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Aims To examine whether test utilization and prevalence of ischemia with positron emission tomography (PET) myocar-
dial perfusion imaging (MPI) follow the previously described trends with single photon computed tomography
(SPECT).

...................................................................................................................................................................................................
Methods
and results

MPI studies performed between January 2003 and December 2017 were identified. Number of PET and SPECT MPI
studies performed per year was determined. Trends in the proportion of studies showing any ischaemia (>0%) with
both modalities were compared before and after adjusting for baseline differences in patient characteristics using pro-
pensity scores. Interaction between imaging modality and year of testing was examined using modified Poisson regres-
sion. A total of 156 244 MPI studies were performed (30% PET and 70% SPECT). Between 2003 and 2017, the num-
ber of PET studies increased from 18 to 61 studies/1000 patient encounters, while SPECT volumes declined from 169
to 34/1000 patient encounters (P < 0.001 for within-group comparisons). The prevalence of any ischaemia in SPECT-
tested patients declined from 53.9% to 28.3% between 2003 and 2017, whereas ischaemia prevalence in PET-tested
patients declined from 57.2% to 38.2% (P < 0.001 for within-modality comparisons), with more PET studies showing
ischaemia compared to SPECT [relative risk (RR) 1.44, 95% confidence interval (CI) 1.42–1.47; P < 0.001]. After pro-
pensity score matching of 26 066 patients tested with SPECT with 26 066 patients tested with PET, the between-
modality difference in ischaemia prevalence was significantly attenuated, with a slightly higher overall likelihood of
detecting ischaemia with PET compared to SPECT (RR 1.08, 95% CI 1.05–1.11; P < 0.001).

...................................................................................................................................................................................................
Conclusions Utilization of PET MPI at a large-volume referral centre increased significantly between 2003 and 2017. Despite a

significant decrease in the prevalence of ischaemia with SPECT and PET during the same period, the decline was
less with PET, perhaps related to baseline risk of tested patients.
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Introduction

Several studies have reported a decline in the prevalence of inducible
ischaemia with myocardial perfusion imaging (MPI) over the past
three decades, irrespective of coronary artery disease (CAD) status
in tested patients.1–4 While the factors contributing to this change
are incompletely identified, various mechanisms have been posited as
potential explanations.5,6 Widespread use of protective cardiac

medications, including statins and aspirin,7,8 and improved cardiovas-
cular risk factor control,9,10 have likely contributed to a decline in the
severity and extent of obstructive CAD angiographically3 and an im-
provement in overall outcomes of patients with acute myocardial in-
farction and CAD in general.11,12 In addition, the recent introduction
of Appropriate Use Criteria for imaging13 and radiologic benefits
managers may have also had an impact on the types of patients
referred for MPI testing.14
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Whereas the decline in ischaemic burden with single photon emis-

sion computed tomography (SPECT) MPI has been well described,
little is known as to whether similar trends exist with positron emis-
sion tomography (PET). Differences in diagnostic accuracy15 and
patient referral patterns16 between PET and SPECT may lead to dif-
ferences in rates of detectable ischaemia between the two modalities.
With the growing use of PET MPI in contemporary nuclear cardi-
ology practices, a ‘test substitution’ phenomenon may take place,
where certain patient profiles may potentially lead to the preferential
use of PET instead of SPECT,17 which also may cause the prevalence
of ischaemia to vary between the two modalities.

Defining utilization patterns and temporal trends of ischaemia with
PET MPI will not only complement existing data on SPECT, but
can also provide additional insight into mechanisms underlying the
observed decline in ischaemic burden with SPECT. Accordingly, we
sought to examine changes in test use over time with PET and SPECT,
and to compare trends in the detection of ischaemia between the
two modalities using data from a large-volume centre that routinely
offers both modalities to patients with known or suspected CAD.

