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Myocardial CT perfusion imaging for the ")
detection of obstructive coronary artery
disease: multisegment reconstruction does

not improve diagnostic performance

Daniel PreuR’, Gonzalo Garcia', Michael Laule?, Marc Dewey' and Matthias Rief'

Abstract

Background: Multisegment reconstruction (MSR) was introduced to shorten the temporal reconstruction window
of computed tomography (CT) and thereby reduce motion artefacts. We investigated whether MSR of myocardial
CT perfusion (CTP) can improve diagnostic performance in detecting obstructive coronary artery disease (CAD)
compared with halfscan reconstruction (HSR).

Methods: A total of 134 patients (median age 65.7 years) with clinical indication for invasive coronary angiography
and without cardiac surgery prospectively underwent static CTP. In 93 patients with multisegment acquisition, we
retrospectively performed both MSR and HSR and searched both reconstructions for perfusion defects. Subgroups
with known (n = 68) or suspected CAD (n = 25) and high heart rate (n = 30) were analysed. The area under the
curve (AUC) was compared applying DeLong approach using = 50% stenosis on invasive coronary angiography as
reference standard.

Results: Per-patient analysis revealed the overall AUC of MSR (0.65 [95% confidence interval 0.53, 0.78]) to be
inferior to that of HSR (0.79 [0.69, 0.88]; p = 0.011). AUCs of MSR and HSR were similar in all subgroups analysed
(known CAD 0.62 [0.45, 0.79] versus 0.72 [0.57, 0.86]; p = 0.157; suspected CAD 0.80 [0.63, 0.97] versus 0.89 [0.77,
1.00]; p = 0.243; high heart rate 046 [0.19, 0.73] versus 0.55 [0.33, 0.77]; p = 0.389). Median stress radiation dose was
higher for MSR than for HSR (6.67 mSv versus 3.64 mSv, p < 0.001).

Conclusions: MSR did not improve diagnostic performance of myocardial CTP imaging while increasing radiation
dose compared with HSR.
Trial registration: CORE320: clinicaltrials.gov NCT00934037, CARS-320: NCT00967876.
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Key points

e Overall per-patient diagnostic performance of multi-
segment reconstruction (MSR) of myocardial com-
puted tomography perfusion was inferior to halfscan
reconstruction (HSR) for detecting obstructive cor-
onary artery disease (CAD).

e MBSR also did not improve the diagnostic
performance in terms of area under the curve in any
patient subgroup analysed (CAD status, high heart
rate).

e The radiation dose of MSR was higher than that of
HSR.

Background

The latest American and European guidelines [1, 2] still
do not include myocardial computed tomography perfu-
sion (CTP) for noninvasive imaging of patients with sus-
pected or known coronary artery disease (CAD) before
invasive coronary angiography (ICA). However, recent
studies suggest that CTP has higher diagnostic perform-
ance than single-photon emission tomography [3] and the
same as magnetic resonance imaging [4] for detecting ob-
structive CAD. Evidence from meta-analyses shows an
added benefit of static and dynamic CTP when combined
with coronary computed tomography angiography (CTA),
allowing accurate anatomical and functional assessment of
the coronary arteries [5, 6]. Stress imaging is generally part
of CTP acquisition protocols and is performed to induce
hyperaemia and thus demarcate relative myocardial perfu-
sion defects indicative of obstructive CAD [5]. However,
an undesired effect is an increase in heart rate, and CTA
research suggests that the temporal reconstruction win-
dow of halfscan reconstruction (HSR) may not be short
enough to accurately detect stenosis and avoid motion ar-
tefacts of the coronary arteries [7, 8] for heart rates > 65
beats per minute (bpm).

Technically, HSR uses partial scan raw data of ap-
proximately half a gantry rotation, generating a temporal
reconstruction window that corresponds to that partial
gantry rotation time [7-11]. A shorter temporal recon-
struction window can also be generated by acquiring
several heart beats (segments) and using the partial scan
raw data of all segments in multisegment reconstruction
(MSR). This improves the per-segment temporal recon-
struction window of MSR compared with HSR by up to
the same factor as the number of segments acquired [7-
11] at the cost of a higher radiation dose.

A few prospective studies show that MSR improves
CTA image quality of coronary arteries compared to
HSR in patients with high heart rates [7, 8, 12]. In terms
of diagnostic performance of CTA in the diagnostic
evaluation of CAD [7, 8, 12] or myocardial function [13],
available studies revealed that MSR had higher [7, 12] or
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the same [8, 13] diagnostic performance compared to
HSR. Although, with the much faster gantry rotation
speed available today, the temporal reconstruction win-
dow of HSR may be short enough to avoid motion arte-
facts and accurately detect perfusion defects in CTP,
recent studies [14—16] still used MSR assuming superior
diagnostic performance for this method in myocardial
CTP as demonstrated in CTA and myocardial function.
On the other hand, preferring HSR over MSR [17-19] is
also not evidence-based as the diagnostic performance
of MSR and HSR in myocardial CTP has not yet been
compared before.

Thus, the primary objective of the present analysis was
to investigate whether MSR of myocardial CTP imaging
can improve diagnostic performance in the detection of
obstructive CAD compared with HSR.

