

Swain DP, Leutholtz BC, King ME, Haas LA, Branch JD. Rela-
tionship between % heart rate reserve and % VO, reserve in
treadmill exercise. Med Sci Sports Exerc. 1998;30:318-21.
Guazzi M, Arena R, Halle M, Piepoli MF, Myers J, Lavie CJ. 2016
focused update: Clinical recommendations for cardiopulmonary
exercise testing data assessment in specific patient populations.
Circulation. 2016;133:¢694-711.

Klainman E, Fink G, Lebzelter J, Krelbaumm T, Kramer MR. The
relationship between left ventricular function assessed by multi-
gated radionuclide test and cardiopulmonary exercise test in
patients with ischemic heart disease. Chest. 2002;121:841-5.
Munhoz EC, Hollanda R, Vargas JP, Silveira CW, Lemos AL,
Hollanda RM, et al. Flattening of oxygen pulse during exercise
may detect extensive myocardial ischemia. Med Sci Sports Exerc.
2007;39:1221-6.

Dominguez-Rodriguez A, Abreu-Gonzalez P, Gomez MA, Garcia-
Baute Mdel C, Arroyo-Ucar E, Avanzas P, et al. Myocardial
perfusion defects detected by cardiopulmonary exercise testing:
Role of VE/VCO, slope in patients with chest pain suspected of
coronary artery disease. Int J Cardiol. 2012;155:470-1.

Pinkstaff S, Peberdy MA, Kontos MC, Fabiato A, Finucane S,
Arena R. Usefulness of decrease in oxygen uptake efficiency slope
to identify myocardial perfusion defects in men undergoing
myocardial ischemic evaluation. Am J Cardiol. 2010;106:1534-9.



	The impact of combined cardiopulmonary exercise testing and SPECT myocardial perfusion imaging on downstream evaluation and management
	Abstract
	Objective
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Patient Population
	Combined CPET and SPECT MPI Protocol
	Data Analysis
	Statistical Analysis

	Results
	Patients with Normal MPI
	Patients with Abnormal MPI
	The Role of Left Ventricular Ejection Fraction Calculated by MPI on Downstream Evaluation
	Multivariable Analysis in the Whole Population

	Discussion
	New Knowledge Gained
	References