Methods

Data source and study population
We identified consecutive, clinically indicated PET or SPECT MPI studies
performed between 1 January 2003 and 31 December 2017 using the
electronic database of Saint Luke’s Mid America Heart Institute nuclear
laboratory (Kansas City, MO, USA). The database includes information
on MPI studies performed at multiple sites throughout the health system,
including four hospital-based sites, where both PET and SPECT capabil-
ities are offered routinely, and five community-based facilities offering
only SPECT MPI. All studies are electronically transmitted to the central
nuclear cardiology laboratory at Saint Luke’s Mid America Heart Institute,
where image processing takes place and study interpretation is per-
formed by experienced nuclear cardiologists. Data on patient demo-
graphics, cardiovascular risk factors, and study characteristics are
prospectively entered into the database by trained staff.

For patients who underwent serial MPI testing during the study, the
initial and all subsequent studies were included in the analysis, given the
study objective of tracking changes in the prevalence of inducible
ischaemia over time. Studies performed for indications other than as-
sessment of ischaemia (including detection of myocardial viability, evalu-
ation of inflammation/cardiac sarcoidosis, integrity of cardiac
sympathetic innervation, or evaluation for cardiac amyloidosis) and
those with missing data were excluded. The remaining studies consti-
tuted the ‘main analytic cohort’, where trends in test utilization and
prevalence of ischaemia were examined. Afterwards, a propensity score
analysis was used to ensure comparisons between comparable patients
evaluated with PET vs. SPECT testing. Prior to propensity score match-
ing, exercise SPECT studies and those performed at sites that did not
offer PET were excluded, to maximize comparability of patients in the
PET and SPECT groups. Studies included after propensity score match-
ing constituted the ‘matched cohort’.

The study was reviewed and approved by the Saint Luke’s Hospital
Institutional Review Board; waiver for written informed consent was
granted based on the retrospective design of the study.

MPI methods
PET MPI was performed using a dedicated cardiac PET scanner (ACCEL,
CTI, Knoxville, TN, USA) with 68Ge line source attenuation correction,

or using a variety of hybrid PET/CT systems (Biograph 16 or 64, Siemens
Healthineers, Knoxville, TN, USA). For SPECT MPI, imaging was
completed using either small field-of-view Anger cameras (CardioMD,
Philips, Milpitas, CA, USA) with 153Gd line source attenuation correction,
hybrid large field-of-view SPECT/CT systems (Symbia Intevo, Siemens,
Munich, Germany), large field-of-view Anger cameras without attenu-
ation correction (ECAM, Siemens, Munich, Germany), or solid-state
detector cameras (D-SPECT, Spectrum Dynamics, Sarasota, FL, USA).
Supplementary data online, Table S1 summarizes the nuclear equipment
used at each of the participating sites.

All PET studies were performed with pharmacologic stress, using
either dipyridamole, adenosine, or regadenoson, whereas SPECT studies
were performed either with exercise, pharmacologic stress—using
any of the aforementioned coronary vasodilators or dobutamine—or a
combination of low-level exercise with vasodilator stress.

82Rb was used for PET imaging; 99mTc, 201Tl, or a combination of both
were used with SPECT imaging. Rest/stress protocol was used with all
PET MPI studies, while a combination of rest/stress, stress/rest, and
stress-only protocols was used with SPECT MPI. Stress testing and image
acquisition were completed in accordance with published guidelines.18–21

PETand SPECT image interpretation
The extent of ischaemia for both PET and SPECT was recorded using a
semi-quantitative method, where each of the 17-myocardial segments
(or 20 segments in studies performed prior to September 2009) was
scored on a (0–4) scale by visual inspection, with higher scores indicat-
ing more severe reduction in tracer uptake. Segments were scored
both with stress and at rest, where applicable. Subsequently, summed
rest, summed stress, and summed difference scores (SDS) were calcu-
lated by combining segmental scores. Percentage of ischaemic myocar-
dium was calculated by dividing SDS by 68 (or 80 in studies performed
prior to September 2009) and multiplying by 100%. Based on prior
work, this variable was used to create categories of ischaemia severity
as follows: none = 0, mild >0 to 5%, moderate >5 to 10%, and severe
>10%.1–3,22 Image processing and interpretation was performed using
various versions of the QPS software (Cedars-Sinai Medical Center,
LA, CA, USA).

