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Prospective diagnostic performance of semiconductor SPECT
myocardial perfusion imaging: wall thickening analysis reduces
the need for an additional prone acquisition
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Abstract
Purpose To determine whether the assessment of regional wall thickening (WT) in addition to myocardial perfusion from stress
supine acquisitions could compensate for the lack of prone acquisition and the corresponding decrease in the diagnostic perfor-
mance of SPECT myocardial perfusion imaging (MPI) in patients with known or suspected coronary artery disease (CAD).
Methods The study group comprised 41 patients (123 vessels) with known or suspected CAD prospectively recruited for
systematic prone and supine 201Tl stress SPECT MPI. The diagnostic performance of SPECT MPI was determined for various
image sets including nongated supine images (supine NG), nongated combined prone and supine images (prone and supine NG)
and gated supine images, allowing WT evaluation from NG images in addition to perfusion (supine NG +WT) using invasive
coronary angiography and fractional flow reserve as the gold standards.
Results The rate of false positives was significantly higher among the supine NG images (20.8%) than among either the prone
and supine NG or the supine NG+WT images (3.3% and 2.7%, respectively, P < 0.05 vs. supine NG). Consequently, specificity
was higher for the prone and supine NG images than for the supine NG images (96.1% vs. 76.1%, P < 0.01) and was highest for
the supine NG +WT images (96.8%, P not significant vs. prone and supine NG), without significant differences in sensitivity
(80.0%, 86.6% and 73.3%, respectively, P not significant for all comparisons).
Conclusion The diagnostic performance of supine stress SPECTMPI is improvedwhenWTassessment of ischaemic segments is
used as an additional diagnostic criterion to values not significantly different from those with combined prone and supine
acquisitions.
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Introduction

The use of combined prone and supine image acquisition for
single-photon emission computed tomography (SPECT)
myocardial perfusion imaging (MPI) has been shown to: (1)
improve interobserver agreement [1], (2) decrease the rate of
occurrence of equivocal studies by limiting the influence of
artefacts originating from supine-only acquisitions, [2–4],
thereby (3) improving specificity without compromising sen-
sitivity in a wide range of patient populations [2, 5, 6], and (4)
improve prognostic accuracy [7]. These findings have recently
been observed with cardiac-dedicated cadmium zinc telluride
(CZT) cameras [8, 9] and have been attributed to the specific
artefacts generated by this equipment [10–12]. However, de-
spite their clinical relevance, the use of prone acquisitions
either instead of or in combination with supine acquisitions
remains very limited, with only 16% of studies from European
centres being performed using such procedures as of 2007
[13]. The limited use of combined prone and supine acquisi-
tions has been suggested to be mainly related to poor patient
tolerance of the prone position [3] due to physical limitations
in up to 20% of cases [2], while the historical argument of
workflow impediment due to the increased time required for
image acquisition has been weakened by the recent introduc-
tion of CZT cameras that have higher sensitivity and therefore
shorter acquisition times [14]. The procedure of ECG gating
has gained much wider clinical acceptance than performing
prone acquisitions, with 74% of perfusion studies in Europe
being ECG-gated [13]. ECG-gated SPECT acquisitions allow
the assessment of global and regional left ventricular (LV)
function [15, 16]. When combined with perfusion, the addi-
tional regional functional data significantly reduces the num-
ber of borderline normal or abnormal readings, thereby de-
creasing the false-positive rate and improving test specificity
[17–21].

Recently introduced cardiac-dedicated semiconductor
SPECT cameras display improved sensitivity and resolu-
tion compared with Anger cameras and therefore provide
more accurate functional image analysis [22]. The feasibil-
ity of regional functional assessment in addition to perfu-
sion using new-generation semiconductor cameras has re-
cently been demonstrated in comparison with alternative
imaging modalities [23]. However, few data are available
regarding the clinical relevance of regional functional as-
sessment from images acquired using CZT cameras with
regard to the sensitivity and specificity values of SPECT
MPI [14]. The aim of the present study was to determine
whether the assessment of stress regional wall thickening
(WT) in addition to myocardial perfusion from supine ac-
quisitions could compensate for the lack of prone acquisi-
tion and the corresponding decrease in diagnostic perfor-
mance of SPECT MPI in patients with known or suspected
coronary artery disease (CAD).

