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Background. An absent left ventricular ejection fraction (LVEF) reserve with vasodilator
stress with PET cardiac imaging has been shown to provide significant independent and
incremental value to the perfusion images for prediction of future cardiovascular adverse
events. However, the prognostic value of LVEF reserve has not been well characterized with
SPECT myocardial perfusion imaging (MPI).

Methods. We studied 858 consecutive patients with normal and abnormal perfusion pattern
with regadenoson SPECT MPI. Change in LVEF was calculated as post-stress LVEF—rest
LVEF. Absent LVEF reserve was defined as a drop in LVEF by 5% or more on the post-stress
images. The primary outcome was a composite of cardiac death, non-fatal myocardial infarc-
tion and late coronary revascularization.

Results. An absent LVEF reserve was more common in patients with abnormal vs normal
MPI (31% vs 19%, P = .001). During a median follow-up of 32 months, the primary outcome
was experienced by 31% of the study population. An absent LVEF reserve was not associated
with an increased risk of the primary outcome in patients with normal (hazard ratio 1.1, 95%
CI .4-2.7, P = .8) or abnormal (.75, .56-1.00, P = .05) MPI. There was no significant correlation
between extent of ischemia and post-stress change in LVEF (Pearson r = 2 .072, P = .07).

Conclusions. In patients undergoing regadenoson SPECT MPI, absent LVEF reserve is not
associated with worse cardiac outcomes. Thus, routine reporting of both post-stress and rest
LVEF measurements in this setting may not be necessary. (J Nucl Cardiol 2022;29:978–86.)

Key Words: MPI Æ Gated SPECT Æ Diagnostic and prognostic application Æ Physiology of
LV/RV function Æ CAD Æ Regadenoson
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Abbreviations
CAD Coronary artery disease

CR Coronary revascularization

EDV End-diastolic volume

ESV End-systolic volume

LVEF Left ventricular ejection fraction

MPI Myocardial perfusion imaging

PDS Perfusion defect size

PET Positron emission tomography

SPECT Single-photon emission computed

tomography

TID Transient ischemic dilatation

BACKGROUND

More than 50% of the 8 million single-photon

emission computed tomography (SPECT) myocardial

perfusion imaging (MPI) studies performed in the USA

annually use vasodilator stress agents, most commonly

regadenoson, a selective adenosine A2A receptor ago-

nist.1,2 The perfusion pattern and perfusion defect size

obtained with regadenoson MPI have been shown to

provide powerful diagnostic and prognostic information

that can inform patient management.3-9 In addition to

myocardial perfusion, numerous non-perfusion variables

have been identified as providing incremental prognostic

information.10-12

The left ventricular ejection fraction (LVEF)

derived from gated regadenoson SPECT MPI is a strong

predictor of cardiac death incremental to that of perfu-

sion defect extent and severity.3 Further, severe and

extensive myocardial ischemia has been shown to be

associated with transient ischemic dilatation (TID),

myocardial stunning, and a drop or a lack of augmen-

tation of LVEF post-stress.10,13,14 Absent LVEF reserve

(most commonly defined as a drop in LVEF by 5% or

more on stress compared to rest imaging) with vasodila-

tor stress using positron emission tomography (PET) has

been shown to associate with high-risk coronary artery

disease, and it provides significant independent and

incremental value to the perfusion images for prediction

of future cardiovascular adverse events.15 However,

with conventional SPECT MPI, the value of LVEF

reserve has not been well characterized. A recent study

of patients who underwent regadenoson SPECT MPI

and invasive coronary angiography failed to demonstrate

an association between absent LVEF reserve and severe/

extensive angiographic coronary artery disease

(CAD).16 The aim of the current study is to examine

the prevalence of an absent LVEF reserve with

regadenoson SPECT MPI in patients undergoing

clinically indicated studies with normal and abnormal

myocardial perfusion, and the association of absent

LVEF reserve with cardiovascular risk.