Test utilization and prevalence of ischaemia
We examined changes in PET and SPECT utilization over time. To ac-
count for growth in practice size over time, the number of MPI studies
performed in the in- and out-patient settings every year was standardized
to the total number of patient encounters in the respective setting in that
year, obtained from the hospital’s administrative database. For hospital
encounters, we used the total number of discharges from acute care
facilities, whereas the number of patient encounters in cardiology clinics
was used for outpatient encounters.

Afterwards, we determined the proportion of MPI studies with any de-
tectable ischaemia in each year, by dividing the number of ischaemic PET
(or SPECT) studies by the total number of PET (or SPECT) studies per-
formed in a given year. The proportion of studies demonstrating
moderate-to-severe ischaemia with each modality was calculated in an
analogous fashion. All comparisons were first performed in the main co-
hort and then repeated within the propensity score-matched cohort.

Statistical analyses
Baseline demographics, clinical characteristics, and imaging findings for
patients who underwent PET and SPECT were presented as means ±
standard deviation for continuous variables, and as counts and percen-
tages for categorical variables. Baseline characteristics were compared
using standardized difference.23 A standardized difference <10% has been
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shown to indicate negligible differences in covariate balance between
groups.24

For the purpose of creating the propensity score-matched cohort,
we included 28 covariates likely to influence the selection of PET test-
ing, based on clinical experience. These variables were included in
a non-parsimonious, multivariable logistic regression model with PET
MPI testing as the outcome. Included covariates were age, sex, body
mass index, family history of CAD, smoking, diabetes, hypertension,
hyperlipidaemia, peripheral arterial disease, history of congestive heart
failure, cardiomyopathy, history of stroke, obstructive sleep apnoea,
chronic obstructive pulmonary disease, asthma, atrial fibrillation, his-
tory of ventricular tachycardia, intracardiac defibrillator (ICD) implant-
ation, inpatient status, typical angina at presentation, dyspnoea, history
of prior CAD, prior percutaneous coronary intervention (PCI), prior
coronary artery bypass grafting (CABG), history of coronary calcifica-
tion, abnormal baseline electrocardiogram (ECG), baseline ST/T ECG
abnormality, and left bundle branch block. A propensity score—
defined as the probability of being assigned to PET after adjusting for
covariates—was determined for each patient and was used to create a
1:1 match between the PET and SPECT cohorts. Greedy matching of
SPECT and PET patients was performed, using a calibre of 0.2 times
the standard deviation of the logit of the linear predictor,25 and
patients were additionally matched by year of testing. Covariate bal-
ance in the matched cohort was verified by comparing standardized
differences before and after matching.

Modified Poisson regression was used to determine the effect of test-
ing modality, year of testing, and the interaction between these variables
on the prevalence of ischaemia within the matched cohort. Within each
modality, we calculated the relative risk for detecting ischaemia in each
year after 2003, using 2003 as a reference. Pre-specified subgroup analy-
ses were then conducted within the matched cohort to compare tem-
poral trends of ischaemia in males vs. females, patients seen in the
outpatient vs. hospital setting, patients with vs. without diabetes, and
those with vs. without prior CAD, using three-way interactions between
year of testing, testing modality, and each of the grouping factors men-
tioned. All analyses were two-tailed and evaluated at a significance level
of 0.05. Analyses were performed using SAS 9.4 (SAS Institute, Cary, NC,
USA).

