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Abstract

Combination of coronary computed tomography angiography (CCTA) and adenosine stress CT myocardial perfusion (CTP)
allows for coronary artery lesion assessment as well as myocardial ischemia. However, myocardial ischemia on CTP is
nowadays assessed semi-quantitatively by visual analysis. The aim of this study was to fully quantify myocardial ischemia
and the subtended myocardial mass on CTP. We included 33 patients referred for a combined CCTA and adenosine stress
CTP protocol, with good or excellent imaging quality on CTP. The coronary artery tree was automatically extracted from the
CCTA and the relevant coronary artery lesions with a significant stenosis (>50%) were manually defined using dedicated
software. Secondly, epicardial and endocardial contours along with CT perfusion deficits were semi-automatically defined
in short-axis reformatted images using MASS software. A Voronoi-based segmentation algorithm was used to quantify the
subtended myocardial mass, distal from each relevant coronary artery lesion. Perfusion defect and subtended myocardial
mass were spatially registered to the CTA. Finally, the subtended myocardial mass per lesion, total subtended myocardial
mass and perfusion defect mass (per lesion) were measured. Voronoi-based segmentation was successful in all cases. We
assessed a total of 64 relevant coronary artery lesions. Average values for left ventricular mass, total subtended mass and
perfusion defect mass were 118, 69 and 7 g respectively. In 19/33 patients (58%) the total perfusion defect mass could be
distributed over the relevant coronary artery lesion(s). Quantification of myocardial ischemia and subtended myocardial
mass seem feasible at adenosine stress CTP and allows to quantitatively correlate coronary artery lesions to corresponding
areas of myocardial hypoperfusion at CCTA and adenosine stress CTP.
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Introduction

In patients with coronary artery disease (CAD) an imaging
protocol combining coronary computed tomography angi-
ography (CCTA) and adenosine stress CT myocardial perfu-
sion (CTP) allows for anatomical and functional assessment
of coronary artery lesions as well as myocardial ischemia
[1, 2]. The decision to revascularize patients depends both

< A.J. H. A. Scholte
a.j.h.a.scholte @lumc.nl

Department of Cardiology, Leiden Heart-Lung Center,
Leiden University Medical Center, Albinusdreef 2,
2333 ZA Leiden, Netherlands

Department of Radiology, Division of Image Processing,
Leiden University Medical Center, Albinusdreef 2,
2333 ZA Leiden, Netherlands

on the lesion severity and location as well as the extent of the
relative hypoperfused (ischemic) myocardium, relative to the
subtended myocardial mass distal of the coronary stenosis
[1]. However, adenosine stress CTP is nowadays assessed
semi-quantitatively by visual analysis on a routine basis in
many centres.

The Voronoi algorithm is a mathematical algorithm that
enables users to divide a two-dimensional area or three-
dimensional space by predetermined points based on the
shortest distance to those points. This algorithm can be used
to divide tissue supplied by different blood vessels accord-
ing to which blood vessel is closest to the tissue. By using a
Voronoi-based segmentation algorithm on myocardial tissue
it seems possible to quantify the subtended myocardial mass
for each lesion in the coronary tree [3]. By also quantifying
the hypoperfused myocardium itself we aim to identify the
distribution of myocardial ischemia over the coronary artery
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lesion(s). To the best of our knowledge this has never been
done in a fully quantitative manner for adenosine stress CTP.
Therefore, we hypothesize that full quantification of adeno-
sine stress myocardial ischemia and subtended myocardial
mass using this Voronoi-based segmentation algorithm is
feasible and may ease detection of hemodynamically sig-
nificant lesions.

Materials and methods
Patients

33 patients with chest pain complaints, referred for a com-
bined CCTA and adenosine stress CTP protocol were
included in the current study. As manual drawing of per-
fusion defects is dependent on scan quality of adenosine
stress CTP, only patients with good or excellent imaging
quality of these scans were selected from our CTP database
containing 241 patients. Patients with normal CTP images
or fixed perfusion defects were excluded because reversible
ischemia is or may be absent in these cases, respectively [4].
Clinically acquired data were retrospectively analysed. The
institutional review board of the Leiden University Medical
Center, The Netherlands, approved this retrospective evalu-
ation of clinically collected data and waived the need for
written informed consent.