METHODS

Study Cohort

A retrospective cohort study design was implemented.

The study population consisted of patients who underwent

regadenoson MPI at the University of Alabama at Birmingham

Nuclear Cardiology Laboratory from July 2008 to January

2010. This cohort has been described in details previously.3,17

Briefly, the cohort consisted of consecutive patients with

normal and abnormal myocardial perfusion who underwent

regadenoson-rest SPECT MPI. Of the 921 patients, 63 (7%)

patients had missing gated data or their images could not be

properly gated and therefore were excluded, leaving 858

patients in the analysis. Patient demographics (age, gender,

race) and comorbidities (diabetes, hypertension, hyperlipi-

demia, end-stage renal disease, and coronary revascularization)

were obtained via medical record queries. MPI images were

retrieved and processed for automated evaluation of parame-

ters of interest: perfusion defect size (PDS), %LV ischemia,

TID, post-stress and rest LVEF, post-stress and rest end-

diastolic and end-systolic volumes (EDV and ESV, respec-

tively). The clinical reports at our institution routinely report a

single assessment of LVEF unless when there is clinical

suspicion for myocardial stunning. The study was approved by

the institutional board for human research at the University of

Alabama at Birmingham.

Myocardial Perfusion Imaging

Regadenoson MPI was performed using standard proto-

cols approved by the American Society of Nuclear

Cardiology.18 Details related to stress testing, imaging, and

interpretation of images in this study population have been

previously described.3,17 All patients underwent both stress

and rest imaging, and the vast majority were performed on the

same day with stress-first imaging. All stress tests occurred in

the absence of exercise. Regadenoson was administered as a

400 lg fixed intravenous bolus followed by 5 mL saline flush.

Technetium-99m sestamibi was injected 10-20 seconds later.

In general, the stress dose in non-obese patients was 8-12 mCi,

and the rest dose 24-36 mCi. SPECT gated images were

acquired using a dual-head detector with an elliptical 180�
acquisition (45� RAO to 45� LAO) and 8-16 frames per R-R

cycle. Stress image acquisition started 30-60 minutes follow-

ing injection of regadenoson and tracer. Rest imaging was

performed if the stress images were abnormal or if there was

uncertainty in the interpretation of the stress images. Image

analysis was performed using automated software with visual

supervision by readers who were blinded to subsequent events

as previously described3,17 to characterize PDS, extent, sever-

ity, and reversibility at rest. Both sets of gated images were

analyzed for LV volumes at end-diastole and end-systole to
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allow for calculation of LVEF.19 The reader was not blinded to

whether the image dataset was from the stress or rest study.

TID ratio was calculated as the ratio of LV volume on the

summed post-stress images to that on the summed rest images.

TID was deemed present when this ratio was C 1.33.17

DLVEF was calculated as LVEF on the post-stress images—

LVEF on the rest images. Absent LVEF reserve with

regadenoson was defined as a drop in LVEF by 5% or more

on the post-stress images, i.e., negative DLVEF C 5%.

Outcomes

The primary outcome was a composite of cardiac death,

myocardial infarction, and late coronary revascularization

(CR). Coronary revascularization included both coronary

artery bypass grafting and percutaneous coronary intervention.

Late coronary revascularization was defined as occur-

ring[ 90 days from index MPI. Outcomes were obtained by

review of electronic medical records and adjudicated by a

blinded reviewer. For those patients whose medical records

follow-up was less than two years, scripted telephone inter-

views were used. Death was verified against the Social

Security Death Index database. In cases where the cause of

death was unknown, the death was categorized as cardiac.

Statistical Analysis

Statistical analysis was performed using SPSS version 25

for Windows (SPSS Inc., Chicago, Illinois). Continuous

variables were presented as mean ± SD or median and

interquartile ranges (Q1 to Q3) and compared between the

groups using the unpaired t test or Mann-Whitney U test, as

appropriate. Discrete variables were presented as frequencies

and percentages and compared between the groups using the v2

test. Survival curves were constructed for patients with and

without LVEF reserve using the Kaplan-Meier method, and

differences between survival curves were estimated by the log

rank test. Survival analysis treated the time of MPI as ‘‘time

0.’’ Estimated risks were reported as hazard ratios and the

corresponding 95% confidence interval. All tests were 2-tailed,

and a P value of\ .05 was considered statistically significant.