Results

Study population
A total of 158 307 MPI studies were performed between 1 January
2003 and 31 December 2017, including 47 537 (30%) PET and
110 770 (70%) SPECT studies. After excluding 1419 studies (0.9%;
794 PET and 625 SPECT) that were performed for indications other
than ischaemia detection, and 644 studies (0.4%; 177 PET and 467
SPECT) with missing data on ischaemia, a total of 156 244 studies
were included in the main cohort for analysis of test volumes and
ischaemia trends. For the purpose of creating cohorts of comparable
patients tested with PET or vasodilator SPECT, we excluded 32 594
(20.9% of total MPI volume) SPECT studies performed at sites that
did not offer PET and 37 763 exercise SPECT studies (24.2% of the
total MPI volume). After 1:1 propensity score matching to facilitate
this comparison, there remained 52 132 studies, with 26 066 studies
in each group (Figure 1).

Baseline characteristics
In the overall cohort before propensity score matching, there were
significant differences in baseline characteristics between patients
tested with PET and SPECT (Table 1). Patients who were tested with
PET were older, more likely to have been tested in the inpatient set-
ting, and had a greater burden of comorbidities—including diabetes,
hypertension, hyperlipidaemia, prior CAD and revascularization,
congestive heart failure, cardiomyopathy, atrial fibrillation, prior
stroke, peripheral arterial disease, chronic obstructive pulmonary
disease, obstructive sleep apnoea, left bundle branch block, abnormal
baseline ECG, and implanted ICDs, but were also less likely to be
smokers. The described differences were no longer found after
propensity score matching, with standardized differences <10% for
all covariates (Supplementary data online, Figure S1). After matching,
the mean age of tested patients was 67± 11.8 years, the majority
were men (52.6%), and most patients underwent testing in the

Figure 1 Consort diagram for inclusion and exclusion criteria in the study.
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.outpatient setting (75.2%). Prior CAD was present in more than half
of the patients (54.3%), with prior PCI or CABG performed in 34%
and 16.5% of patients, respectively.

PETand SPECT test utilization
Total utilization of MPI decreased significantly starting in 2005 from
191 studies per 1000 patient encounters to 75 studies per 1000

............................................................................. ...........................................................................

....................................................................................................................................................................................................................

Table 1 Baseline demographic and clinical patient characteristics by imaging modality (PET vs. SPECT) before and
after propensity score matching

Main cohort Matched cohort

PET

(n 5 46 566)

SPECT

(n 5 109 678)

Stand.

Diff. (%)

PET

(n 5 26 066)

SPECT

(n 5 26 066)

Stand.

Diff. (%)

Age 68.9 ± 11.7 62.6 ± 12.5 51.9 67.1±11.8 67±11.8 0.5

Men 25 135 (54) 61 751 (56.3) 4.7 13 700 (52.6) 13 710 (52.6) 0.1

BMI (kg/m2) 29.6 ± 6.1 30.3 ± 16.9 5.2 30.7±6.1 30.5±7.5 1.9

Inpatient status 15 132 (32.5) 17 995 (16.4) 38.1 6649 (25.5) 6269 (24.1) 3.4

Known CAD 28 675 (61.6) 48 183 (43.9) 35.9 14 250 (54.7) 14 035 (53.8) 1.7

Prior PCI 17 992 (38.6) 29 606 (27) 25.0 8989 (34.5) 8713 (33.4) 2.2

Prior CABG 9041 (19.4) 13 135 (12) 20.6 4420 (17) 4197 (16.1) 2.3

Diabetes 14 576 (31.3) 21 944 (23.7) 18.4 8294 (31.8) 8365 (32.1) 0.7

Hyperlipidemia 38 407 (82.5) 81 956 (74.7) 19.0 21 112 (81) 21 133 (81.1) 0.2

Hypertension 38 389 (82.4) 77 252 (70.4) 28.6 21 222 (81.4) 21 136 (81.1) 0.8

Family history 22 056 (47.4) 55 537 (50.6) 6.5 12 708 (48.8) 12 725 (48.8) 0.1

Smoking 6357 (13.7) 19 308 (17.6) 10.9 4064 (15.6) 4169 (16) 1.1

Abnormal baseline ECG 36 582 (78.6) 75 501 (68.8) 22.2 20 395 (78.2) 20 429 (78.4) 0.3