Data acquisition and analysis

CCTA and static adenosine stress CTP were performed
using a 320-row volumetric scanner (Aquilion ONE, Canon
Medical Systems and Aquilion ONE Genesis Edition, Canon
Medical Systems, Otawara, Japan). Consumption of caffeine
products 24 h before examination was discouraged. One hour
before CCTA heart rate and blood pressure were monitored.
If a patient’s heart rate exceeded 60 beats per minutes (bpm)
and no contraindications were present metoprolol, 25 mg
up until 150 mg, was administrated orally. If the heart rate
remained above 60 bpm additional metoprolol was injected
intravenously.

Prior to CCTA nitroglycerin (0.4 mg) was administered
sublingually. Scan parameters for CCTA were as follows:
peak tube voltage 100—135 kV with a tube current of 140-
580mA. A detector collimation of 320X 0.5 mm, a 275 ms
gantry rotation time and temporal resolution of 137 ms for
the Aquilion ONE Genesis Edition and a detector colli-
mation of 320 0.5 mm, 350 ms gantry rotation time and
temporal resolution of 175 ms for the Aquilion ONE. Pro-
spectively electrocardiogram (ECG) triggering was used to
scan 70-80% of the RR interval. When heart rate was above
65 bpm 30-80% of the RR-interval was scanned. First 50 to
90 ml of contrast agent (ITomeron 400, Bracco, Milan, Italy)

@ Springer

was administered in the antecubital vein. Hereafter, a 20 mL
of a 1:1 mixture of contrast and saline and finally 25 mL
of saline was administered. CCTA was performed the next
beat when the threshold of 300 Hounsfield units (HU) was
reached in the descending aorta.

In patients with suspicion of significant stenosis (>50%)
at CCTA, adenosine stress CTP was performed at least
20 min after CCTA. Blood pressure and electrocardiogram
were monitored during 4 min of continuous adenosine infu-
sion (0,14 mg/kg/min) after which a contrast agent was
administered. After reaching a target threshold of 300 HU
in the descending aorta CTP images were acquired the next
heartbeat scanning 80-99% of the RR interval. Contrast
agent, injection protocol and tube settings were all similar
to the CCTA acquisition.

Data processing

Images were transferred to a workstation and the main
branches of the coronary artery tree were automatically
extracted from the CCTA. Assessment of the CCTA was
done by trained cardiologists with at least 10 years of expe-
rience. A luminal stenosis of >50% was considered signifi-
cant. Proximal and distal part of the relevant lesion were
manually defined using dedicated software (QAngio CT
Research Edition v3.1.5.1 Medis Medical Imaging, Leiden,
The Netherlands) (Fig. 1). If one vessel, or its side branches
had multiple relevant coronary artery lesions we defined
only the most proximal one. The most proximal part of the
lesion was used as the starting point for calculating the sub-
tended mass.

Further processing of the images was performed using in-
house developed MASS software (Leiden University Medi-
cal Centre). The CCTA and adenosine stress CTP image
data were manually reformatted into a short-axis orienta-
tion covering the complete left ventricle with an inter-slice
spacing of 4 mm. Subsequently, left ventricular epicardial
and endocardial contours were semi-automatically defined in
both the CCTA and the adenosine stress CTP images. Using
a narrow window width and level setting (W300/L150) and
a slice thickness of 4 mm, perfusion defects were manu-
ally drawn in the short axis slices derived from the CTP
scan (Fig. 2). Registration was performed to spatially align
the CCTA and CTP images and results of image segmenta-
tion were exported as 3D objects in VTK format for further
analysis and visualization. The software uses the epicardial
and endocardial contours from the CCTA for automatically
calculating the left ventricular mass.