RESULTS

Our study cohort consisted of 858 patients with a

mean age of 62 years, of which 66% were men, 66%

Caucasian, 48% had diabetes, 29% end-stage renal

disease, and 46% history of prior coronary revascular-

ization. The cohort included 210 patients with normal

perfusion and 648 patients with abnormal perfusion. The

characteristics of the cohort according to their perfusion

status and presence or absence of LVEF reserve are

listed in Table 1.

LVEF Reserve

The median post-stress LVEF was 53% (interquar-

tile range 41% to 63%) and the rest LVEF was 55%

(43% to 63%). Median DLVEF was - 1% (- 5% to

3%). An absent LVEF reserve post-stress was present in

237 (28%) patients. Any drop in LVEF post stress (i.e.,

DLVEF\ 0%) was present in 462 (54%) patients. The

characteristics of MPI findings according to patients’

perfusion status and DLVEF are shown in Table 2.

Absent LVEF reserve was present in 19% of the normal

perfusion cohort and 31% of the abnormal perfusion

cohort (P = .001). There were no significant differences

in the baseline characteristics between those with and

without LVEF reserve in both cohorts (Table 1). In the

cohort with normal perfusion, patients without LVEF

Figure 1. Kaplan-Meier survival curves for the composite
outcome of cardiac death, MI, and late CR according to LVEF
reserve status in patients with normal (A) and abnormal (B)
regadenoson SPECT MPI. The association was not statistically
significant as indicated by the log rank p value shown on the
graph. Absent LVEF reserve with regadenoson was defined as
a drop in LVEF by 5% or more on the post-stress images
compared to rest images.
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reserve had lower post-stress LVEF and higher rest

LVEF compared to those with LVEF reserve. In the

cohort with abnormal perfusion pattern, patients without

LVEF reserve had higher rest LVEF but similar post-

stress LVEF compared to those with LVEF reserve.

These patients were more likely to have TID on their

perfusion scan (15% vs 5%, P\ .001).

Outcomes

During a median follow-up of 32 months (12 to

45 months), 263 (31%) patients experienced the primary

outcome of cardiac death, MI, or late CR. There were

278 (32%) all-cause deaths including 183 (21%) cardiac

deaths. 47 (6%) patients experienced MI, and 71 (8%)

underwent late CR. In patients with normal perfusion,

there was no significant difference in rate of primary

outcome between patients with and without LVEF

reserve. The hazard ratio for those without LVEF

reserve was 1.1 (95% CI .4-2.7), P = .8 (Figure 1A).

In patients with abnormal perfusion pattern, there was a

non-statistically significant trend towards a lower risk of

the primary outcome in patients without LVEF reserve;

hazard ratio .75 (.56-1.00), P = .05 (Figure 1B).

Myocardial Ischemia and LVEF Reserve

There was no significant correlation between extent

of ischemia (%LV) and post-stress DLVEF (%), (Pear-

son r = - .072, P = .07). Within the 648 patients with

abnormal perfusion, 370 (57%) patients had large areas

of ischemia (defined as C 10% of the LV involved). In

this subset, there was no significant difference in rate of

primary outcome between the patients with and without

LVEF reserve (Figure 2A).

Abnormal Rest LVEF and LVEF Reserve

Since the intrinsic variability of repeated measures

of LVEF in the abnormal range is narrower than in the

Figure 2. Kaplan-Meier survival curves for the composite
outcome of cardiac death, MI, and late CR according to LVEF
reserve status in patients with large areas of myocardial
ischemia (C 10% of the LV) (A) and in those with abnormal
regadenoson SPECT MPI in the presence of transient ischemic
dilation (TID) (B). The association was not statistically
significant as indicated by the log rank P value shown on the
graph. Absent LVEF reserve with regadenoson was defined as
a drop in LVEF by 5% or more on the post-stress images
compared to rest images.