Methods

Study design and population

The current study is a retrospective single-centre substudy of
patients prospectively enrolled in two studies: multicentre
CORE320 ([20, 21], www.clinicaltrials.gov: NCT00934037)
and single-centre CARS-320 ([22], NCT00967876). Both pri-
mary studies and this substudy were approved by the institu-
tional ethics committee, and patients gave written informed
consent for enrolment in the primary study and use of their
data for secondary analysis. The study designs of the primary
studies have been reported in detail before [20, 22] and their
primary objectives along with detailed inclusion and exclu-
sion criteria are given in Supplementary Table S1. Patient en-
rolment was conducted consecutively at Charité University
Hospital Berlin between April 2009 and November 2011 (no
randomisation or double inclusion). The inclusion criterion
for the current substudy was completion of either the
CORE320 or the CARS-320 study. The exclusion criterion
was no availability of the full myocardial CTP raw dataset
(Fig. 1). All patients underwent coronary CTA (not consid-
ered in the current analysis) and myocardial CTP followed
by quantitative ICA (no randomisation). In the primary stud-
ies, a heart rate of = 65 bpm was the cut-off for multisegment
acquisition (vendor preset), and patients were analysed using
MSR only. In the current substudy, we performed both MSR
and HSR of myocardial CTP in patients with multisegment
acquisition and compared the diagnostic performance of the
two reconstruction techniques. Patients with single-segment
acquisition were included to compile the control group for
interindividual comparison of radiation dose with that of the
multisegment acquisition group, as estimating radiation dose
of HSR from the multisegment acquisition raw data may be
inaccurate (Fig. 1). As predictive values depend on disease
prevalence, and patients with known CAD of the present
analysis represent a high-risk group for having obstructive
CAD, we analysed the diagnostic performance of MSR and
HSR separately for the two subgroups, ie., patients with


http://www.clinicaltrials.gov

PreuB et al. European Radiology Experimental (2022) 6:5

Page 3 of 14

Assessment for eligibility (n = 152)

Patients completed CORE320 [21] study (n =61)
Patients completed CARS-320 [22] study (n =91)

Excluded patients (n = 18)

Raw data incomplete (n = 13)

A

Raw data not readable (n = 2)
Raw data not saved (n = 3)

Analyzed patients (n = 134)

MSR and HSR possible (n = 93)
HSR only possible (n =41)

\

A

Intraindividual comparison
of diagnostic performance
MSR versus HSR of n =93

Interindividual comparison
of radiation dose
MSR and HSR possible (n = 93) versus

HSR only possible (n = 41)

Y

All patients (n = 93/93)

Subgroup analysis

Patients with known CAD (n = 68/93)
Patients with suspected CAD (n = 25/93)
Patients with high heart rates > 75 bpm (n = 30/93)
Patients with low heart rates < 75 bpm (n = 63/93)

Fig. 1 Flow chart showing the patient selection strategy for comparison of diagnostic performance and radiation dose of MSR and HSR of myocardial CTP
imaging datasets in patients with suspected or known CAD. The study population for intraindividual comparison of diagnostic performance consisted of 93 of
134 patients with multisegment acquisition of stress CTP allowing both HSR and MSR. The remaining 41 of 134 patients had predefined single-segment
acquisition due to heart rates < 65 bpm, and only HSR was possible. These patients served as a control group for interindividual radiation dose comparison.
bpm Beats per minute, CAD Coronary artery disease, CTP Computed tomography perfusion, HSR Halfscan reconstruction, MSR Multisegment reconstruction

known or suspected CAD. Furthermore, we analysed sub-
groups of patients with high heart rate (>75bpm) and low
heart rate (< 75 bpm) as previous coronary CTA research in-
dicates that the image quality of HSR decreases with heart
rates > 75 bpm (Fig. 1) [7, 23].

CT acquisition, reconstruction, and reading
Details of the CTP acquisition protocols are provided in
Table 1 and have been reported before [22, 24]. In brief,

contrast-enhanced static CTP imaging was performed
on a 320-row CT scanner (Aquilion ONE, Canon Med-
ical Systems; former Toshiba Medical Systems) with a
350-ms gantry rotation time and a detector width of 0.5
mm. As the primary studies were planned independently
from each other, and the maximum cumulative radiation
dose of all CT examinations in the CORE320 study was
capped to 25.5 mSv [20], the acquisition protocols of the
primary studies slightly differ from each other (Table 1).
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Parameter

Primary study

CORE320 [24]

CARS-320 [22]

Tube voltage (kV)
Tube current (mA)
Body mass index®
Women
<20
20 <25
25<30
30 <33
33<36
36 <40
Men
<20
20 <25
25<30
30<33
33<36
36 <40
ECG-gated tube current modulation
Target of acquisition window (%)
Acquisition window (%)
Contrast agent
Volume (mL), (flow [mL/s])
Weight
< 60 kg
60 < 70 kg
70 < 80 kg
80 <100 kg
> 100 kg
Acquisition kick-off (bolus tracking)
Number of scanned segments
Heart rate (beats per minute)
< 65
65 <80
80<118
118 < 155
Temporal order of CTP imaging

Time interval between rest and stress imaging (min)

