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Aims Ischaemia on single-photon emission computed tomography (SPECT) myocardial perfusion imaging (MPI) is strong-
ly associated with cardiovascular risk. Transient ischaemic dilation (TID) and post-stress wall motion abnormalities
(WMA) are non-perfusion markers of ischaemia with incremental prognostic utility. Using a large, multicentre
SPECT MPI registry, we assessed the degree to which these features increased the risk of major adverse cardiovas-
cular events (MACE) in patients with less than moderate ischaemia.

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

Ischaemia was quantified with total perfusion deficit using semiautomated software and classified as: none (<1%),
minimal (1 to <5%), mild (5 to <10%), moderate (10 to <15%), and severe (>_15%). Univariable and multivariable
Cox proportional hazard analyses were used to assess associations between high-risk imaging features and MACE.
We included 16 578 patients, mean age 64.2 and median follow-up 4.7 years. During follow-up, 1842 patients expe-
rienced at least one event. Patients with mild ischaemia and TID were more likely to experience MACE compared
with patients without TID [adjusted hazard ratio (HR) 1.42, P = 0.023], with outcomes not significantly different
from patients with moderate ischaemia without other high-risk features (unadjusted HR 1.15, P = 0.556). There
were similar findings in patients with post-stress WMA. However, in multivariable analysis of patients with mild is-
chaemia, TID (adjusted HR 1.50, P = 0.037), but not WMA, was independently associated with increased MACE.

...................................................................................................................................................................................................
Conclusion In patients with mild ischaemia, TID or post-stress WMA identify groups of patients with outcomes similar to

patients with moderate ischaemia. Whether these combinations identify patients who may derive benefit from
revascularization deserves further investigation.
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Introduction

Accurate risk estimation is a cornerstone of management in patients
with known or suspected coronary artery disease (CAD), allowing
physicians to target more aggressive interventions including revascu-
larization for patients at the highest risk.1,2 Single-photon emission
computed tomography (SPECT) myocardial perfusion imaging (MPI)
provides valuable non-invasive prognostic data for patients with
CAD.1,3 The burden of ischaemia on SPECT MPI is a strong, inde-
pendent predictor of cardiovascular risk.4,5 Recent studies have
shown even minimal ischaemia is associated with increased cardio-
vascular events,6 while absence of ischaemia is associated with an ex-
cellent prognosis with respect to cardiac death.7 Observational
studies have shown that patients with greater than 10% ischaemic
myocardium may derive benefit from revascularization.1 The poten-
tial for moderate to severe ischaemia, using the 10% ischaemia
threshold, to identify patients who benefit from revascularization
forms the basis of the International Study of Comparative Health
Effectiveness with Medical and Invasive Approaches (ISCHEMIA)
trial.8

In addition to assessing perfusion defects, SPECT MPI can identify
high-risk non-perfusion features with close pathophysiologic links to
ischaemia.9–12 Reduced resting left ventricular ejection fraction
(LVEF) is strongly associated with an increase in cardiac death4 but
was not associated with benefit from revascularization.4 Transient is-
chaemic dilation (TID) of the left ventricular (LV) post-stress regional
wall motion abnormalities (WMA) are additional markers of cardio-
vascular risk.9–11 The degree to which these non-perfusion, high-risk
features add risk to minimal or mild perfusion abnormalities has not
been addressed in prior studies.

Using automated quantitative assessments, we sought to clarify the
interaction between high-risk non-perfusion features and extent of is-
chaemia with respect to major adverse cardiovascular events
(MACE). Additionally, we investigated whether high-risk non-
perfusion features in patients with no, minimal, or mild ischaemia
increased the risk of MACE to a level comparable to patients with
moderate to severe ischaemia without these features.