Figure 3. Kaplan-Meier survival curves for the composite
outcome of cardiac death, MI, and late CR in patients with
normal (A) and abnormal (B) regadenoson SPECT MPI
comparing patients with LVEF reserve (an increase in LVEF
by 5% or more post-stress) to those with no change in LVEF
post-stress (DLVEF between - 4% and 4%) and those with
absent LVEF reserve (a drop in LVEF by 5% or more post-
stress). The association was not statistically significant as
indicated by the log rank p value shown on the graph.
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normal range,27 we assessed the significance of absent

LVEF reserve in patients with abnormal rest LVEF. In

our abnormal myocardial perfusion cohort, 298 (46%)

patients had a rest LVEF\ 50%. In these patients, an

absent LVEF reserve was not associated with increased

risk of the primary outcome (HR .92, 95%CI .61-1.39,

P = .7).

TID and LVEF Reserve

In patients with normal perfusion, there was no

significant difference in DLVEF between those with TID

(1%, interquartile range - 4% to 6%) vs without TID

(2%, - 3% to 6%), P = .6. A similar proportion of

patients had absent LVEF reserve irrespective of

whether they had TID (14% vs 19%, P[ .9). In patients

with abnormal perfusion, those with TID had a more

robust drop in LVEF post-stress (- 6%, - 12 to - 1%),

than those without TID (- 2%, - 5% to 2%, P\ .001).

Significantly more patients with TID had no LVEF

reserve than those without TID (54% vs 29%, P\ .001).

However, even in patients with abnormal perfusion and

TID, an absent LVEF reserve was not associated with

the primary outcome (Figure 2B).

DISCUSSION

The main aim of this study was to evaluate the

association of an absent LVEF reserve with regadenoson

technetium-99m sestamibi MPI and future adverse

cardiovascular outcomes. An absent LVEF reserve with

regadenoson, defined here as a decrease in LVEF by 5%

or more on the post-stress images, was present in 28% of

our cohort. An absent LVEF reserve was not associated

with future cardiac death, MI, or late CR on long-term

follow-up. The lack of prognostic value of an absent

LVEF reserve was evident in patients with normal

myocardial perfusion pattern on imaging, in patients

with abnormal myocardial perfusion, in patients with

large area of myocardial ischemia, and in patients with

abnormal myocardial perfusion and TID. The robustness

of this data strengthens the validity of our findings.

Further, the lack of association between absent LVEF

reserve and adverse cardiac events in patients with

normal myocardial perfusion suggests that no further

evaluation for obstructive CAD is warranted in these

patients. Furthermore, although patients with abnormal

myocardial perfusion and TID were more likely to have

absence of LVEF reserve, the extent of ischemia did not

correlate with post-stress DLVEF. This is the first study

in the literature examining the association of LVEF

reserve with regadenoson (or other vasodilators) on

SPECT MPI and outcomes in an unselected population

undergoing stress testing for clinical indications.

An earlier study by Gomez et al.16 examined the

association of post-stress DLVEF with regadenoson with

coronary artery disease (CAD) on angiography. Unlike

our study, the study by Gomez et al.16 pre-selected

patients who underwent invasive coronary angiography

within 6 months of MPI. They found that, irrespective of

the perfusion pattern on imaging, post-stress decrease in

LVEF by 5% (or 10%) was not predictive of severe or

Table 1. Baseline characteristics stratified by myocardial perfusion pattern and presence or absence of
LVEF reserve post-stress

Entire
cohort
(858)

Normal perfusion
(210) P

value

Abnormal perfusion
(648) P

value
No LVEF
reserve*

(39)

LVEF
reserve
(171)

No LVEF
reserve*
(198)