Typical angina 828 (1.8) 2504 (2.3) 10.0 537 (2.1) 532 (2) 1.9

Dyspnoea 23 348 (50.1) 50 407 (46) 8.4 13 364 (51.3) 13 398 (51.4) 0.3

History of CAC 4934 (10.6) 10 196 (9.3) 4.3 2577 (9.9) 2651 (10.2) 0.9

PAD 9238 (19.8) 11 222 (10.2) 27.1 4618 (17.7) 4474 (17.2) 1.5

CHF 6166 (13.2) 6980 (6.4) 23.3 3202 (12.3) 3157 (12.1) 0.5

Cardiomegaly 1446 (3.1) 3127 (2.9) 1.5 1039 (4.0) 1104 (4.2) 1.3

LBBB 2850 (6.1) 3383 (3.1) 14.5 1541 (5.9) 1528 (5.9) 0.2

IVCD 1758 (3.8) 3375 (3.1) 3.8 1068 (4.1) 1042 (4) 0.5

Baseline ST/T abnormality 12 152 (26.1) 30 040 (27.4) 2.9 7527 (28.9) 7387 (28.3) 1.2

Atrial fibrillation 10 439 (22.4) 13 014 (11.9) 28.3 5378 (20.6) 5163 (19.8) 2.1

Ventricular tachycardia 1558 (3.3) 1804 (1.6) 10.9 846 (3.2) 756 (2.9) 2.0

Asthma 5138 (11) 10 608 (9.7) 4.5 3069 (11.8) 3061 (11.7) 0.1

COPD 6677 (14.3) 9695 (8.8) 17.2 3607 (13.8) 3608 (13.8) 0

OSA 9080 (19.5) 15 390 (14) 14.7 5256 (20.2) 5177 (19.9) 0.8

Prior stroke 6600 (14.2) 8740 (8) 19.9 3476 (13.3) 3430 (13.2) 0.5

Cardiomyopathy 8799 (18.9) 11 728 (10.7) 23.3 4794 (18.4) 4563 (17.5) 2.3

Syncope 2756 (5.9) 4749 (4.3) 7.2 1469 (5.6) 1470 (5.6) 0

Palpitations 5719 (12.3) 8631 (7.9) 14.7 2888 (11.1) 2861 (11) 0.3

ICD 1906 (4.1) 1490 (1.4) 16.9 940 (3.6) 868 (3.3) 1.5

Pharmacologic stress 46 566 (100) 59 088 (53.9) 131 26 066 (100) 26 066 (100) 0

Ischaemia 17.5 7.7

None 25 779 (55.4) 70 123 (63.9) 15 010 (57.6) 15 850 (60.8)

Mild 8325 (17.9) 17 574 (16) 4585 (17.6) 4543 (17.4)

Moderate–severe 12 462 (26.8) 21 981 (20) 6471 (24.8) 5673 (21.6)

% ischaemia 4.3 ± 8.5 3.3 ± 7.8 12.3 4.1 ± 8.5 3.5 ± 8.3 6.4

SRS 2 ± 5.8 1.7 ± 4.7 5.7 1.8 ± 5.8 2.4 ±5.6 10.5

LVEF (rest) 58.6 ± 36.5 66 ± 15.9 26.5 58.7 ± 47.3 63.6 ± 18 13.6

Continuous variables presented as mean ± standard deviation; categorical variables as percentages. Standardized difference (Stand. Diff) expressed as a percentage.
BMI, body mass index; CABG, coronary artery bypass grafting; CAC, coronary artery calcification; CAD, coronary artery disease; CHF, congestive heart failure; COPD, chronic
obstructive pulmonary disease; ICD, intracardiac defibrillator; IVCD, interventricular conduction delay; LBBB, left bundle branch block; LVEF, left ventricular ejection fraction;
OSA, obstructive sleep apnoea; PAD, peripheral arterial disease; PCI, percutaneous coronary intervention; SRS, summed rest score.
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patient encounters in 2017 (Figure 2). This was mainly driven by a sig-
nificant decline in SPECT MPI utilization, which changed from 169 to
34 studies per 1000 patient encounters during the study period. In
contrast, PET utilization increased from 18 studies per 1000 patient
encounters to 61 studies per 1000 patient encounters in 2009 before
plateauing at 41 studies per 1000 patient encounters from 2013 to
2017. Years 2011–2012 were a notable exception to the described
trends, with a precipitous drop in PET utilization and a compensatory
increase in SPECT volumes, corresponding to an FDA safety recall of
rubidium generators.26