Vasodilator in stress imaging (flow [pg/kg/min])

120

270
300
300
300
300
300

300
350
350
350
350
350
off
85
20

300 HU in the descending aorta

1

2

2

2

Stress imaging after rest imaging
20

Adenosine (140)

120

200
250
300
350
400
450

250
300
350
400
450
500
off
85
20

70 (5.0)
200 HU in the descending aorta

1

2

3

4

Stress imaging after rest imaging
20

Adenosine (140)

ECG Electrocardiogram, CTP Computed tomography perfusion, HU Hounsfield units. °Calculated as

In patients with heart rates < 65bpm, a single segment
was scanned (vendor preset). Patients with heart rates
> 65 bpm underwent a capped two-segment acquisition

weight in kg
(height in m)?

and adaptive multisegment acquisition of up to four seg-
ments in the CARS-320 study (vendor preset) [22].
If multiple segments were acquired for stress CTP im-

when they were included in the CORE320 study [24] aging, we performed both MSR of all available
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consecutive segments and HSR of the first segment,
resulting in a temporal reconstruction window of 175 ms
for HSR and of down to 44 ms (median 87 ms, interquar-
tile range 69-128) for MSR (Fig. 2) when up to four seg-
ments were acquired [8—11]. HSR was consistently used
for rest CTP. We applied a myocardial CTP kernel (FCO03)
and an iterative reconstruction algorithm (AIDR3D-stand-
ard). Further reconstruction parameters were previously
described [22]. Reconstructed volumes were read on a
dedicated research workstation with software version
4.71GR002, Canon Medical Systems (Otawara, Japan),
using 3-mm intervals of 8-mm-thick cardiac short-axis
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views [22] in rainbow red colour (assigning CT attenua-
tions to colours ranging from low attenuation (black), to
intermediate (green), to high attenuation (red)) (Fig. 3).
Two readers (M.R,, radiologist, 10 years of experience in
cardiovascular imaging, and D.P., physician, 2 years of ex-
perience in cardiovascular imaging) blinded to clinical in-
formation, coronary anatomy, and results of the CTA and
reference test independently assessed images in random
order. Each myocardial segment was visually judged
(qualitative analysis [24]) in an intent-to-diagnose ap-
proach [25] to detect stress-induced, fixed, or partially re-
versible perfusion defects with additional use of the

a Halfscan

Gantry rotation

Electrocardiogram

b

reconstruction

Dy

Multisegment
reconstruction

175

150

125

100

75 —

25 —

Temporal reconstruction window (ms)

65 85 105

Heart rate (beats per minute)

Fig. 2 Technical background for generating temporal reconstruction windows of MSR and HSR (a) and their dependency on patient’s heart rate
(b). @ The minimum partial scan raw data needed to reconstruct a volume require half a gantry rotation (+ fan angle). HSR uses partial scan raw
data acquired within one heart beat (illustrated on the left in light grey) and consequently generates a per-segment temporal reconstruction
window of half a gantry rotation. MSR uses partial scan raw data of approximately half a gantry rotation acquired in at least two successive heart
beats, illustrated on the right for two segments in dark grey (segment one) and black (successive segment two). The resulting minimum per-
segment temporal reconstruction window of MSR can be calculated as follows: Temporal reconstruction window = gantry rotation time / (2 X
number of acquired segments). Thereby, acquiring more segments improves the per (heart)-segment temporal reconstruction window of MSR
compared with HSR by up to the same factor as the number of segments acquired [see references [7-11]] at the cost of a higher radiation dose
[see references [8, 12]]. b Line graphs showing the per-segment temporal reconstruction window of MSR and HSR depending on individual
patient’s heart rate for a 350-ms gantry rotation time and acquisition of up to four segments. The temporal reconstruction window of HSR is
always 175 ms, whereas the temporal reconstruction window of MSR ranges from 44 to 175 ms depending on heart rate. Data by courtesy of the
equipment vendor. HSR Halfscan reconstruction, MSR Multisegment reconstruction
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Fig. 3 HSR and two-segment MSR of stress myocardial CTP in a 55-year-old man with suspected coronary artery disease and typical angina
pectoris in comparison with invasive coronary angiography. a HSR shows a moderate perfusion defect in the left anterior descending artery
territory (arrow), which is also suggested by moderate hypoattenuation in the corresponding area (circle) of the polar myocardial attenuation
map; CTP with HSR was considered positive. b MSR shows only very slightly reduced perfusion (arrowhead) and only weak hypoattenuation in
the corresponding area (dotted circle) of the polar myocardial attenuation map; CTP with MSR was considered negative. ¢ Invasive coronary
angiography reveals visually high-grade diameter stenosis (*) of the left anterior descending artery with 61% stenosis in quantitative invasive
coronary angiography (**), corresponding to a true-positive CTP with HSR (a) and a false-negative CTP with MSR (b). Contrast-enhanced CTP in
mid-heart short-axis view with 8-mm slice thickness and rainbow-red colour preset using a predefined window level/window width of 200/400.
CTP Computed tomography perfusion, HSR Halfscan reconstruction, MSR Multisegment reconstruction