Methods

Study population
The REgistry of Fast Myocardial Perfusion Imaging with NExt generation
SPECT (REFINE SPECT) study is a large, multicentre, international registry
of patients who have undergone MPI with dedicated cadmium zinc tellur-
ide solid-state detector SPECT scanners. The full details of the structure of
the registry, image acquisition and analysis, and quality control have been
outlined in detail previously.13 We analysed 20 418 consecutive patients
enrolled in the REFINE SPECT registry between 2008 and 2014. Patients
without stress and rest scans or who underwent dual-isotope scans
(n = 3194) or supine data (n = 62) were excluded. Patients with early
revascularization, defined as within 90 days (n = 674), were excluded as
the decision for revascularization was likely influenced by the SPECT MPI.3

Clinical data
Demographic information included: age, gender, body mass index, family
history of CAD, smoking status, history of previous myocardial infarction
(MI), previous revascularization, hypertension, diabetes, and

dyslipidaemia. Stress types were divided into pharmacologic or exercise
stress. Patients were prospectively followed for development of MACE
which includes all-cause mortality, non-fatal MI, and hospital admission
for unstable angina (defined as recent onset or escalating cardiac chest
pain with negative cardiac biomarkers), with all outcomes adjudicated by
site leaders after considering all investigations.

Image acquisition and interpretation
Five centres participate in the prognostic arm of the REFINE SPECT regis-
try. Three sites use a D-SPECT camera (Spectrum Dynamics, Caesarea,
Israel), while the remaining sites used Discovery NM 530c or NM/
CT570c systems (GE Healthcare, Haifa, Israel). Perfusion imaging was
performed using either 99mTc-tetrofosmin or 99mTc-sestamibi radio-
tracers. One day rest-stress (67.4%), stress-rest (31.4%), or 2 day-stress-
rest acquisitions (1.2%) were performed based on site-specific protocols.
Weight-adjusted mean [± standard deviation (SD)] doses of 441 ± 296
MBq (12.0 ± 8.1 mCi) for rest and 726 ± 446 MBq (18 ± 12 mCi) for
stress were used, equivalent to a total average effective dose of 7.6 mSv
based on the latest dosimetry models and the International Commission
on Radiological Protection Publication 103 definition of effective dose.14

Upright (D-SPECT) and supine (GE 530c) stress images were acquired
15–60 min after stress and lasted 4–6 min.13 Resting image acquisition
was performed with 6 to 10-min acquisition times. Raw image datasets
were de-identified and transferred to a single core laboratory (Cedars-
Sinai Medical Center), where quality control is performed by experienced
technologists.13 Myocardial contours are generated automatically with
quantitative perfusion SPECT (QPS)/Quantitative Gated SPECT (QGS)
software (Cedars-Sinai Medical Center, Los Angeles, CA, USA).

Ischaemia was assessed using total perfusion deficit (TPD) which incor-
porates extent and severity of perfusion abnormalities and is more repro-
ducible compared to visual ischaemia scoring.15,16 Ischaemic TPD was
defined as the difference between stress and rest TPD. Ischaemia was
categorized as none (<1% ischaemic TPD), minimal (1 to <5% ischaemic
TPD), mild (5 to <10% ischaemic TPD), moderate (10 to <15% ischaemic
TPD), or severe (>_15% ischaemic TPD).17 Supine resting studies were
compared to supine stress studies. LVEF was assessed on the supine rest-
ing study, and <40% was classified as reduced. However, results were
similar when reduced LVEF was classified as <50%, results in
Supplementary data online, Table S1 and Figure S1. Large resting perfusion
defect was defined as a resting TPD >_10% of the myocardium.

TID was calculated as the ratio between LV volume at stress com-
pared to rest on ungated acquisitions.11 TID was defined as 2 SD above
the mean in low-risk patients with cut-offs for each combination of cam-
era, stress protocol, and radiotracer [sestamibi (D-SPECT exercise 1.20;
D-SPECT adenosine 1.27; D-SPECT regadenoson without walk 1.39; D-
SPECT regadenoson with walk 1.28; Discovery exercise 1.18; Discovery
dipyridamole 1.27), tetrofosmin (Discovery exercise 1.19; Discovery di-
pyridamole 1.22)] as previously described.18 Wall motion scores were
automatically derived from the regional motion of the mid-myocardial
surface and separated into coronary distributions based on five-score,
the 17-segment model.19,20 Motion is compared to a normal database
and is scored using a system similar to visual scoring.21 Post-stress, region-
al WMA was defined as an increase in wall motion score of >_3 in a single
coronary distribution on stress compared to rest imaging.10,19 End-
diastolic eccentricity index (minimum diameter/maximum diameter at
mid-ventricular level) and shape index (ratio between the maximum LV
diameter in short axis and ventricular length in long axis � 100) were
assessed on resting scans.22