Prevalence of ischaemia with PETand
SPECT
The prevalence of detectable ischaemia declined significantly over
time with both PET and SPECT (Figure 3A). In the main cohort, the
proportion of PET studies showing any ischaemia decreased
from 57.2% in 2003 to 38.2% in 2017 (P < 0.0001), with a more
pronounced decrease seen in SPECT during the same period
(from 53.9% to 28.3%; P < 0.0001). Similarly, the proportion of PET
studies revealing moderate–severe ischaemia of 5% or greater
declined between 2003 and 2017 from 37.6% to 27.2% (P < 0.0001),
with a similar but more marked reduction in the SPECT group from
34.5% to 16.7%, respectively (P < 0.0001) (Supplementary data
online, Figure S2A).

After propensity score matching, a temporal decline in the preva-
lence of any ischaemia persisted in non-exercise stress tests with
both modalities, with a decrease in the proportion of studies showing
any ischaemia from 56.9% in 2003 to 30.7% in 2017 with PET and
from 65% to 31.9% with SPECT, P < 0.0001 for both comparisons
(Figure 3B). A similar pattern was observed for studies showing
moderate–severe ischaemia: decline from 37.4% to 21% with
PET and from 42.8% to 19.5% with SPECT, P<0.0001 for both
comparisons (Supplementary data online, Figure S2B). However, the
between-modality difference in ischaemia prevalence observed in
the unmatched cohort was significantly attenuated after matching.

In a model adjusted for year of testing, imaging modality and inter-
action term between year � modality, PET was associated with a
higher likelihood of detecting ischaemia in the main cohort [relative

risk (RR) 1.44, 95% confidence interval (CI) 1.42–1.47; P < 0.0001].
After propensity score matching, however, the point estimate for the
testing modality main effect was significantly smaller (RR 1.08, 95% CI
1.05–1.11; P < 0.0001), but still suggested higher likelihood of detect-
ing ischaemia with PET, although the difference between PET and
SPECT in the likelihood of detecting ischaemia was clinically marginal
(Figure 4).

Similar temporal trends were observed when subgroups of inter-
est were examined within the matched cohort—including gender,
hospitalization status, history of CAD, and diabetes—showing similar
rates of decline in burden of ischaemia over time with both modalities
(P-values of 0.87, 0.08, 0.19, and 0.07, respectively) across these sub-
groups (Supplementary data online, Figure S3).

Discussion

In the first evaluation of temporal trends with PET MPI at a large-
volume nuclear laboratory, we report an increase in the use of PET
between 2003 and 2017, with a concomitant drop in SPECT volumes.
Moreover, the frequency of PET or SPECT MPI studies showing any
ischaemia has progressively declined during the last 15 years, with a
less pronounced decline seen in PET studies. After accounting for
patient-level characteristics associated with modality selection, how-
ever, the rate of decline in ischaemia prevalence was nearly similar
between PET and vasodilator SPECT.

By presenting the unmatched PET–SPECT comparison, we aimed
to provide an unadjusted crude description of utilization patterns and
trends in ischaemia prevalence for both modalities that reflects the
experience of all patients undergoing radionuclide perfusion imaging.
Comparing trends after propensity score matching assessed whether
non-exercise stress testing revealed differential rates of ischaemia
detection between PET and SPECT. Our results suggest that the
difference observed in the unmatched cohort is largely driven by the
higher risk profile of patients being referred to PET (who often are
unable to exercise), and is less likely due to unique attributes of any
of the imaging modalities.