myocardial attenuation map and the transmural perfusion
ratio (< 0.99) as semiquantitative parameters [22, 24]. Sub-
sequently, each segment was classified according to
readers’ rating confidence: definitely no perfusion defect,
most likely no perfusion defect, possibly no perfusion de-
fect, probably no perfusion defect, non-diagnostic, prob-
ably a perfusion defect, possibly a perfusion defect, most
likely a perfusion defect, and definitely a perfusion defect.
Differences between the two readers were solved in a con-
sensus session. The American Heart Association’s 17-
segment myocardial model was used [26]. Thereafter,
readers were unblinded only to the patient’s individual
coronary CT anatomy: perfusion defects were manually
assigned to their culprit supplying arteries (right anterior
descending, left anterior descending, left circumflex artery,
and, if present, ramus intermedius) using the thin-sliced
rest CTP images (which also served as coronary CTA
dataset in the primary studies). A perfusion defect possibly

caused by left main artery stenosis (50%) was assigned to
one of the anatomic downstream coronary arteries. As
scan timing is crucial for differentiating ischemic from
normal myocardium in static myocardial perfusion during
arterial contrast medium first pass [27-29], we compared
CT attenuation in the left ventricle, ascending aorta, and
proximal or distal descending aorta to estimate the con-
trast bolus phase in which the images were acquired.

Reference: quantitative invasive coronary angiography

A diameter stenosis of > 50% detected on quantitative
ICA served as the common predefined reference stand-
ard [20, 22]. To consider functional relevance [16], we
additionally used a > 70% diameter stenosis detected on
ICA as secondary reference standard. ICA was con-
ducted in clinical standard technique [20, 22]. The de-
gree of coronary artery stenosis was assessed by the
principal investigators of these studies in an intent-to-
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diagnose approach. They were cardiologists with at least
5years of experience in performing ICA and were
blinded to the results of CTA and CTP. However, clin-
ical information was available to them in a clinical
setting.

Statistical analysis

In contrast to the primary studies [20, 22], an additional
power analysis was not conducted for this retrospective
substudy. The AUC represents the readers’ confidence in
the identification of perfusion defects caused by stenosis
in the supplying artery. AUCs were calculated and com-
pared using DeLong et al.’s approach [30]. To avoid over-
estimation of diagnostic performance, an analysis should
include ‘non-diagnostic’ segments as well [25], and we
think they should not be considered negative but positive
(intent-to-diagnose approach). Consequently, a diagnostic
confidence rating of non-diagnostic or higher for the pres-
ence of a perfusion defect was used to estimate sensitivity,
specificity, and predictive values. Thereby, the threshold
for a positive myocardial segment in CTP was clinically
set and was not derived from AUC. The proportions were
calculated with 95% confidence intervals for unclustered
data [31] and compared using McNemar’s and Leisenring
et al’s methods [32]. We performed Cohen-x statistics
and additionally calculated raw agreement to assess inter-
reader correlation. An unweighted x > 0.90 was inter-
preted to indicate almost perfect agreement [33]. Patient
characteristics, bolus timing data, and radiation doses
were compared with Student’s paired or unpaired ¢-,
Mann-Whitney 1/, Wilcoxon’s signed-rank, x?, or Fisher’s
exact test, as appropriate. Values of p < 0.050 were
regarded as statistically significant. Statistical analysis was
conducted by G.G. using the open-source software R,
version 3.4.1 [34] with the pROC_1.10.0’ [35], ‘DTCom-
Pair_1.0.3" [36], and ‘epiR_0.9-91" [37] packages.

Results

Patient characteristics

A total of 134 patients were included in this study (Fig.
1). The population for comparing diagnostic perform-
ance of MSR and HSR of myocardial CTP consisted of
93 of 134 patients with multisegment acquisition of
stress CTP, allowing application of both reconstruction
methods. The remaining 41 of 134 patients had single-
segment acquisition and only HSR was possible. These
patients served as a control group for interindividual ra-
diation dose comparison. Detailed patient characteristics
are given in Table 2. Median age of all 134 patients was
65.7 years (interquartile range 55.9-70.2); 73% were men
(98 of 134) and 66% of the patients (89 of 134) presented
with a previous percutaneous coronary intervention.
Among all analysed patients, 60% (80 of 134) and 27%
(36 of 134) were diagnosed with at least one > 50% and
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> 70% coronary vessel stenosis in the study ICA, respect-
ively. One patient had obstructive CAD in the left main
artery and corresponding perfusion defects in both the
left anterior descending and the left circumflex artery.
Serious adverse events occurred in two patients (one
coronary dissection during ICA and one intracerebral
bleeding after ICA). The median time interval between
CTP and ICA was 24'h 02 min (range 1h 35 min to 28
days 4 h 38 min).