Statistical analysis
Continuous variables were summarized as mean (SD) if normally distrib-
uted and compared using a Student’s t-test. Continuous variables which
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were not normally distributed were summarized as median [interquartile
range (IQR)] and compared using a Wilcoxon rank-sum test. Categorical
variables were summarized as number (proportion) and compared using
a v2 test or Fisher’s exact test as appropriate.

Significant interactions existed between ischaemia and TID [adjusted
hazard ratio (HR) 0.96, P = 0.024] and post-stress regional WMA
(adjusted HR 0.94, P = 0.001). Therefore, we assessed the significance of
high-risk non-perfusion imaging variables stratified by extent of ischaemia.
There were no interactions between stress LVEF (P = 0.159), eccentricity
index (P = 0.139), or shape index (P = 0.076) and ischaemia. Kaplan–
Meier survival curves, stratified by extent of ischaemia and high-risk non-
perfusion variables, were used to assess the primary outcome of MACE
and compared using the log-rank test. Additionally, the association with
MACE was compared to patients with moderate to severe ischaemia
without high-risk non-perfusion imaging findings, defined as reduced
LVEF, TID, or post-stress WMA. Unadjusted analyses were used to allow
direct comparison of event rates to patients with moderate to severe is-
chaemia. Patients with reduced resting LVEF [n = 850 (5.1%)] were
excluded from unadjusted analyses given the association between
reduced LVEF and high-risk non-perfusion markers as well as cardiovas-
cular events.23

Univariable Cox proportional hazards analysis was used to determine
associations between clinical and imaging factors and MACE. Results of
the univariable analysis are shown in Supplementary data online, Table S2.
Multivariable Cox proportional hazards analysis was performed including
variables significantly associated with the primary outcome (P < 0.1) in
univariable analyses. Backwards stepwise regression was used to create a
more parsimonious final model and avoid overfitting in subgroups. As the
variables of interest, TID and post-stress WMA were retained in the final
models. The proportional hazard assumption was assessed with
Schoenfeld residuals and was valid in all models.24 Collinearity between
factors was assessed with a variance-covariance matrix with no significant
collinearity identified. No significant interactions were identified in the
final multivariable models. Multivariable analysis was not performed in
patients with moderate or severe ischaemia due to lack of statistical
power. No significant difference in results was found using a more strin-
gent outcome of all-cause mortality or non-fatal MI, Supplementary data
online, Table S3 and Figure S2. Additional analyses were performed to in-
vestigate associations with all-cause mortality alone (Supplementary data
online, Table S4 and Figure S3) as well as the combined outcome of non-
fatal MI or admission for unstable angina (Supplementary data online,
Table S5 and Figure S4).

All statistical tests were two-sided, with a P-value <0.05 considered
significant. All analyses were performed using Stata version 13
(StataCorp, College Station, TX, USA). The study was approved by the
institutional review boards at each participating institution and the overall
study was approved by the investigational review board at Cedars-Sinai
Medical Center. All data were collected under the NIH sponsored
REFINE SPECT registry.

Results

Patient population
Table 1 shows the overall population characteristics, as well as in
patients with and without MACE. In total, 16 578 patients were
included, with mean age 64.2 years and 59.4% male. The median
follow-up duration was 4.7 years (IQR 3.6–6.0 years) during which
1842 (11.1%) patients experienced at least one MACE. The earliest
event was non-fatal MI in 315 (17.1%) patients, admission for unstable

angina in 221 (12.0%) patients, and all-cause mortality in 1306
(70.9%) patients.