To assess reproducibility two observers (F.D. and
I.H) were blinded to the original contours and a sample
of ten cases was randomly selected in which left ven-
tricular epicardial and endocardial contours were again
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Fig. 1 Resting CCTA is used
for automatically extracting the
main branches of the coro-
nary artery tree (B). A lesion

is shown in the proximal left
anterior descending (LAD) and
marked by the yellow star (A).
Subsequently, we can define the
proximal LAD stenosis marked
by the yellow star (B)

Fig.2 Left ventricular epicar-
dial and endocardial contours
were semi-automatically defined
in short-axis reformatted images
in both the resting CCTA (A,

B) and the adenosine stress
CTP (C, D). A perfusion defect
is marked by the yellow arrow
(C). The perfusion defect is
manually drawn in the short
axis reformatted images from
the adenosine stress CTP (D)

Stress

semi-automatically defined and subtended mass was recal-
culated using the Voronoi-based algorithm. Also, perfu-
sion defects were manually re-drawn and re-measured in
grams. Correlations were subsequently tested between new
and prior results concerning left ventricular mass, total
subtended mass and perfusion defect mass with Pearson’s
correlation coefficient using SPSS software (version 25,
SPSS IBM Corp, Armonk, New York).

Voronoi-based segmentation

A segmentation algorithm based on the Voronoi method was
used on the CCTA in order to find the nearest location of the
extracted coronary artery tree for every voxel within the left
ventricular myocardium [3]. From this data the subtended
myocardial mass could be computed, i.e. the left ventricular
mass distal from a relevant coronary artery lesion (Fig. 3).
Also, the perfusion defect was measured and visualised
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Fig.3 Segmented coronary artery tree and identified relevant coro-
nary artery lesion in the proximal LAD (A) are used for computing
the subtended myocardial mass in red in the short-axis view using
our Voronoi-based algorithm (B). This can be further visualized in
3D in which the red dot (marked by the black arrow) corresponds to

separately (Fig. 3). An example of a patient with multivessel
disease is depicted in Fig. 4. Executing the algorithm for Voro-
noi based segmentation took approximately 1 min per lesion.

Finally, we quantified the subtended myocardial mass and
perfusion defect mass per lesion using bullseye plots with
MASS software. This process is depicted in Fig. 5. Figure SA
demonstrates the subtended myocardial mass-pictured in red-
for one lesion calculated by using our Voronoi-based algo-
rithm. Figure 5B represents the manually drawn perfusion
defect. Subsequently, Fig. 5C represent the perfusion defect
per lesion by calculating the intersection of figure A and B. For
all measurements we used the endo- and epicardial contours
from the resting CCTA. Subsequently, we calculated the total
subtended mass. See formula:

Total subtended mass = Subtended mass lesion a

+ Subtended mass lesion b

@ Springer

Anterior

P

!

Inferior

the relevant coronary artery lesion and the red area corresponds to
the subtended myocardium which is calculated by our Voronoi-based
segmentation as 43 g (C). The manually drawn perfusion defect (D)
is also visualized and quantified (E)

Results

CCTA and adenosine stress CTP images from 33 patients
(20 men, mean age, 67.8 + 8.2 years) were used for analysis.
Table 1 lists patient characteristics. We were able to success-
fully apply the Voronoi-based segmentation algorithm on all
cases to quantify the subtended myocardial mass (per lesion)
and perfusion defect mass (per lesion). Left ventricular mass
was automatically calculated from the epicardial and endo-
cardial contours with an average value of 118 g. We assessed
a total of 64 relevant coronary artery lesions. Average val-
ues for total subtended mass, subtended mass per lesion,
perfusion defect mass and perfusion defect mass per lesion
were 69, 36, 7 and 3 g respectively. In 19/33 patients (58%)
the total perfusion defect mass could be distributed over the
relevant coronary artery lesion(s). Results were highly repro-
ducible as demonstrated by respectively intra- and inter-
observer correlation coefficients for left ventricular mass
(r=0,970 and r=0,866), total subtended mass (r=0,996
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Fig.4 Coronary artery tree and defined relevant lesions in the proxi-
mal LAD and circumflex (Cx) (A) are used for computing the sub-
tended myocardial mass in the short-axis view using our Voronoi
based algorithm with in cyan the LAD lesion and the Cx lesion in
red (B). This can be further visualized in 3D in which the red and
cyan dots (marked by the black arrows) correspond to the relevant