LVEF
reserve
(449)

Age (years) 62 ± 12 58 ± 11 58 ± 12 .8 63 ± 11 63 ± 12 .8

Male gender 563 (66%) 21 (54%) 109 (64%) .3 127 (64%) 305 (68%) .4

Caucasian Race 566 (66%) 22 (58%) 90 (55%) .7 140 (71%) 313 (70%) .9

Diabetes 413 (48%) 17 (44%) 60 (35%) .4 98 (50%) 237 (53%) .4

Hypertension 707 (82%) 33 (85%) 141 (83%) [ .9 160 (81%) 372 (83%) .6

Hyperlipidemia 554 (65%) 18 (46%) 79 (46%) [ .9 137 (69%) 319 (71%) .6

ESRD 249 (29%) 15 (39%) 76 (44%) .6 50 (25%) 107 (24%) .7

Coronary

revascularization

393 (46%) 3 (8%) 32 (19%) .2 101 (51%) 257 (57%) .2

*No LVEF reserve was defined as LVEF on the post-stress images—LVEF on the rest images B - 5%

982 Smith et al Journal of Nuclear Cardiology�
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extensive CAD in patients who underwent gated SPECT

MPI followed by coronary angiography within

6 months. Additionally, these patients were not at

increased risk of the composite endpoint of cardiac

death, MI or CR. In contrast to these findings, another

study utilizing vasodilator (dipyridamole or adenosine)

stress 82Rb positron emission tomography (PET) MPI

found that an absent LVEF reserve was an independent

predictor of left main or 3-vessel CAD.15 Notably, the

presence of LVEF reserve with vasodilator PET MPI

provides valuable information by excluding left main or

3-vessel CAD noninvasively.

The most likely reason for these conflicting findings

is the timing of image acquisition with the different

imaging modalities. In the 82Rb PET imaging study, the

radionuclide was administered during adenosine infu-

sion or within 3 minutes of dipyridamole administration

and image acquisition was started within 90-120 seconds

after tracer injection. This likely enabled measurement

of LVEF during peak hyperemia. In another cross-

sectional, multicenter, international study,20 post-exer-

cise SPECT images were acquired at 15 ± 5 minutes

after 99mTc-sestamibi injection; acquisition was repeated

at 60 ± 15 minutes after injection. They found that early

imaging was more likely to detect reduction in post-

stress LVEF, especially in patients with high summed

difference scores. The conclusion from these studies is

that early post-stress imaging is more likely to detect

differences in post-stress DLVEF.
Juxtaposed with the previously mentioned

sequences, in our study using technetium-99m SPECT

MPI, stress image acquisition started 30-60 minutes

following injection of vasodilator and tracer. Similarly,

images were acquired 45 minutes after stress in the

study by Gomez et al..16 It is likely that by the time

images in these studies were acquired, ischemia-induced

LV dysfunction has largely resolved and thus LVEF has

normalized. Evidence of this was noted in another study

which evaluated post-stress DLVEF obtained using

technetium-99m sestamibi high-efficiency SPECT.21 In

that study, it was noted that in images obtained within

five to nine minutes of regadenoson injection, there was

a correlation between myocardial ischemia and reduc-

tion in post-stress DLVEF. This association became

statistically non-significant when imaging was per-

formed starting at 13 minutes and completely absent at

21 minutes. Thus, early imaging during or shortly after

peak stress can detect presence or absence of LVEF

reserve which provides important prognostic informa-

tion. However, when imaging is delayed, as is routinely

done with SPECT, this association is no longer detected.