Materials and methods

The study (EVACORY, NCT01995955) was approved by the
Comité de Protection des Personnes (CPP) SUDESTVEthics
Committee, and all subjects gave written informed consent to
participate.

Study population

A total of 55 patients with known or suspected CAD were
prospectively recruited in the framework of an ancillary study
(main study, EVACORY, NCT01995955) between June 2013
and October 2016. The patients had systematic SPECT MPI
and invasive coronary angiography (ICA) including assess-
ment of fractional flow reserve (FFR) irrespective of the re-
sults of the noninvasive scintigraphic assessment of myocar-
dial perfusion. Of the 55 patients, 41 underwent both prone
and supine stress acquisitions and were included in the present
study.

Exclusion criteria were as follows: previous ST segment
elevation or non-ST segment elevation myocardial infarction,
haemodynamic instability, significant valvular disease steno-
sis, coronary artery bypass grafting, nonischaemic cardiomy-
opathy, severely reduced LV ejection fraction (≤35%), and
contraindications to adenosine stress. Contraindications to
adenosine were asthma, second- or third-degree atrioventric-
ular block or sick sinus syndrome without a pacemaker, sys-
tolic blood pressure less than 90 mmHg, dipyridamole-
containing medication, methyl xanthene medication within
12 h of the test, and known hypersensitivity to adenosine.

Stress protocols

Stress testing was performed as previously described [24].
Details are provided in Online Resource 1.

Imaging protocol

The imaging protocol is depicted in Fig. 1 with further details
being provided in Online Resource 1.

Analysis of perfusion images

The image analysis procedure used in the present study is
summarized in Fig. 2. Non-ECG-gated (NG) images, ECG-
gated end-systolic (ES) images, and ECG-gated images for
regional WT analysis obtained in each patient from both the
prone and supine acquisitions were allocated to nine image
sets by an independent observer (B.D.) to assess the diagnostic
performance of SPECT MPI using the following image com-
binations: set 1 prone NG images, set 2 supine NG images, set
3 prone and supine NG images, set 4 prone NG +WTimages;,
set 5 supine NG+WT supine images, set 6 prone and supine
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NG+WT images, set 7 prone ES images, set 8 supine ES
images, and set 9 prone and supine ES images.

For each image set, stress and rest myocardial perfusion
was semiquantitatively evaluated by visual scoring using a
five-point scale (0 normal radiotracer uptake, 1 equivocal up-
take, 2 moderate uptake , 4 severely reduced uptake, 4 no
detectable uptake) and a 17-segment model of the LV [25].
Semiquantitative perfusion scoring was performed by two ex-
perienced nuclear cardiologists (L.D., D.F.). Global summed
stress scores (SSS) and summed rest scores (SRS) were cal-
culated by adding the scores of all 17 segments from stress or
rest images. Coronary territory perfusion was calculated after
allocating the 17 segments to the left anterior descending cor-
onary artery (LAD), left circumflex coronary artery (LCx) or
right coronary artery (RCA) territory as described below. Per-
segment myocardial perfusion was considered pathological

when there was a reversible (SSS ≥2 and SRS ≤2) or fixed
(necrosis, SSS and SRS both ≥2) perfusion defect. The extent
of ischaemia (LV percentage) was determined by dividing the
number of ischaemic segments (SSS ≥2 and SRS ≤2) by the
total number of LV segments. WT was evaluated visually by
experienced nuclear cardiologists (L.D., B.D.) in each of the
17 myocardial segments based on the increase in brightness of
the LV wall over the cardiac cycle. WTwas scored on a five-
point scale (0 normal, 1 mildly impaired, 2 moderately im-
paired, 3 severely impaired, 4 absent) and was eventually
considered as normal (WT score 0) or abnormal (WT score
≥1) based on myocardial wall brightening from diastole to
systole [16, 26] and by comparison with segments from the
same myocardial slice.