Imaging characteristics are outlined in Table 2. TID was an infre-
quent finding (4.3% of patients), while post-stress WMA was relative-
ly frequent (13.8% of patients). Patients who experienced MACE
were more likely to have post-stress WMA (20.3% vs. 13.0%,
P < 0.001) or TID (5.9% vs. 4.1%, P < 0.001). Additionally, patients
who experienced MACE were more likely to have reduced resting
LVEF (13.0% vs. 4.2%, P < 0.001) and moderate or severe ischaemia
(>_10% ischaemia, 10.2% vs. 4.5%, P < 0.001). Post-stress decreasing
LVEF occurred in 2057 (12.4%) of patients. Of those patients, 1094
(53.2%) did not have a post-stress WMA. Similarly, 1327 (58.0%)
patients with post-stress WMA did not have a drop in LVEF >_5%.

Associations between non-perfusion
imaging features and MACE
The population characteristics of patients included in the unadjusted
analyses are shown in Table 3. Kaplan–Meier survival curves stratified
by the presence of TID and extent of ischaemia are shown in Figure
1A. In patients with no ischaemia, those with TID were more likely to
experience MACE compared to patients without other high-risk fea-
tures (P = 0.001). In patients with minimal ischaemia there was no in-
crease in MACE among those with TID (P = 0.064). In patients with
mild ischaemia, TID was associated with increased MACE (unadjust-
ed HR 1.42, P = 0.023). Kaplan–Meier survival curves stratified by the
presence of post-stress WMA and burden of ischaemia are shown in
Figure 1B. Patients with post-stress WMA and no, minimal, and mild
ischaemia were more likely to experience MACE (P = 0.025,
P < 0.001, and P = 0.048, respectively).

The associations between high-risk imaging features and MACE
stratified by burden of ischaemia and compared to a reference stand-
ard of moderate to severe ischaemia are shown in Figure 2. Patients
with TID and mild ischaemia had outcomes not significantly different
from patients with moderate to severe ischaemia without other high-
risk features [unadjusted HR 1.15, 95% confidence interval (CI) 0.73–
1.81; P = 0.556]. Patients with post-stress WMA and mild ischaemia
also had outcomes that were not significantly different (unadjusted
HR 0.93, 95% CI 0.68–1.27; P = 0.629). Patients with post-stress
WMA and minimal ischaemia had outcomes that were not significant-
ly better than those of patients with moderate to severe ischaemia
(unadjusted HR 0.78, 95% CI 0.58–1.05; P = 0.107). However, their
outcomes were essentially the same as patients with mild ischaemia
(unadjusted HR 0.97, 95% CI 0.78–1.20; P = 0.779). Findings were
similar in patients with TID and minimal ischaemia (unadjusted HR
0.69, P = 0.089 compared to moderate ischaemia; unadjusted HR
0.86, P = 0.457 compared to mild ischaemia).

Multivariable analysis
Results of the multivariable analysis of predictors of MACE are shown
by category of ischaemia in Table 4. In patients without ischaemia,
TID was independently associated with increased MACE (adjusted
HR 1.80, 95% CI 1.23–2.63; P = 0.002). In patients with minimal is-
chaemia, reduced LVEF (adjusted HR 1.37, 95% CI 1.04–1.82;
P = 0.028) and post-stress regional WMA (adjusted HR 1.24, 95% CI
1.03–1.50; P = 0.024) were independently associated with increased
MACE, but TID was not (adjusted HR 1.23, 95% CI 0.88–1.70;
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Table 1 Baseline population characteristics

All Patients

(n 5 16 578)

MACE occurred

(n 5 1842)

No MACE

(n 5 14 736)

P-value

Age (years), mean ± SD 64.2 ± 12.2 70.4 ± 12.0 63.4 ± 12.0 <0.001

Male, n (%) 9846 (59.4) 1184 (64.3) 8662 (58.8) <0.001

Site, n (%)

Assuta 5137 (31.0) 486 (26.4) 4651 (31.6) <0.001

Brigham and Women’s 2280 (13.8) 353 (19.2) 1927 (13.1) <0.001

Cedars-Sinai 3297 (19.9) 487 (26.4) 2810 (19.1) <0.001

Oregon 2477 (14.9) 331 (18.0) 2146 (14.6) <0.001

Ottawa 3387 (20.4) 185 (10.0) 3202 (21.7) <0.001

Body mass index (kg/m2), median (IQR) 27.3 (24.5–31.0) 26.9 (23.9–30.8) 27.4 (24.6–31.0) <0.001

