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Vessel-specific coronary perfusion territories using a CT
angiogram with a minimum cost path technique and its direct
comparison to the American Heart Association 17-segment
model

Shant Malkasianl, Logan Hubbard?l, Pablo Abbona?, Brian Dertlil, Jungnam Kwon?, Sabee
Molloil

1Department of Radiological Sciences, Medical Sciences |, B-14, University of California, Irvine,
CA 92697, USA

Abstract

Objectives—This study compared the accuracy of an automated, vessel-specific minimum cost
path (MCP) myocardial perfusion territory assignment technique as compared with the standard
American Heart Association 17-segment (AHA) model.

Methods—Six swine (42 + 9 kg) were used to evaluate the accuracy of the MCP technique and
the AHA method. In each swine, a dynamic acquisition, comprised of twenty consecutive whole
heart volume scans, was acquired with a computed tomography scanner, following peripheral
injection of contrast material. From this acquisition, MCP and AHA perfusion territories were
determined, for the left (LCA) and right (RCA) coronary arteries. Each animal underwent
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Statistics and biometry No complex statistical methods were necessary for this paper.
Informed consent Approval from the institutional animal care committee was obtained.

Ethical approval Institutional Review Board approval was not required because this was an animal study, although approval from the
institutional animal care committee was obtained.

Study subjects or cohorts overlap The six animals used in this manuscript submission were also used for a previous study for
validation of the myocardial assignment technique. However, there is no overlap in the data presented in this submission with the
previous study.

In the previous report, reference standard and minimum cost path perfusion territories for the left and right coronary arteries were
validated for the whole heart (both left and right ventricles). In the present study, these previously determined whole heart perfusion
territories were cropped to a common left ventricle myocardial segmentation and compared with the AHA 17-segment model. Data
regarding the coronary perfusion territories of the left ventricle coronary perfusion territories in the present study has not been
published.

Methodology
. Retrospective
. Experimental
. Performed at one institution
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additional dynamic acquisitions, consisting of twenty consecutive volume scans, following direct
intracoronary contrast injection into the LCA or RCA. These images were used as the reference
standard (REF) LCA and RCA perfusion territories. The MCP and AHA techniques’ perfusion
territories were then quantitatively compared with the REF perfusion territories.

Results—The myocardial mass of MCP perfusion territories (Mycp) was related to the mass of
reference standard perfusion territories (Mgreg) by Mycp = 0.99Mgeg + 0.39 g (r=1.00; A2 =
1.00). The mass of AHA perfusion territories (Mapa) Was related to Mgeg by Mapa = 0.81MRrer
+5.03 g (r=0.99; R = 0.98).

Conclusion—The vessel-specific MCP myocardial perfusion territory assignment technique
more accurately quantifies LCA and RCA perfusion territories as compared with the current
standard AHA 17-segment model. Therefore, it can potentially provide a more comprehensive and
patient-specific evaluation of coronary artery disease.

Keywords

Cardiovascular disease; Computed tomography angiography; Coronary artery disease; Cardiac
imaging techniques

Introduction

Accurate assessment of coronary artery disease (CAD) requires both morphological and
physiological data to adequately evaluate the severity of disease [1-6]. The existing imaging
modalities used to assess the physiological severity of CAD, i.e., single-photon emission
computed tomography (SPECT), positron emission tomography (PET), cardiac magnetic
resonance (CMR), and computed tomography (CT) perfusion, are unable to accurately
provide patient-specific morphological data, such as the myocardial mass and location of
each coronary perfusion territory. The American Heart Association 17-segment (AHA)
model provides a general population-based solution. Specifically, the AHA model estimates
the mass and locations of the coronary perfusion territories based on the average coronary
anatomy and perfusion territories of 102 healthy human subjects [7]. While the AHA model
has been shown to be clinically useful, many studies have demonstrated that it misassigns
coronary perfusion territories as it cannot account for variations in coronary morphology
between patients. For example, the AHA model often misassigns coronary perfusion
territories for right-dominant versus left-dominant circulations or in patients with a ramus
intermedius [8-13].

Advances such as multidetector CT imaging systems allow for concurrent acquisition of
both physiological and morphological data [14, 15]. Therefore, there is a clinical need to
better integrate the morphologic and physiologic data by providing patient-specific coronary
perfusion territories to account for coronary anatomic variability, which has the potential to
improve treatment planning.