Two experienced nuclear cardiologists (L.D., D.F.) per-
formed the semiquantitative perfusion analysis of each

Fig. 2 Image sets used in the present study. Results from ES images (sets 7, 8, and 9) are presented and discussed in Online Resource 1

Fig. 1 Imaging protocol. Stress testing was performed using either an
ergometer or dipyridamole. Patients were injected with 201Tl at peak
stress. Supine and prone images were acquired sequentially each over

5 min starting 10 min after 201Tl injection. 99mTc-sestamibi was injected
upon completion of the prone stress image acquisition and a 5-min rest
image was acquired 2 min later
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image set blinded to the ICA data and to the perfusion
scores of other image sets. Discordant findings were re-
solved by consensus. Per-patient and per-coronary territory
myocardial perfusion was considered pathological when
the extent of ischaemia was >10% LV or when necrosis
(segmental SSS and SRS >2) was present in at least one
segment on prone or supine images (sets 1 and 2). For
image set 3 in which both prone and supine images were
considered, segmental myocardial perfusion was consid-
ered pathological when both prone and supine images in-
dicated a similar segmental perfusion abnormality, in
which situation the lowest score was retained to minimize
the occurrence of perfusion artefacts. A similar procedure
was used for the analysis of myocardial perfusion on ES
images (sets 7, 8 and 9). Finally, WT analysis in addition to
NG perfusion images (sets 4, 5 and 6) was used to classify
myocardial perfusion as pathological when a myocardial
segment with SSS ≥2 also showed a WT abnormality.
When both prone and supine acquisitions were used for
WT analysis (set 6), a WT abnormality was considered
present only if observed on both images.

Invasive coronary angiography

ICAwas performed and selective FFRdetermined using standard
techniques (Allura Xper FD10; Philips Healthcare) as detailed in
Online resource 1. The association between the 17-myocardial
segment model and the actual coronary anatomywas determined
as previously described [27]. Accordingly, segments 1, 2, 7, 8,
13, 14, 16 and 17 were attributed to the LAD and segment 6 to
the LCx irrespective of coronary dominance. If positive on per-
fusion analysis, the remaining segments were attributed to the
coronary territory which was abnormal on coronarography (seg-
ments 3, 9 and 15 to the LAD or RCA; segments 4, 5, 10 and 11
to the RCA or LCx; and segment 12 to the LAD or LCx).

Statistical methods

Statistical analyseswere performed using SPSS®version 15.0
(SPSS Inc., Chicago, IL). Continuous and discrete (SSS and
SRS) variables are expressed as means ± standard deviation.
Sensitivity, specificity, positive predictive value, negative pre-
dictive value and accuracy were calculated for MPI with re-
spect to CAD detection. Interobserver and intraobserver reli-
ability for SSS and SRS scores were assessed using two-way
random single-measure intraclass correlation coefficient anal-
ysis. SSS and SRS values found for the various image sets
were compared using the Friedman test for paired nonpara-
metric data with Dunn’s post-hoc pair-wise multiple compar-
isons test. Sensitivity and specificity values were compared
using the McNemar chi-squared test for paired categorical
variables. P values <0.05 were considered to indicate statisti-
cal significance.

Results

Patient characteristics

The main patient characteristics are presented in Table 1. The
41 patients included in the study (66%men, age 62 ± 12 years)
had a mean body mass index of 29.7 ± 5.9 kg/m2, were pre-
dominantly referred for the detection of silent ischaemia
(59%), and were predominantly (73%) classified as interme-
diate risk according to the European Society of Cardiology
CAD consortium pretest probability of CAD clinical score,
with none being classified as high risk. The most frequently
observed cardiovascular risk factors were high blood pressure

Table 1 Study population characteristics

Characteristic Value

Number of patients 41

Age (years), mean ± SD 62 ± 12

Sex (male), mean (SD) 27 (65.9)

Body mass index (kg/m2), mean ± SD 29.7 ± 5.9

Hypertension, n (%) 27 (65.8)

Dyslipidaemia, n (%) 23 (56)

Diabetes mellitus, n (%) 23 (56)

Current smoker, n (%) 13 (31.8)

Family history of CAD, n (%) 5 (12.2)

CAD history, n (%) 9 (22)

Previous stroke, n (%) 3 (7.3)

Treatment, n (%)

Antiplatelet 23 (56.1)

Beta-blockers 19 (46.3)

Calcium inhibitors 8 (19.5)

ACE inhibitors 8 (19.5)