The current findings corroborate previously published data and
show a consistent decline in ischaemic burden with MPI over time.1–4

However, our data show ischaemia continues to be prevalent among
patients referred for MPI testing, with roughly a third of studies in
2017 in the overall cohort showing some degree of ischaemia and
one in five studies showing at least moderate ischaemia. Such rates
are in line with rates published in prior studies,1,3 but are significantly
higher than those reported when patients with known CAD were
excluded.2,4

The decline in ischaemic burden over time is likely multifactorial
and is in part related to improved outcomes of patients with athero-
sclerotic heart disease and reduction in cardiovascular risk,12,27

increased use of secondary prevention medications such as statins,
improved control of cardiovascular risk factors, and advances in stent
technology for patients undergoing PCIs.7–10 These factors have likely
reduced the burden of atherosclerosis and prevalence of typical an-
gina among patients referred for non-invasive stress testing, thereby
leading to less inducible ischaemia with a variety of functional imaging
modalities.28

Figure 2 Temporal trends of MPI utilization with PET and
SPECT.

322 F.J. Al Badarin et al.

Deleted Text: -
Deleted Text: -
Deleted Text: R
Deleted Text: <italic>ischem</italic>
Deleted Text: ischem
Deleted Text: ischem
Deleted Text: <italic>P</italic>&thinsp;<&thinsp;
Deleted Text: -
Deleted Text: ischem
Deleted Text: P&thinsp;<&thinsp;
Deleted Text: P&thinsp;<&thinsp;
https://academic.oup.com/ehjcimaging/article-lookup/doi/10.1093/ehjci/jez159#supplementary-data
https://academic.oup.com/ehjcimaging/article-lookup/doi/10.1093/ehjci/jez159#supplementary-data
Deleted Text: -
Deleted Text: ischem
Deleted Text: ischem
Deleted Text: -
Deleted Text: ischem
Deleted Text: (
https://academic.oup.com/ehjcimaging/article-lookup/doi/10.1093/ehjci/jez159#supplementary-data
https://academic.oup.com/ehjcimaging/article-lookup/doi/10.1093/ehjci/jez159#supplementary-data
Deleted Text: ischem
Deleted Text: &ast;
Deleted Text: ischem
Deleted Text: (
Deleted Text: of 
Deleted Text: [
Deleted Text: -
Deleted Text: ],
Deleted Text: P&thinsp;<&thinsp;
Deleted Text: )
Deleted Text: of 
Deleted Text: [
Deleted Text: -
Deleted Text: ],
Deleted Text: P&thinsp;<&thinsp;
Deleted Text: ischem
Deleted Text: ischem
Deleted Text: ischem
Deleted Text:  
https://academic.oup.com/ehjcimaging/article-lookup/doi/10.1093/ehjci/jez159#supplementary-data
https://academic.oup.com/ehjcimaging/article-lookup/doi/10.1093/ehjci/jez159#supplementary-data
Deleted Text: ischem
Deleted Text: ischem
Deleted Text: -
Deleted Text: -
Deleted Text: o
Deleted Text: i
Deleted Text: ischem
Deleted Text: -
Deleted Text: ischem
Deleted Text: ischem
Deleted Text: ischem
Deleted Text: ischem
Deleted Text: 1
Deleted Text: 5
Deleted Text: ischem
Deleted Text: ischem
Deleted Text: ta
Deleted Text: percutaneous coronary interventions 
Deleted Text: ischem


Figure 3 Change in the prevalence of ischaemia over time with PET and SPECT, (A) in the main cohort and (B) in the matched cohort. The propor-
tion of studies showing any ischaemia declined over time with both PET and SPECT (P < 0.0001 for both), with a more pronounced decline observed
with SPECT in the unmatched cohort (A). After propensity score matching, temporal decline persisted with both modalities; however, the between-
modality difference in prevalence of ischaemia was significantly attenuated (B).