A minimum cost path (MCP) technique was previously validated ex vivo [16] and in vivo
[17], to assign vessel-specific perfusion territories for the left and right coronary arteries, in
the whole heart, i.e., the left and right ventricles. The MCP technique uses coronary artery
centerlines from a CT angiogram to determine vessel-specific perfusion territories. While
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many studies have suggested alternative methods to quantify vessel-specific perfusion
territories in the left ventricle [18-20], the MCP technique can provide quantification of
coronary perfusion territories for both left and right ventricles [17]. However, the MCP
technique has not been compared with the standard AHA 17-segment model.

The purpose of this study was to directly compare the accuracy of the MCP technique with
the AHA 17-segment model, which is widely accepted as a clinical standard in estimating
coronary perfusion territories.

This study was approved by the Animal Care Committee and Institutional Review Board for
the Care of Animal Subjects. All data was acquired from seven male Yorkshire swine (42 £
9 kg) between December 2014 and July 2016, with a mean heart rate and arterial pressure of
84 + 10 beats per minute and 77 + 9 mmHg, respectively. The data from the first six swine
were from one previous study [17], while data from the seventh swine was from a separate
study [15]. Specifically, the first six swine had a right-dominant coronary circulation, where
the posterior descending artery (PDA) originated from the right coronary artery (RCA). In
these swine, the AHA and the MCP techniques were compared quantitatively with the
corresponding reference standard (REF) LCA and RCA perfusion territories. The seventh
swine had a left-dominant circulation, where the PDA originated from the left circumflex
artery (LCx). Only AHA and MCP perfusion territories were determined for the left-
dominant animal.

Each of the six right-dominant swine from the study underwent one intravenous contrast
injection CT acquisition, used to derive AHA and MCP perfusion territories. Specifically,
one MCP (LCApcp and RCApcp) and one AHA (LCAAHa and RCApna) perfusion
territory pairs for the LCA and RCA were determined in each case, respectively.
Additionally, each animal underwent CT acquisition to obtain reference LCA and RCA
perfusion territories (LCArgr and RCAggr) following intracoronary contrast injection.
Repeat LCARgr and RCARgr measurements were made in all but one of the six animals,
resulting in a total of fifteen LCAgrgr and RCARgr perfusion territory pairs in the six
animals. Finally, the seventh left-dominant animal only underwent one intravenous contrast
injection CT acquisition, used to derive AHA and MCP perfusion territories. Intracoronary
contrast injection was not performed as that was not part of the previous study [15]; hence,
no REF perfusion territories were derived. A summary of the study design is shown in Figs.
land 2.

Animal preparation

Anesthesia was induced via intramuscular injection of Telazol (4.4 mg/kg), ketamine (2.2
mg/kg), and xylazine (2.2 mg/kg). After intubation (Covidien), anesthesia was maintained
through ventilation (Highland Medical Equipment) with an oxygen-air mixture containing
1.5-2.5% isoflurane (Baxter). Catheter sheaths (AVANTI®, Cordis Corporation) were
placed in both femoral veins and in the right carotid artery. Fluid and drugs were
administered via the right femoral vein, while peripheral contrast injections were made via
the left femoral vein.
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Injection protocol

Peripheral intravenous contrast injection was performed via the left femoral vein (Isovue 370
mg/mL, 1 mL/kg, 5 mL/s) during dynamic CT acquisition.

Coronary catheter (Judkins right guide catheter, Cordis Corporation) introduction was
achieved using the right carotid sheath. Intracoronary contrast injections were made into the
LCA or RCA during dynamic CT imaging (Isovue 50 mg/mL, 15 mL, 2 mL/s). The imaging
protocol is detailed in Fig. 1.

Imaging protocol

Prospective ECG-gated dynamic CT image datasets were acquired using a multidetector CT
scanner (Aquilion One, Canon Imaging). Each dynamic dataset consisted of 20 volume
scans, with an estimated effective dose of 26.4 mSy, as determined based on a similar study
[15]. Reconstructed images were then registered to the peak enhancement volume acquired
during intravenous contrast injection [21] to reduce motion artifacts. Successive acquisitions
were at least 10 min apart, to allow for contrast clearance from the blood pool. Imaging
parameters are shown in Table 1.