ARBs 15 (36.6)

Diuretics 12 (29.2)

Statins 26 (63.4)

Indication for testing, n (%)

Typical chest pain 6 (14.6)

Atypical chest pain 11 (26.8)

Silent ischaemia detection, n (%) 24 (58.5)

Stressor

Exercise 17 (41.5)

Dipyridamole 24 (58.5)

Dobutamine 0 (0)

Stress test results

Maximum HR (bpm), mean ± SD 137.2 ± 14.0

Maximum HR (% MPHR), mean ± SD 88 ± 6

Positive, n (%) 4 (10)

Negative, n (%) 37 (90)

ACE angiotensin-converting enzyme, ARBs angiotensin-receptor
blockers, HR heart rate, MPHR maximum predicted heart rate
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(66%), dyslipidaemia (56%) and diabetes (56%). Of the 41
patients, 22% had known CAD and 15% had typical chest
pain, and 17 (42%) underwent an exercise stress test while
the remainder underwent pharmacological stress using
dipyridamole. Gated acquisitions did not reach the required
quality standards in two patients for either the prone or the
supine acquisition, and in two patients for both the prone and
the supine acquisitions.

Coronarography data

The results are presented in Table 2. In the 41 patients, 123
vessels were analysed, with FFR being assessed in 59 vessels
(1.5 ± 0.8 vessels per patient). The prevalence of significant
coronary stenosis was 29%. Of the 41 patients, 9 (22%) had
single-vessel disease while 3 (7%) had double-vessel disease.
The LAD, RCA and LCx were occluded in eight patients

(53%), six patients (40%) and one patient (7%), respectively.
Among the 123 epicardial vessels assessed, 15 (12%) had a
significant coronary lesion (>50% stenosis). Of these 15 le-
sions, 10 (66%) had ≥90% stenosis, 4 (27%) were totally
occluded, and 5 (33%) had 50–90% stenosis and a positive
(<0.80) FFR value.

Comparison of the extent and amplitude
of myocardial ischaemia

The SSS values obtained from the prone NG and supine NG
image sets (7.6 ± 6.0 and 7.6 ± 5.3, respectively) were signif-
icantly higher than those obtained from the prone and supine
NG image set (3.6 ± 3.3; P < 0.001 for both comparisons).

Diagnostic performance

The diagnostic performance of each image set (sets 1–6) is
presented in Table 3 and Fig. 3, and representative examples
of image set 3 (prone and supine NG), set 2 (supine NG) and
set 5 (supine NG +WT) from two patients are presented in
Fig. 4. No significant differences were observed between the
diagnostic performance of the prone NG and supine NG im-
age sets. The specificity for the detection of significant CAD
obtained from the prone and supine NG set (set 3; 96.1%, 95%
CI 92–99%) was significantly higher than those obtained from
either the prone NG set (set 1; 69.5%, 95% CI 60–78%,
P < 0.01) or the supine NG set (set 2; 76.1%, 95% CI 68–
84%, P < 0.01) with no significant differences in sensitivity
values (set 3, 80%, 95% CI 59–100%; set 1, 86.6%, 95% CI
69–100%; set 2, 96.6%, 95% CI 69–100%).

Analysis of segmental WT in addition to supine NG
images (set 5, supine NG +WT) significantly enhanced
the specificity values of SPECT MPI compared with the
values obtained using supine NG images alone (set 2;
96.8%, 95% CI 93–100%, vs. 76.1%, 95% CI 68–84%,
respectively, P < 0.01) without significantly affecting sen-
sitivity (73.3%, 95% CI 50–95%, with respect to the supine
NG set 2 or prone and supine NG set 3 images; 86.6%,
95% CI 69–100%, and 80.0%, 95% CI 59–100%, P not
significant). Overall, there was no significant difference in
diagnostic performance between the prone and supine NG
images and the supine NG +WT images. Similar trends
were observed using prone images alone (Table 3). As
detailed in Online Resource 1, the results obtained from
analysis of WT in addition to supine NG images were not
significantly improved by the use of ES images instead of
conventional NG perfusion images (supplemental Figure).
In addition, intraobserver reproducibility was high and
equivalent for all tested combinations of SPECT and gated
SPECT images (supplemental Table).