Past medical history, n (%)

Hypertension 10 652 (64.3) 1407 (76.4) 9245 (62.7) <0.001

Diabetes 4250 (25.6) 704 (38.2) 3546 (24.1) <0.001

Dyslipidaemia 10 461 (63.1) 1263 (68.6) 9198 (62.4) <0.001

Current smoker 3404 (20.5) 361 (19.6) 3043 (20.7) 0.298

PVD 2204 (13.3) 379 (20.6) 1825 (12.4) <0.001

Prior MI 2527 (15.2) 441 (23.9) 2086 (14.2) <0.001

Prior revascularization 4521 (27.3) 705 (38.3) 3816 (25.9) <0.001

Family history of CAD, n (%) 4655 (28.1) 405 (22.0) 4250 (28.8) <0.001

Typical angina, n (%) 1019 (6.2) 114 (6.2) 905 (6.1) 0.918

Resting vital signs

Systolic BP (mmHg), median (IQR) 130 (120–146) 134 (120–150) 130 (120–145) <0.001

Diastolic BP (mmHg), median (IQR) 80 (74–84) 80 (70–81) 80 (74–84) <0.001

Heart rate (bpm), median (IQR) 68 (60–77) 70 (61–80) 68 (60–77) <0.001

Exercise stress, n (%) 7489 (45.2) 441 (23.9) 7048 (47.8) <0.001

Pharmacologic stress, n (%) 9089 (54.8) 1401 (76.1) 7688 (52.2) <0.001

BP, blood pressure; bpm, beats per minute; CAD, coronary artery disease; IQR, interquartile range; MI, myocardial infarction; PVD, peripheral vascular disease; SD, standard
deviation.

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

Table 2 Imaging characteristics

All Patients

(n 5 16 578)

MACE occurred

(n 5 1842)

No MACE

(n 5 14 736)

P-value

Resting LVEF, median (IQR) 62.9 (55.1–70.4) 59.9 (49.0–68.7) 63.2 (55.7–70.6) <0.001

Low resting LVEF (<40%), n (%) 850 (5.1) 239 (13.0) 611 (4.2) <0.001

Resting TPD >_10%, n (%) 787 (4.8) 180 (9.8) 607 (4.1) <0.001

Stress LVEF, median (IQR) 63.0 (55.3–59.8) 59.6 (48.7–67.1) 63.3 (55.9–70.1) <0.001

Eccentricity index, median (IQR) 0.84 (0.83–0.86) 0.84 (0.82–0.86) 0.84 (0.83–0.86) <0.001

Shape index, median (IQR) 57.3 (55.6–63.7) 57.3 (55.6–63.7) 57.3 (53.2–60.6) <0.001

Transient ischaemic dilation, n (%) 707 (4.3) 109 (5.9) 598 (4.1) <0.001

Post-stress WMA, n (%) 2290 (13.8) 374 (20.3) 1916 (13.0) <0.001

Burden of ischaemia, n (%)

None (<1% ischaemic TPD), n (%) 5338 (32.2) 397 (21.5) 4941 (33.5) <0.001

Minimal (1 to <5% ischaemic TPD), n (%) 7435 (44.9) 756 (41.0) 6679 (45.3) <0.001

Mild (5 to <10% ischaemic TPD), n (%) 2961 (17.9) 502 (27.3) 2459 (16.7) <0.001

Moderate (10 to <15% ischaemic TPD), n (%) 554 (3.3) 129 (7.0) 425 (2.9) <0.001

Severe (>= 15% ischaemic TPD), n (%) 290 (1.8) 58 (3.2) 232 (1.6) <0.001

IQR, interquartile range; LVEF, left ventricular ejection fraction; TPD, total perfusion deficit; WMA, wall motion abnormality.

570 R.J.H. Miller et al.
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..P = 0.223). In patients with mild ischaemia, TID was independently
associated with an increase in MACE (adjusted HR 1.50, 95% CI
1.02–2.21; P = 0.037), but post-stress WMA was not (adjusted HR
0.92, 95% CI 0.75–1.13; P = 0.440).