and r=0.990) and perfusion defect mass (r=0,844 and
r=0,822) (p<0.01 for all). Details concerning the relevant
coronary artery lesion(s), left ventricular mass, subtended
mass (per lesion) and perfusion defect (per lesion) are shown
in Table 2. The relevant coronary artery lesion(s) define the
most proximal lesion of the subsequent vessel with a visual
diameter stenosis of >50%. Left ventricular mass encom-
passes the mass of the left ventricle automatically calculated
using epicardial and endocardial contours. The subtended
mass per lesion is the subtended mass calculated by using

coronary artery lesions and the red and cyan area correspond to the
subtended myocardium for that lesion. We calculated the subtended
mass for the Cx lesion and LAD lesion as 57 and 46 g respectively
(C). The manually drawn perfusion defect (D) is also visualised and
measured (E)

our Voronoi-based algorithm for a specific lesion. Subse-
quently total subtended mass can be calculated by adding
up the values per lesion. Perfusion defect mass is derived
from manual drawing of the perfusion defect. Lastly, the
perfusion defect per lesion encompasses the intersection of
the perfusion defect and its lesion specific subtended mass.
The sum of these lesion specific values encompasses the
total mass of the perfusion defect which intersects with the
subtended mass of those lesions. The percentage in the last
column represents how much of the total (manually drawn)
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Fig.5 The subtended myocar-
dial mass for one lesion pictured
in red is measured in grams

(A). The same is done for the
perfusion defect (B). Perfusion
defect per lesion is measured by
calculating the intersection of A
and B (C)

Table 1 Patient characteristics

N=33
Male/Female 20 (61%)/13 (39%)
Age (years) 67.8+8.2
Hypertension 4 (12%)
Hyperlipidaemia 17 (52%)
Diabetes mellitus 7(21%)
Family history of CAD 16 (48%)
Smoking 11 (9%)
Single-vessel disease® 16 (49%)
Double-vessel disease” 10 (30%)
Triple-vessel disease® 7 (21%)

CAD Coronary artery disease

*Defined as luminal diameter stenosis of >50% on CCTA in one
major epicardial coronary vessel. "Defined as luminal diameter steno-
sis of >50% on CCTA in two major epicardial coronary vessels. “De-
fined as luminal diameter stenosis of >50% on CCTA in three major
epicardial coronary vessels

perfusion defect represents the total perfusion defect mass
found per lesion.

Discussion

In this study we propose a method to fully quantify myocar-
dial perfusion defect mass and subtended myocardial mass
at adenosine stress CTP related to the significant coronary
artery stenosis at CCTA. Results demonstrate that indeed it
seems possible to fully quantify perfusion defects and sub-
tended myocardial mass using a Voronoi-based algorithm
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Perfusion defect LAD = 3 grams

Perfusion defect mass = 5 grams

(B)

allowing for quantitative correlation of coronary artery
lesions to corresponding areas of myocardial hypoperfusion.