Table 2 Lesion characteristics

Variable Value

Patients with significant coronary
stenosis, n (% of 41 patients)

12 (29)

Significant coronary stenoses, n
(% of 123 vessels)

15 (12)

Lesion location, n (% of 15 vessels with stenosis)

LM 0 (0)

LAD 8 (53)

LCx 1 (7)

RCA 6 (40)

Number of vessels with significant
lesions per patient, n (% of 41 patients)

One vessel 9 (22)

Two vessels 3 (7)

Three vessels 0

Vessels with >90% stenosis, n (% of 15
vessels with stenosis)

10 (66)

Vessels with 100% stenosis, n (% of
15 vessels with stenosis)

4 (27)

Vessels with 50–90% stenosis and
FFR <0.80, n (% of 15 vessels with stenosis)

5 (33)

Vessels with FFR evaluation 59 (47)

FFR, mean ± SD

Vessels with FFR <0.80 0.60 ± 0.18

Vessels with FFR ≥0.80 0.90 ± 0.06

FFR-negative vessels, n (% of 59 vessels with
FFR evaluation)

44 (75)

FFR-positive vessels, n (% of 59 vessels with
FFR evaluation)

15 (25)

Stenosis (%), mean ± SD

Vessels with FFR ≥0.80 21.4 ± 20.4

Vessels with FFR <0.80 77.3 ± 23.7

LM left main coronary artery, LAD left anterior descending coronary
artery, LCx left circumflex coronary artery, RCA right coronary artery,
FFR fractional flow reserve
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Discussion

The main finding of the present study is that the visual
assessment of WT from SPECT stress myocardial perfu-
sion images acquired in the supine position using a CZT
detector camera compensated for the decrease in specific-
ity for the detection of CAD caused by the lack of a prone
acquisition by improving specificity values to levels not
significantly different from those observed using combined

prone and supine acquisitions without a significant de-
crease in sensitivity.

The use of combined prone and supine acquisitions has
been demonstrated to provide superior diagnostic and
prognostic performance compared with prone-only or
supine-only SPECT MPI, with both historical Anger cam-
eras [2, 5–7] and recently developed CZT cameras [8, 9].
The present prospective study confirmed the excellent di-
agnostic performance of CZT SPECT MPI for the detec-
tion of significant coronary stenosis assessed by ICA and
FFR when both prone and supine images were acquired, in
accordance with the previously published data discussed
above. An alternative to the acquisition of both prone and
supine images is the use of ECG-gated imaging for the
evaluation of regional cardiac function through the assess-
ment of systolic WT. Accordingly, a number of studies
have validated the hypothesis that the diagnostic perfor-
mance of SPECT MPI is improved when it is combined
with regional function assessment on Anger cameras
[18–22]. However, the increased spatial resolution provid-
ed by recently available CZT cameras leads to a corre-
sponding decrease in partial volume loss that may lead to
underestimation of myocardial WT based on the partial
volume effect, although this issue does not yet appear to
have been conclusively addressed [22, 23, 28].

In addition, there are few data in the recent literature ad-
dressing the potential of CZT cameras for the assessment of
systolic WT [29, 30]. In this setting, the results of the present

Table 3 Per-vessel diagnostic performance of image sets for the detection of significant coronary lesions

Image set

Prone NG
(set 1)

Prone NG +WT
(set 4)

Supine NG
(set 2)

Supine NG +WT
(set 5)

Prone and supine NG
(set 3)

Prone and supine NG +WT
(set 6)

Number of vessels

Total 120 111 120 111 120 114

True-positive 13 12 13 11 12 12

True-negative 73 93 80 93 101 99

False-positive 32 3 25 3 4 0

False-negative 2 3 2 4 3 3

Diagnostic
accuracy (%)a

71.6 (63–80) 94.5 (89–98) 77.5 (69–85) 93.6 (87–97) 94.1 (88–98) 97.3 (93–99)

Sensitivity (%) 86.6
(69–100)

80.0 (59–100) 86.6 (69–100) 73.3 (50–95) 80.0 (59–100) 80.0 (59–100)

Specificity (%) 69.5 (60–78) 96.8 (93–100) 76.1 (68–84) 96.8 (93–100) 96.1 (92–99) 100