To investigate this latter finding further, we performed an explora-
tory analysis accounting only for age, diabetes, and reduced LVEF
given that patients with post-stress WMA were older (mean age 66.6
vs. 63.8 years, P < 0.001) and more likely to have diabetes (33.5% vs.
24.4%, P < 0.001) or reduced LVEF (13.2% vs. 3.8%, P < 0.001). In this
simpler analysis post-stress WMA was not associated with an in-
crease in MACE (adjusted HR 1.04, 95% CI 0.85–1.27; P = 0.695).

Discussion

We performed a retrospective cohort study of the interactions be-
tween ischaemia and high-risk non-perfusion SPECT MPI findings in
patients with known or suspected CAD. In patients with mild ischae-
mia, TID and post-stress WMA were associated with an increase in
MACE. Furthermore, the association with MACE in these patients

was not significantly different from patients with moderate to severe
ischaemia.

Prognostic significance of TID with
various levels of myocardial ischaemia
TID has been established as an independent predictor of cardiac
events with virtually all forms of SPECT MPI.25 In patients with mild is-
chaemia, TID was associated with an increase in MACE after correct-
ing for demographics and resting LVEF. In patients with mild
ischaemia and TID, the incidence of MACE was similar to that of
patients with moderate to severe ischaemia. TID in patients without
ischaemia (ischaemic TPD <1%) was also independently associated
with an increase in MACE (adjusted HR 1.80, P = 0.002). Several re-
cent studies have questioned the significance of TID in patients with
normal perfusion without a history of diabetes or known CAD.25–27

Importantly, our analysis accounted for reduced LVEF, presence of
diabetes, and prior MI without any significant interactions identified.
While this difference was statistically significant, it may not be clinical-
ly significant since these patients remained at lower risk compared to

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

Table 3 Characteristics of patients included in unadjusted analyses

No ischaemia

(<1% TPD),

N 5 5288

Minimal ischaemia

(1 to <5% TPD),

N 5 7132

Mild ischaemia

(5 to <10% TPD),

N 5 2627

Moderate to severe

ischaemia (�10% TPD),

N 5 394

Age (years), mean ± SD 61.9 ± 12.2 64.2 ± 12.1 66.9 ± 11.6 66.9 ± 11.9

Male, n (%) 2251 (42.6) 4385 (61.5) 1957 (74.5) 325 (82.4)

Body mass index, median (IQR) 27.3 (24.4–31.0) 27.4 (24.7–31.1) 27.2 (24.4–31.0) 28.3 (25.0–31.6)

Past medical history, n (%)

Hypertension 3187 (60.3) 4518 (63.4) 1820 (69.3) 308 (78.2)

Diabetes 1082 (20.5) 1815 (25.5) 807 (30.7) 132 (33.5)

Dyslipidaemia 2989 (56.5) 4454 (62.4) 1893 (72.1) 308 (78.2)

Current smoker 1045 (19.8) 1475 (20.7) 527 (20.1) 65 (16.5)

PVD 479 (9.1) 931 (13.1) 423 (16.1) 63 (16.0)

Prior MI 311 (5.9) 932 (13.1) 637 (24.3) 158 (40.1)

Prior revascularization 723 (13.7) 1914 (26.8) 1077 (41.0) 202 (51.3)

Family history of CAD 1624 (30.7) 1918 (26.9) 682 (26.0) 125 (31.7)

Typical angina 287 (5.4) 382 (5.4) 192 (7.3) 56 (14.2)

Resting vital signs

Systolic BP, median (IQR) 132 (120–148) 130 (120–145) 130 (120–144) 130 (120–144)

Diastolic BP, median (IQR) 80 (72–85) 80 (74–83) 80 (74–80) 80 (70–82)

Heart rate, median (IQR) 68 (60–77) 68 (60–77) 68 (60–78) 66 (59–75)

Exercise stress, n (%) 2730 (51.6) 3207 (45.0) 1053 (40.1) 191 (48.5)