Diagnostic performance of MSR and HSR of myocardial
CTP

Scan timing of static CTP was optimal to diagnose perfu-
sion defects (Supplementary Table S2) [27]. Overall agree-
ment between the two readers in identifying myocardial
segments positive for perfusion defects was almost perfect
in both per-patient (Cohen x 0.94, raw agreement 96.9%)
and per-territory analysis (0.97, 97.1%, respectively). Fig-
ure 3 shows a representative patient example juxtaposing
stress CTP reconstructions (MSR and HSR) and the corre-
sponding ICA images. We directly compare the results of
MSR and HSR of myocardial CTP in the per-patient and
per-territory analysis in relation to quantitative ICA in
Supplementary Table S3. Additionally, direct comparison
of the results of MSR and HSR of myocardial CTP by pa-
tient subgroup is presented in Supplementary Table S4
(per-patient) and in Supplementary Table S5 (per-terri-
tory). As one of the 93 patients we compared had no right
coronary artery and 14 patients had a ramus intermedius,
the 93 patients had a total of 292 myocardial artery terri-
tories that we analysed (left anterior descending artery ter-
ritory, n = 93; left circumflex artery territory, n = 93; right
coronary artery territory, n = 92; ramus intermedius terri-
tory, n = 14).

The AUC of MSR was inferior to that of HSR on the
per-patient level (93 patients; MSR 0.65 [95% confidence
interval lower, upper 0.53, 0.78]; HSR 0.79 [0.69, 0.88]; p
= 0.011) using 50% vessel stenosis detected in quantita-
tive ICA as reference (Table 3, Fig. 4). Results of sub-
group analysis including the diagnostic performance of
MSR and HSR in patients with known CAD (68 of 93
patients), suspected CAD (25 of 93 patients), high heart
rates > 75bpm (30 of 93 patients), and low heart rates
(63 of 93 patients) using 50% vessel stenosis detected in
ICA as reference are presented in Table 4 (per-patient)
and Table 5 (per-territory). Per-patient AUC of MSR
and HSR was similar in patients with known CAD (MSR
0.62 [0.45, 0.79]; HSR 0.72 [0.57, 0.86]; p = 0.157) and in
patients with suspected CAD (MSR 0.80 [0.63, 0.97];
HSR 0.89 [0.77, 1.00]; p = 0.243) (Table 4). In addition,
per-patient AUC of MSR and HSR was similar in pa-
tients with high heart rates (MSR 0.54 [0.27, 0.81]; HSR
0.55 [0.33, 0.77]; p = 0.611) whereas per-patient AUC of
MSR was found to be inferior to that of HSR in patients
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Table 2 Characteristics of the 134 patients analysed in this study
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Characteristic All patients (n = 134) Diagnostic performance comparison  Radiation dose control  p-value
and radiation dose index group (n = 93)° group (n = 41)°
Age (years)® 65.7 (55.9-70.2) 62.9 (54.5-70.0) 67.1 (644-70.1) 0013
Men 3 (98) 9 (64) 83 (34) 0.090
Body mass index® b 26.8 (25.2-30.0) 27.0 (25.4-304) 26.3 (24.7-29.3) 0.163
Dyslipidaemia 9 (93) 9 (64) 71 (29) 0.825
Arterial hypertension 0 (107) 1 (75) 78 (32) 0.730
Diabetes mellitus 7 (36) 4 (22) 34 (14) 0.207
Clinical presentation
Typical angina 24 (32) 22 (20) 29 (12) 0331
Atypical angina 27 (36) 25 (23) 32 (13) 0.401
Nonspecific chest pain 20 (27) 22 (20) 17 (7) 0.556
No chest pain 29 (39) 32 (30) 22 (9) 0226
Positive stress test
Electrocardiography 7(9) 6 (6) 7 (3) 0494
Echocardiography 14 (19) 11 (10) 22 (9) 0.087
Magnetic resonance perfusion imaging 17 (23) 16 (15) 20 (8) 0.632
Single-photon emission computed 36 (48) 39 (36) 29 (12) 0.294
tomography
Pretest CAD status
Prevalence of CAD
Suspected or no obstructive disease 29 (39) 27 (25) 34 (14) 0394
One-vessel disease 31 (42) 31 (29) 32 (13) 0.952
Two-vessel disease 22 (29) 24 (22) 17 (7) 0.394
Three-vessel disease 16 (22) 16 (15) 17 (7) 0.892
Four-vessel disease 1) 22 0 (0) 0.999
Stress CTP parameters
Contrast medium dose (ml) @ 60 (60-70) 60 (60-70) 60 (60-70) 0.130
Heart rate (bpm) ° 664 (61.5-74.5) 70.7 (64.9-76.4) 580 (53.3-64.1) 0.001
2-segment MSR 3 (84) 0 (84) 00 <0001
3-segment MSR 7 (9) 09 0 (0) 0.057
Per-segment temporal reconstruction 129.7 (102.8-175.0) 115.3 (96.8-132.5) 175 (175-175) < 0.001

window (ms) ?

Data are percentages with numbers of patients in parentheses, unless otherwise stated. Data are medians with interquartile ranges in parentheses (data not

weight in kg ¢

PR b,
normally distributed). Calculated as height in )7

Since a heart rate > 65 bpm was the predefined cutoff for multisegment acquisition in the primary studies, the

population for comparing the diagnostic performance of MSR and HSR of myocardial CTP consisted of 93 of 134 patients with multisegment acquisition of stress
CTP allowing both MSR and HSR. The remaining 41 of 134 patients had single-segment acquisition due to heart rates < 65 bpm, and only HSR was possible. These
patients served as a control group for interindividual radiation dose comparison (Fig. 1). bpm Beats per minute, CAD Coronary artery disease, CTP Computed
tomography perfusion, HSR Halfscan reconstruction, MSR Multisegment reconstruction

with low heart rates (MSR 0.70 [0.57, 0.83]; HSR 0.87
[0.78, 0.95]; p = 0.007) (Table 4).