Positive predictive
value (%)

28.8 (15–42) 80.0 (59–100) 34.2 (19–49) 78.5 (57–100) 75.0 (53–69) 100

Negative predictive
value (%)

97.3
(93–100)

96.8 (93–100) 97.5 (94–100) 95.8 (91–99) 97.1 (93–100) 97.0 (93–100)

Values in parentheses are 95% confidence intervals

The value in italics is significantly different from the value for the Supine NG set at P < 0.01; the value in boldface is significantly different from the
values for both the Supine NG set and the Prone NG set at P < 0.01
a Ratio of true-positive plus true-negative tests to the total number of tests

Fig. 3 True-negative, false-positive, true-positive and false-negative rates
from the prone and supine NG image set, the supine NG set, and the
supine NG+WT set. *P < 0.05; NS not statistically significant
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study seem to indicate the relevance of visual assessment of
regional WT based on the variation in myocardial intensity
over the cardiac cycle since the combination of perfusion
analysis from NG supine or prone images combined with
the assessment of regional WT on the same acquisitions
allowed improvement in specificity to values not significantly
different from those obtained using the combination prone and
supine NG perfusion images. With respect to the reliability of

specificity values found in this study, it should also be noted
that post-test referral bias was absent since all included pa-
tients underwent ICA irrespective of the presence or absence
of myocardial ischaemia from SPECT MPI. As a result, the
diagnostic performance of the various image sets used in this
study was determined in a cohort in which a significant pro-
portion of coronary angiograms were negative for CAD,
thereby avoiding the need to use normalcy rate [31, 32].

Fig. 4 Representative examples of Prone and supine NG, Supine NG,
and Supine NG + WT image sets. a The Prone and supine NG images
show <5% ischaemia (SSS = 2) which increases to 10–15% on the Supine
NG images (SSS = 6); WT analysis of the supine images (Supine NG +
WT images) indicates no wall thickening abnormality, confirming the
lack of ischaemia found on analysis of the Prone and supine NG
images. The coronarography data indicated no significant CAD (LAD,
20% stenosis; LCx, 0% stenosis; RCA, 20% stenosis). Rest images
(Supine NG + WT images) are normal; b The Prone and supine NG
images show 10–15% anterior ischaemia (SSS = 5) which increases to
15–20% on the Supine NG images (SSS = 9); WT analysis of supine

images (Supine NG + WT images) indicates a thickening abnormality
confirming the presence of ischaemia. The coronarography data indicated
significant LAD stenosis (70%, FFR 0.79) while the LCx (60% stenosis,
FFR 0.93) and RCA (30% stenosis) did not display significant CAD. Rest
images (Supine NG + WT images) are normal.White arrowsmyocardial
perfusion defects on both the prone and supine acquisitions, arrowheads
supine-specific myocardial perfusion defects, green arrows areas of
normal wall thickening despite supine-specific myocardial perfusion
defects indicating the artefactual nature of the perfusion abnormality,
orange arrows areas of impaired wall thickening in the ischaemic area;
SA short axis, VLA vertical long axis, HLA horizontal long axis
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Study limitations

The present study was a single-centre study with a relatively
low sample size, and this may have limited its statistical pow-
er. However, the relatively small number of patients included
was a consequence of the prospective design of the trial, and
because of this there was no referral bias and ICA and FFR
assessment were performed systematically. The relatively
high doses of 201Tl and 99mTc-sestamibi injected were chosen
as previously described by others [33]. The corresponding
effective dose may be optimized through stress-only acquisi-
tions and minimization of the injected activity of 201Tl, as
currently performed and evaluated in our institution.

Conclusion

CZT SPECT MPI showed excellent performance for the de-
tection of significant coronary stenosis as identified by ICA
and FFR when both prone and supine acquisitions can be
performed. Specificity is impaired when supine-only acquisi-
tions are available. In this setting, the visual analysis of seg-
mental WTon ECG-gated images and the use of the compos-
ite criterion for myocardial ischaemia of >10% LV and WT
abnormality in the corresponding ischaemic segments for the
classification of a CZT SPECT MPI test as positive signifi-
cantly improves the diagnostic performance of supine-only
acquisitions.
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