Imaging characteristics

Resting LVEF, median (IQR) 66.6 (59.6–73.5) 63.1 (56.1–70.1) 60.4 (53.4–67.9) 58.6 (53.1–65.9)

Resting TPD >_10%, n (%) 15 (0.3) 135 (1.9) 199 (7.6) 45 (11.4)

Stress LVEF, median (IQR) 66.8 (60.6–73.2) 62.9 (56.4–69.2) 60.3 (53.2–66.7) 56.9 (51.1–63.9)

Eccentricity index, median (IQR) 0.84 (0.83–0.87) 0.84 (0.82–0.87) 0.84 (0.83–0.86) 0.84 (0.83–0.85)

Shape index, median (IQR) 57.3 (53.5–60.7) 57.3 (53.0–61.1) 57.3 (54.1–61.2) 57.3 (55.1–61.4)

TID only, n (%) 203 (3.8) 263 (3.7) 89 (3.4) 0 (0.0)

Post-stress WMA only, n (%) 291 (5.5) 824 (11.6) 550 (20.9) 0 (0.0)

TID and post-stress WMA, n (%) 11 (0.2) 34 (0.5) 29 (1.1) 0 (0.0)

BP, blood pressure; bpm, beats per minute; CAD, coronary artery disease; IQR, interquartile range; LVEF, left ventricular ejection fraction; MI, myocardial infarction; PVD, per-
ipheral vascular disease; SD, standard deviation; TPD, total perfusion deficit; WMA, wall motion abnormality.
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..patients with moderate to severe ischaemia. Overall this suggests
that physicians should integrate TID with the burden of ischaemia
when estimating cardiovascular risk.

Prognostic significance of post-stress
WMA
Post-stress WMA was associated with an increase in MACE in
patients with mild ischaemia, raising the risk of MACE to a level simi-
lar to that in patients with moderate to severe ischaemia. However,
stress-induced WMA was not independently associated with an in-
crease in MACE in multivariable modelling after correcting for
comorbidities, resting LVEF, and TID. Patients with post-stress WMA
were older and more likely to have diabetes, which have known
prognostic significance.21,28 In an exploratory analysis, accounting
only for age, diabetes, and reduced LVEF, post-stress WMA was no
longer associated with an increase in MACE suggesting that they may
account for the excess risk seen in univariable analyses. Earlier post-

stress imaging may better delineate post-stress WMA and may im-
pact the prognostic significance.29 Nevertheless, when imaging fea-
tures are interpreted in isolation the combination of mild ischaemia
and post-stress WMA identifies a higher risk cohort who may war-
rant consideration of invasive management.

Pathophysiologic basis of high-risk non-
perfusion markers
The presence of TID and post-stress WMA are believed to be
markers of ischaemia. Post-stress WMA is due to myocardial stun-
ning, which is a well-known marker of severe ischaemia.12 There are
two-postulated mechanisms of TID. Weiss et al.30 defined TID as a
post-stress increase in the epicardial boundary, suggesting that true
ventricular dilation occurs, which may be due to extensive ischaemia
causing global myocardial stunning. Alternatively, TID may be related
to diffuse sub-endocardial ischaemia. This mechanism is supported by
a study of 59 patients showing an increase in TID ratio is driven

Figure 1 Kaplan–Meier survival estimates stratified by extent of ischaemia and presence of TID (A) and post-stress WMA (B). Tables contain num-
ber of patients at risk at baseline and log-rank P-value comparing survival curves. No ischaemia (<1% ischaemic TPD), minimal ischaemia (1 to <5% is-
chaemic TPD), mild (5 to <10% ischaemic TPD), moderate/severe (>_10% ischaemic TPD). Patients with reduced LVEF were excluded. TID,
transient ischaemic dilation; WMA, wall motion abnormality.
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Figure 2 Associations with all-cause mortality between combinations of ischaemia and high-risk non-perfusion imaging features compared to
patients with moderate to severe ischaemia without high-risk features. No ischaemia (<1% ischaemic TPD), minimal ischaemia (1 to <5% ischaemic
TPD), mild (5 to <10% ischaemic TPD), and moderate to severe (>_10% ischaemic TPD). Patients with reduced LVEF were excluded. CI, confidence
interval; HR, hazard ratio; TID, transient ischaemic dilation; WMA, wall motion abnormality.