Several studies have demonstrated that adding a myocar-
dial perfusion stress test to CCTA improves the diagnostic
accuracy for finding hemodynamically significant coronary
artery stenoses as compared to a single modality approach.
For instance, Magalhaes et al. demonstrated that in a vessel-
based analysis, the addition of CTP led to an improvement in
the diagnostic accuracy of the combined analysis when com-
pared to coronary CCTA alone (0.79 [95% CI, 0.77-0.82] vs.
0.73 [95% CI, 0.70-0.76], respectively; P <0.0001 for differ-
ence). Also, Ko et al. demonstrated that adding CTP to CCTA
improved diagnostic accuracy over CCTA alone as the area
under the receiver operating curve increased significantly
from 0.798 to 0.893 (p=0,004) on a per vessel-based analysis
[5, 6]. Adenosine stress CTP has been shown to be at least
as accurate or even superior in the detection of ischemia as
compared to single photon emission computed tomography
(SPECT) and magnetic resonance imaging (MRI) perfusion.
George et al. performed a head to head comparison between
CTP and SPECT myocardial perfusion for detecting signifi-
cant stenoses of 50% or more. It was demonstrated that in the
per-vessel analysis, the area under the receiver operating curve
of CT perfusion imaging (0.74; 95% CI: 0.71, 0.78) was higher
than that of SPECT myocardial perfusion (0.69; 95% CI: 0.66,
0.72) for the diagnosis of a stenosis of at least 50% when con-
sidering all vessels (P=0.008) Otton et al. used a perfusion
phantom for a direct comparison of the sensitivity of CTP and
MRI perfusion in which it was found that the sensitivities of
each perfusion modality when directly compared were similar.
However, no statistical evidence was given to back this claim
[7, 8]. Though nowadays myocardial ischemia on adenosine
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thus perfusion defect localization may happen. This may lead
to a slight mismatch between total perfusion defect mass and
perfusion defect mass per lesion. Finally, for manually draw-
ing perfusion defects visual analysis is still needed and may
be susceptible to interpretation errors [15].

Von Spiczak et al. introduced a 3D fusion model for com-
bining adenosine stress CTP and CCTA for correlating the
ischemic region to the culprit coronary lesion as defined
on invasive coronary angiography (ICA). Yet this method
remains semi-quantitative and thus only allows for visual
assessment of morphology and function [16]. Our method is
different as a fully quantitative approach was used allowing
not just for intuitive assessment by 3D reconstruction but
also for numerical assessment.

Furthermore, a previous study has reported that perfu-
sion territories of coronary arteries vary among individuals.
In a per-segment analysis done by Ortiz-Perez et al. 23%
of the hyper enhanced regions on cardiac MRI were dis-
cordant with the empirically assigned coronary distribution
as defined by the standard 17-segment model [17]. Use of
Voronoi-based segmentation can overcome this problem
as its accuracy has been reported in an animal study using
swine hearts in which this method was found to be more
accurate than the standard 17-segment model in predicting
coronary territories [18, 19].

Results from a study by Dadgar et al. assessing the weight
of human hearts demonstrated that weight of the left ventri-
cle varies between 100 and 180 g, which is comparable to
our results [20]. Tanabe et al. demonstrated that subtended
myocardial volume in combination with subtended CT myo-
cardial blood flow derived from CT myocardial perfusion is
a better predictor of obstructive CAD than CT myocardial
blood flow alone. A Voronoi-based segmentation algorithm
was also used for calculating subtended myocardial volume
yielding an average of 42.7 mL for obstructive CAD. Our
average subtended mass per lesion (36 g) is only slightly
lower when taking into account average density of myocar-
dial tissue of 1055 g/mL to convert mass to volume [21, 22].
This could be due to the fact that contrary to Tanabe no ICA
was used for verifying the hemodynamical significance of
the relevant coronary artery lesion(s).

Limitations

This study has several limitations which are innate to its ret-
rospective design and novel nature. Selecting patients with
only good or excellent imaging quality on adenosine stress
CTP may have introduced selection bias. Consequently,
the relatively small number of female patients may have
introduced further bias as evidence suggests that females
may experience higher myocardial perfusion flow values
compared to males [23]. Since the goal of this study was to

provide insights into a new proof of principle more testing
and further investigation is needed to implement this concept
in a larger patient cohort.

Conclusion

Fully quantifying myocardial perfusion defects and sub-
tended myocardial mass allows to quantitatively correlate
coronary artery lesions to corresponding areas of myocar-
dial hypoperfusion at CCTA and adenosine stress CTP. This
novel technique may prove especially useful for patients with
multivessel disease undergoing invasive coronary angiog-
raphy as correlation of the perfusion defect and coronary
artery lesions gives more insight in myocardial ischemia
localization.
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