For all patients, diagnostic performance results of
MSR and HSR of myocardial CTP using 70% vessel
stenosis as reference are presented in Supplementary
Table S6. Regarding subgroup analysis, the results for
diagnostic performance of MSR and HSR of myocar-
dial CTP using 70% vessel stenosis as reference are

presented in Supplementary Table S7 (per-patient)
and in Supplementary Table S8 (per-territory).
brief, per-patient analysis revealed the AUC of MSR
and HSR of myocardial CTP to be similar (p > 0.050)
in all patients and in each patient subgroup using
70% vessel stenosis detected in quantitative ICA as
reference.
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Table 3 All patients: diagnostic performance of MSR and HSR of myocardial CTP

All 93 patients

Per-patient level

Per-territory level

Reconstruction/performance HSR MSR p-value HSR MSR p-value
Area under the curve® 0.79 [0.69, 0.88] 0.65 [0.53, 0.78] 0.011 0.87 [0.83, 0.92] 0.71 [0.65, 0.78] < 0.001
Sensitivity 8 (51/58) [77, 95] 7 (39/58) [54, 79] 0.001 9 (68/86) [69, 87] 0 (43/86) (39, 61] < 0.001
Specificity 9 (17/35) [31, 66] 6 (23/35) [48, 81] 0.114 3 (171/206) [77, 88] 7 (179/206) [82, 91] 0.118
Positive predictive value 4 (51/69) [62, 84] 76 (39/51) [63, 87] 0.541 6 (68/103) [56, 75] 1 (43/70) [49, 73] 0.263
Negative predictive value 71 (17/24) [49, 87] 5(23/42) [39, 70] 0.027 0 (171/189) [85, 94] 1(179/222) [75, 86] < 0.001

Reference: > 50% diameter vessel stenosis detected in quantitative invasive coronary angiography. Data are the results of consensus reading of two readers.
Unless otherwise stated, data are percentages, data in parentheses are raw data, and data in brackets are 95% confidence intervals. The 95% confidence intervals
were estimated for unclustered data (see reference [31]). °Data are the area under the curve and data in brackets are 95% confidence intervals. CTP Computed
tomography perfusion, HSR Halfscan reconstruction, MSR Multisegment reconstruction

Radiation dose

Median estimated radiation dose of stress imaging was
6.67 mSv (interquartile range 5.98-7.36) in patients in
whom both MSR and HSR was possible (93 of 134) and
3.64 mSv (3.27-4.71) in patients with HSR only (41 of
134; p < 0.001), resulting in approximately 45% higher
radiation doses for MSR compared to HSR (Fig. 5). Con-
sidering rest-stress CTP, median estimated radiation
dose was 10.53 mSv (interquartile range 9.11-12.11) in
patients in whom both MSR and HSR was possible in
stress CTP and 7.26 mSv (6.38-9.23) in patients with
HSR only (p < 0.001).

Discussion

We investigated whether MSR of myocardial CTP im-
aging can improve detection of obstructive CAD com-
pared to HSR. The most important findings of our study
are as follows: first, overall per-patient diagnostic per-
formance of MSR was inferior to that of HSR; second,
MSR also did not improve the AUC in any patient

subgroup analysed (known/suspected CAD and high/low
heart rate); and third, the radiation dose of MSR was
higher than that of HSR.

The poorer diagnostic performance of MSR compared
with HSR might in part be explained by a loss of partial
resolution [8—11]. As MSR uses partial scanning data from
several segments to reconstruct one volume, images can
be blurred through image offsetting and averaging across
the whole temporal reconstruction window of 230.6 ms
[8-11]. This may have resulted in a higher number of
false-negative results of MSR and consequently a lower
sensitivity of MSR compared with HSR. The similarly low
specificity of both reconstructions might be attributable to
beam hardening artefacts leading to false positive results
[38]. Additionally, non-diagnostic myocardial segments
were classified as positive and included in our analysis,
which possibly further lowered specificity [25] and may
have led to higher overall agreement between the two
readers. Conversely, older prospective research revealed
higher diagnostic performance of MSR compared to HSR

o |
« _|
(=1
> 2
o= =1
z
2
g < |
« S
a
(=1
<
(=1
T T T T T T
0.0 02 0.4 0.6 038 1.0
1 - Specificity
Halfscan reconstruction, MSR Multisesgment reconstruction

Fig. 4 All patients: receiver operating characteristic areas under the curve for comparison of MSR and HSR of myocardial competed tomography
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Table 4 Patient subgroups in per-patient level analysis: diagnostic performance of MSR and HSR of myocardial CTP

Patients with known CAD

Patients with suspected CAD

Patients with low heart
rates < 75 bpm

Patients with high heart
rates > 75 bpm

Reconstruction/ HSR MSR p-value HSR MSR p-value HSR MSR p-value HSR MSR p-value

performance

Area underthe 072 (057, 0621[045 0157 089077, 0.80 [0.63, 0243 055[033, 054[027, 0611 0871078, 0.70[0.57, 0.007

curve® 0.86] 0.79] 1.00] 0.97] 0.771 0.81] 0.95] 0.83]