Another imaging finding that has been associated

with the presence of severe myocardial ischemia is

TID.10 Recent studies have reported conflicting findings

regarding the prognostic value of TID in the current

era.17,22-26 We have previously reported that TID on

regadenoson MPI provides incremental prognostic infor-

mation to myocardial perfusion and LVEF only in

patients with abnormal myocardial perfusion pattern on

imaging.17 Further, this association was largely driven

by late CR with no difference in hard outcomes (cardiac

death or non-fatal MI) between patients with or without

TID. In this manuscript, we found that TID is associated

with a more profound reduction in post-stress DLVEF
only in patients with abnormal myocardial perfusion on

imaging. There was no significant relationship between

TID and post-stress DLVEF in normal perfusion

patients. However, even in patients with abnormal

perfusion images and TID, an absent LVEF reserve

with regadenoson did not provide prognostic

information.

Our findings are subject to all the limitations

inherent to single-center retrospective study design.

Further, since low-risk patients with stress-only MPIs

were systematically excluded from our study, our

findings should not be extrapolated to that patient

population although changes in LVEF, at least theoret-

ically, should be less profound in lower-risk patients

with normal perfusion. Indeed, in our study an absent

LVEF reserve was more common in the abnormal

myocardial perfusion cohort vs the normal perfusion

cohort. All of our patients underwent stress-rest imaging

and therefore these findings do not apply to rest-stress

imaging, but we have no reason to believe that the

sequence of imaging will alter our findings. Our studies

were performed using traditional Anger cameras and

therefore may not apply to the newer generation cameras

that use Cadmium Zinc Telluride (CZT) crystals that

provide improved count statistics and special resolution

allowing for more accurate LVEF assessment.28

Although image interpretation was done while blinded

to subsequent events, bias may have been introduced

due to the absence of blinding to patient identification or

whether a given study was rest or stress. In addition, our

inability to detect an association does not prove the

absence of such an association. In this regard, the trend

towards decreased cardiovascular risk in patients with an

absent LVEF reserve with regadenoson amongst those

with an abnormal myocardial perfusion pattern (Fig-

ure 1B, P = .05) is paradoxical to our hypothesis, did

not meet statistical significance, and is likely due to

chance. We are cognizant of the limitation of catego-

rizing a continuous variable such as DLVEF into

artificial groups (i.e., presence or absence of LVEF

reserve). This is particularly important since patients

who experience a significant increase in LVEF post-

stress may have different outcomes than those without

any LVEF change. We therefore reanalyzed our data
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using patients who experienced an increase in LVEF by

5% or more post-stress as a reference group. In the

normal perfusion cohort, the hazard ratio for those

without a significant change in LVEF (DLVEF between

- 4% and 4%) was 1.1 (95%CI .5-2.5, P = .8) and for

those with a drop in LVEF by 5% or more post-stress

was 1.2 (.4-3.3, P = .8) (Figure 3A). The corresponding

hazard ratios for the abnormal perfusion cohort were .9

(.6-1.3, P = .7) and .7 (.5-1.1, P = .1) (Figure 3B),

respectively. Finally, when DLVEF was analyzed as a

continuous variable, there was no significant association

with outcomes (hazard ratio 1.0, 95%CI .99-1.0, P = .5).

It is important to point out that our findings do not

negate the real possibility of myocardial stunning with

regadenoson that can be detected on routine SPECT MPI

(see Bajaj et al.10 for examples from our laboratory), and

when this occurs it is usually an indicator of severe

ischemia that has persisted for 30-60 minutes and

therefore associated with severe and extensive CAD and

poor outcomes. Similarly, we cannot completely rule out

the possibility of post-stress regional myocardial wall

stunning with a compensatory increase in normal seg-

mental wall contraction yielding no net change in global

LVEF, nor can we make any determinations on the

prognostic significance these changes may portend.

NEW KNOWLEDGE GAINED

In patients undergoing regadenoson technetium-

99m sestamibi SPECT MPI, an absent LVEF reserve

does not portend a worse prognosis. Specifically, it is not

associated with future cardiac death, MI, or late CR.

This is most likely because the delayed timing of image

acquisition in standard gated SPECT MPI protocols

allows time for ischemia-induced LV dysfunction to

resolve. Thus, routine reporting of both post-stress and

rest LVEF measurements in this setting may not be

necessary.
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