Figure 4 Interaction between testing modality and year of testing on the prevalence of ischaemia. The likelihood of detecting any ischaemia
declined initially then plateaued with both modalities, with a statistically significant, but clinically marginal differnce between PET and SPECT (P for
modality� year interaction <0.001).
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Additionally, patterns of test utilization in this study suggest that

test substitution has taken place between PET and SPECT at partici-
pating centres, with the exception of 2011–2012 period during which
‘reverse test substitution’ took place due to Rb-82 shortage. Older
patients and those with CAD, prior revascularization and greater
burden of comorbidities were preferentially referred to PET as pro-
viders gained confidence with PET technology, and as a result, less
sick patients were tested with SPECT. As such, ‘test substitution’ may
be another potential explanation for the disproportionate reduction
in ischaemia with SPECT in the unmatched analysis. Of note, the
number of cardiac CT angiography studies performed at our institu-
tion did not significantly increase during the study period, in contrast
to the trend seen at many centres, and therefore did not contribute
to the test substitution phenomenon observed.

We also observed an overall decline in total testing volume.
Besides improved secondary prevention treatments and stent tech-
nology, it is likely the release of Appropriate Use Criteria for Single
Photon Emission Computed Tomography29 in 2005 has contributed
to the observed decline in SPECT MPI utilization at our institution,
corresponding to a national trend that has also been shown previous-
ly by others.1,30,31 The impact of the release of appropriate use crite-
ria and changes in the prevalence of ischaemic studies, however, is
likely more complex and warrants further discussion. When practices
that are considered ‘inappropriate’ according to appropriate use
criteria—including routine testing in asymptomatic patients post cor-
onary revascularization or prior to low-risk non-cardiac surgeries—
are ordered less frequently, it would be expected that the proportion
of studies with inducible ischaemia will increase, as studies performed
for ‘inappropriate’ indications are less likely to be abnormal.13 As
such, our results may appear to be incongruent with this expectation.
However, it should be acknowledged that the impact of appropriate
use criteria adoption has likely happened in the context of several
other concurrent changes, including radiology benefits managers (in-
dependent private entities within the U.S. health system utilized by
private payers and government insurance in more recent years, that
work with ordering physician to pre-authorize advanced imaging
services to limit over-utilization of covered services) and others,
many of which could also potentially affect rates of ischaemia with
MPI testing.

Study limitations
This study reflects a large single-centre experience, and is thereby
subject to referral bias and may have limited generalizability.
Nonetheless, the current data describe experience from one of the
few large-volume nuclear laboratories in the USA, with greater than
40 000 PET MPI studies included, and is the largest formal evaluation
of temporal trends with PET. Second, information on insurance status
of patients who underwent PET or SPECT were unavailable, and this
might be a source of unmeasured residual confounding between the
PET and the SPECT cohorts. If insurance status was a confounder,
patients who are uninsured or with public insurance may have been
more frequently tested with the less expensive SPECT modality. To
the extent these patients have higher baseline ischaemic risk, the
SPECT group may have had a higher pre-test probability for
ischaemia detection despite propensity score matching, which did
not account for insurance status. Third, residual confounding may ex-
plain the marginal difference in ischaemia prevalence between PET

and SPECT, even after adjusting for potential biases in patient referral
based on their perceived cardiovascular risk. Lastly, the change in
SPECT imaging technology during the study period, with introduction
of solid-state detector cameras around 2009 is potentially another
confounder that may affect the interpretation of the present study.
However, the downward trend of ischaemia prevalence was consist-
ent throughout the study period, and it is unlikely that changes in
SPECT instrumentation during the study have affected the prevalence
of ischaemia.

Conclusion

Utilization of PET MPI has increased over time at a large-volume nu-
clear laboratory, whereas SPECT use declined significantly during the
same period. Such changes were accompanied by a significant decline
in the frequency of ischaemic studies with both PET and SPECT, even
though this decline was less pronounced with PET. The observed dif-
ference in ischaemia prevalence between PET and SPECT is likely
related to the higher risk profile of patients referred to PET.

Supplementary data

Supplementary data are available at European Heart Journal - Cardiovascular
Imaging online.
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