Sensitivity 86 (43/50) 62 (31/50) 0.001 100 (8/8) 100 (8/8) 1000 90 (19/21) 86 (18/21) 0999 86 (32/37) 57 (21/37) 0.003
[73,94] [47,75] [63, 100] [63, 100] [70, 99] [64, 97] [71,95] [39, 73]

Specificity 39(7/18)  67(12/18)  0.131 59 (10/17) 65 (11/17) 0999  11(1/9)[0, 33(3/9)[7, 0480 62 (16/26) 77 (20/26) 0.289
17,64 [41,87] [33,82] [38, 86] 48] 70] [41, 80] [56, 91]

Positive 80 (43/54) 84 (31/37) 0387 53 (8/15) 57 (8/14) 0563 70 (19/27) 75(18/24) 0254 76 (32/42) 78 (21/27) 0814

predictive [66, 89] [68, 94] [27,79] [29, 82] [50, 86] [53, 90] [61, 88] [58,91]

value

Negative 50 (7/14)  39(12/31) 0282 100 (10/10) 100 (11/11) 0999 33 (1/3) [1, 50 (3/6) 0417 76 (16/21) 56 (20/36)  0.009

predictive [23,77] [22, 58] [69, 100] [72,100] o1] [12, 88] [53,92] [38,72]

value

Reference: > 50% diameter vessel stenosis detected in quantitative invasive coronary angiography. Data are the results of consensus reading of two
readers. Unless otherwise stated, data are percentages, data in parentheses are raw data, and data in brackets are 95% confidence intervals. The 95%
confidence intervals were estimated for unclustered data (see reference [31]). Data are the area under the curve and data in brackets are 95%
confidence intervals. bpm Beats per minute, CAD Coronary artery disease, CTP Computed tomography perfusion, HSR Halfscan reconstruction, MSR

Multisegment reconstruction

in assessing coronary arteries for CAD [7] whereas there
was no difference in diagnostic performance between both
reconstruction methods in the evaluation of global myo-
cardial function despite using an older 16-row scanner
[13]. The region of interest in CTP (myocardial perfusion
defect) is larger than in CTA (coronary artery stenosis)
and therefore may be accurately assessed by HSR despite
the longer temporal reconstruction window of 175 ms.
Consequently, implications of the results reported by the
few older studies available on coronary CTA may not
automatically be transferable to myocardial CTP. Investi-
gating patients on a 64-row CT scanner, a later CTA study
shows that shortening the temporal reconstruction win-
dow to 165ms in HSR allows reliable detection of

obstructive CAD by both MSR and HSR and that MSR
cannot improve diagnostic performance compared to HSR
[8]. This result suggests that HSR may benefit more than
MSR from faster scanners with more detector rows in
terms of diagnostic performance when performing CTA
to diagnose CAD. The larger number of detector rows
now available enables whole-heart coverage (no pitch),
preventing stair-step artefacts, which compromised both
HSR and MSR in older studies, while HSR was addition-
ally limited by more motion artefacts due to the longer
temporal reconstruction window compared to MSR [12].
Our findings obtained using 320-row CT datasets suggest
MSR to be inferior to HSR for detection of myocardial
perfusion defects. However, to our knowledge, we are the

Table 5 Patient subgroups in per-territory level analysis: diagnostic performance of MSR and HSR of myocardial CTP

Patients with known CAD

Patients with suspected

Patients with high heart Patients with low heart rates

CAD rates > 75 bpm < 75 bpm
Reconstruction/ HSR MSR p-value HSR MSR p-value HSR MSR p-value HSR MSR p-value
performance
Area under the  0.86 [0.81, 0.72 [0.65, <0001 093[087, 071055 0.002 0.89[0.83, 0.74[063, <0001 087][082 0.70 [0.62, <0001
curve® 091] 0.79] 0.99] 0.87] 0.95] 0.85] 0.92] 0.78]
Sensitivity 78 (56/72) 49 (35/72) <0001 86(12/14) 57 (8/14) 0.134 90 (27/30) 60 (18/30) 0.008 73 (41/56) 45 (25/56) <0001
[66, 87] [37,61] [57, 98] [29, 82] [73, 98] [41,77] [60, 84] [31,59]
Specificity 83 (119/143) 90 (128/ 0.039 83 (52/63) 81 (51/63) 0.999 78 (49/63) 83 (52/63) 0371 85 (122/ 89 (127/ 0.302
[76, 89] 143) [83, 94] [71,91] [69, 90] [66, 87] [71,91] 143) [78,91] 143) [82, 93]
Positive 70 (56/80) 70 (35/50) 0.999 52 (12/23) 40 (8/20) 0.078 66 (27/41) 62 (18/29) 0475 66 (41/62) 61 (25/41) 0.381
predictive [59, 80] [55, 82] [31, 73] [19, 62] [49, 80] [42,79] [53, 78] [45, 76]
value
Negative 88 (119/135) 78 (128/ <0001 96 (52/54) 89 (51/57) 0037 94 (49/52) 81 (52/64) 0.002 89 (122/ 80 (127/ < 0001
predictive [81, 93] 165) [70, 84] [87,100] [78, 96] [84, 99] [70, 90] 137) [83,94] 158) [73, 86]
value