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

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

Table 4 Multivariable models of associations with mace stratified by ischaemia categories

No ischaemia (ischaemic TPD <1%) Minimal (< 5% ischaemic TPD) Mild (5 to <10% ischaemic TPD)

Variables Adjusted HR (95% CI) P-value Adjusted HR (95% CI) P-value Adjusted HR (95% CI) P-value

Age (years) 1.04 (1.03–1.05) <0.001 1.04 (1.03–1.05) <0.001 1.03 (1.02–1.04) <0.001

Male 1.89 (1.55–2.31) <0.001 – – – –

Body mass index 0.96 (0.94–0.98) <0.001 0.98 (0.97–0.99) 0.002 – –

Hypertension 1.42 (1.12–1.80) 0.004 – – – –

Diabetes 1.46 (1.17–1.83) 0.001 1.80 (1.55–2.09) <0.001 1.33 (1.11–1.59) 0.002

Prior MI 1.49 (1.08–2.07) 0.016 1.29 (1.07–1.56) 0.008 1.23 (1.02–1.50) 0.034

Family history – – 0.76 (0.64–0.92) 0.004 – –

Typical angina – – 0.66 (0.46–0.95) 0.026 – –

Exercise stress 0.43 (0.34–0.55) <0.001 0.54 (0.45–0.65) <0.001 0.53 (0.42–0.67) <0.001

Reduced LVEF – – 1.37 (1.04–1.82) 0.028 1.75 (1.37–2.23) <0.001

Shape index – – 1.03 (1.02–1.04) <0.001 1.03 (1.01–1.04) <0.001

TID 1.80 (1.23–2.63) 0.002 1.23 (0.88–1.70) 0.223 1.50 (1.02–2.21) 0.037

Post-stress WMA 1.11 (0.77–1.61) 0.582 1.24 (1.03–1.50) 0.024 0.92 (0.75–1.13) 0.440

– indicates variable not included in model.
CAD, coronary artery disease; HR, hazard ratio; LVEF, left ventricular ejection fraction; MI, myocardial infarction; TID, transient ischaemic dilation; WMA, wall motion
abnormality.
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.
primarily by changes in the endocardial border.31 While some com-
bination of both mechanisms may be involved, both are closely
related to ischaemia, suggesting that they should be interpreted in
conjunction with relative perfusion deficits.

Limitations
Our study has a few important limitations. TID and post-stress WMA
were assessed as binary variables. While this was chosen due to diffi-
culties comparing values between camera systems, stress protocols,
and radiotracers it is also more reflective of their routine clinical use.
However, greater degrees of abnormality are likely to be associated
with greater effect on outcomes. Earlier post-stress imaging may
have altered the prognostic significance of TID or post-stress WMA
by identifying subtler abnormalities.32 However, our results reflect
current imaging guidelines suggesting up to a 2-h delay is acceptable.33

While only two camera types were utilized, several combinations of
SPECT camera and stress protocols were included in our study,
which may have limited the precision of our estimates. However, this
would also tend to increase the generalizability of our findings. Low-
dose imaging protocols were not routinely used during the study
period and may also influence TID and post-stress WMA assess-
ments. We only used supine assessments of TID and post-stress
WMA, so the application to labs which only perform supine com-
bined with upright imaging or prone imaging is not addressed. In this
multicentre study, only all-cause mortality and not cardiac mortality
were collected. Finally, we performed several sub-group analyses,
some of which lacked statistical power. This may be particularly rele-
vant to the lack of association between TID and MACE in patients
with minimal ischaemia given the lack of a clear pathophysiologic basis
for this finding. Therefore, while we cannot exclude small differences
in these analyses, it is unlikely that clinically significant differences
were missed.

Conclusions

In patients with mild ischaemia, the presence of TID or post-stress
WMA identifies a group of patients with outcomes similar to patients
with moderate to severe ischaemia without other high-risk features.
Whether these combinations of findings identify a group of patients who
derive benefit from revascularization deserves further investigation.

Supplementary data

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