Reference: > 50% diameter vessel stenosis detected in quantitative invasive coronary angiography. Data are the results of consensus reading of two
readers. Unless otherwise stated, data are percentages, data in parentheses are raw data, and data in brackets are 95% confidence intervals. The 95%
confidence intervals were estimated for unclustered data (see reference [31]). °Data are the area under the curve and data in brackets are 95%
confidence intervals. bpm Beats per minute, CAD Coronary artery disease, CTP Computed tomography perfusion, HSR Halfscan reconstruction, MSR

Multisegment reconstruction
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Reconstruction

Fig. 5 Boxplots showing estimated radiation dose in mSv of stress computed tomography perfusion in patients with multisegment acquisition,
which allowed both MSR and HSR (93 patients), and in patients with HSR only (41 patients). Boundaries of boxes represent the lower and upper
quartiles and horizontal lines in boxes the medians. Outliers are depicted as individual open circles. In the HSR-only group, MSR was not possible
in 9 patients despite multisegment acquisition of two segments. Mean radiation dose of patients with both MSR and HSR was higher than that of
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first to compare the diagnostic performance of MSR and
HSR in myocardial CTP. The fact that MSR was so far in-
vestigated only for CTA and myocardial function in times
when CT scanners were much slower and did not offer
whole-heart coverage makes it difficult to determine
which factors contributed most to our different results for
CTP versus CTA—either the technical advances in CT
scanner technology and protocols or the fact that we now
diagnose CAD by evaluating the myocardium instead of
the coronary arteries.

Our subgroup analysis showed diagnostic performance
of MSR and HSR to be similar in the two patient groups
with known and suspected CAD. As no power analysis
was conducted for this retrospective substudy, differ-
ences between MSR and HSR may be less apparent due
to a small number of patients especially in the subgroup
with suspected CAD (25 patients). However, the results
in these subgroups support our overall finding that MSR
does not improve the diagnostic performance on any
level analysis compared to HSR. For patients with high
heart rates, the few available older prospective CTA
studies showed the diagnostic performance of MSR in
detecting obstructive CAD to be higher [7] or similar [8]
compared with HSR [8]. For myocardial CTP imaging,
our findings show that MSR and HSR have similar diag-
nostic performance with high sensitivities in patients
with heart rates >75bpm, suggesting that the temporal
reconstruction window of HSR may be short enough
and MSR therefore does not offer additional benefits for
diagnosing CAD using CTP when patients are examined

in a later-generation CT scanner. However, the AUC of
both MSR and HSR in this patient subgroup is smaller,
which may be driven by a low specificity possibly attrib-
utable to an increase in motion artefacts with rising
heart rates [39] that may compromise both reconstruc-
tion techniques.

A major concern of myocardial CTP with MSR is that
acquiring more segments increases radiation exposure
[11, 40-42]. Our estimated radiation dose saving of 45%
of single-segment instead of multisegment acquisition is
comparable with dose savings reported in the literature
(21.6% [41] to 52.0% [40]). Thus, our findings in CTP
might be generalizable for studies using first generation
320-row CT scanners. In contrast, latest scanner genera-
tions using static and even dynamic CTP protocols
achieve even lower radiation doses than in our study
[19, 43] as we analysed raw data acquired 10 years ago.
Furthermore, use of dose reduction strategies such as
electrocardiogram-gated tube current modulation may
contribute to further dose reduction [44]. However, the
tendency that radiation dose is higher in static CTP
when wusing a multisegment acquisition protocol
followed by MSR instead of a single-segment acquisition
followed by HSR may be the same even for examinations
performed using the latest-generation CT scanners and
protocols.

Our study is limited by the use of quantitative ICA as
predefined reference standard rather than invasive frac-
tional flow reserve. This may have influenced the refer-
ence outcome in any way. To consider functional
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relevance, we additionally included > 70% diameter sten-
osis diameter as secondary reference standard as this
diameter cut-off was associated with a perfusion defect in
single-photon emission tomography in a subgroup of the
CORE320 cohort [16]. Using this secondary reference, we
still found overall AUC of MSR and HSR to be similar, in-
dicating that MSR cannot improve the diagnostic per-
formance of CTP compared to HSR even in patients with
high-grade stenosis. Another limitation is that subgroups
included only small numbers of patients as no additional
power analysis was conducted for this retrospective study.
However, in no patient subgroup did MSR improve diag-
nostic performance, but MSR showed similar or smaller
AUCs compared to HSR. Furthermore, as the primary
studies were conducted in 2011, gantry rotation times
were longer than available today. However, the overall in-
feriority of MSR to HSR might even be more significant in
faster CT scanners due to the even shorter temporal re-
construction window of HSR that is not affected by the
previously suggested limitations of MSR.

In conclusion, our results showed that MSR does not
improve diagnostic performance of myocardial CTP im-
aging for detection of obstructive CAD while increasing
radiation doses compared with HSR.
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