American Heart Association 17-segment model measurement

Two readers used a Vitrea workstation (Vitrea fX version 6.0, Vital Images, Inc.) to semi-
automatically obtain AHA perfusion territories, using the image with the best contrast
enhancement acquired during peripheral intravenous contrast injection. Each reader also
performed semi-automated left ventricle segmentation using the Vitrea workstation. MCP
and REF perfusion territories for the whole heart were cropped using the left ventricle
segmentation, as shown in Figs. 1 and 2. Segments 1, 2, 5, 6, 7, 8, 11, 12, 13, 14, and 17
defined the LCAapa, While segments 3, 4, 9, 10, and 15 defined the RCAapa territory
based on the AHA 17-segment model [7]. Reader 1 (P.A.) is a radiologist with over 16 years
of experience, while reader 2 (S. Malkasian) has over 5 years of experience conducting
radiology research.

Minimum cost path measurement

The MCP LCA (LCAMcp) and RCA (RCAMcp) perfusion territories were determined using
a maximum-projection image of the peripheral intravenous contrast injection CT acquisition,
for the whole heart [17]. The MCP technique automatically assigns every voxel of
myocardial tissue to the closest coronary artery branch. To implement the MCP technique,
whole heart myocardial segmentation and coronary artery centerline extraction were
performed semi-automatically using a Vitrea workstation. Left anterior descending coronary
artery (LAD), LCx, and RCA centerlines were extracted to second-generation branches. The
MCP technique used the fast-marching algorithm to create a distance map of each coronary
artery, constrained to the morphology of the myocardium. Each distance map was compared
to determine LADpmcp, LCXpmcp, and RCApcp perfusion territories by assigning each voxel
to the coronary artery branch with the shortest distance [17]. LADpcp and LCxpcp Were
combined to yield LCApcp perfusion territories since only LCAggr perfusion territories
were available for comparison. The left ventricular component of each MCP territory was
then isolated, as shown in Figs. 1 and 2.
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Reference standard measurement

Whole heart LCARgr and RCARgr territories were determined following selective
intracoronary contrast injection. For each intracoronary contrast injection acquisition, a
maximum intensity projection image was created. Region-growing segmentation of each
maximum intensity projection image was then used to yield two discrete whole heart
perfusion territories—a territory of “blushed” myocardium and a territory of “non-blushed”
myocardium—representing the reference perfusion territories, where the details have
previously been reported [17]. The left ventricular component of each reference LCARgr
and RCARgg perfusion territory was then isolated, as shown in Figs. 1 and 2.

Myocardial mass correspondence

The myocardial mass of the AHA and MCP territories were compared with the myocardial
mass of reference territories via linear regression, Bland-Altman analysis, root-mean-square
error (RMSE), adjusted A2, Lin’s concordance correlation coefficient (CCC) [22], and
Pearson’s 7 (1. Ninety-five percent confidence intervals (CI) for adjusted /2, CCC, and r
were provided as (Cliower, Clypper)- Myocardial mass was estimated by multiplying the
volume of AHA, MCP, or reference territory by the mean density of myocardial tissue
(1.053 g/mL).

Spatial correspondence of the myocardium

To evaluate spatial correspondence between AHA and MCP with reference coronary
perfusion territories, Dice’s similarity coefficient and mean minimum Euclidean distance
were computed, as previously described [17, 23]. Dice’s similarity coefficient is a spatial
overlap index and a reproducibility validation metric. Its value ranges from 0, indicating no
spatial overlap between two sets of binary segmentation results, to 1, indicating complete
overlap. For the six right-dominant animals, reference territories of each coronary artery that
were acquired from the same animal were averaged together. This yielded a total of twelve
reference perfusion territories, six LCA and six RCA reference territories. Thus, a total of
twenty-four measurements were made, twelve for each reader.

Per-segment relative mass root-mean-square error analysis

For the six right-dominant animals, within each of the 17 segments of the AHA method, the
assigned mass of AHA and MCP perfusion territories was compared with the mass of
LCARer and RCARgr perfusion territories, respectively. Average root-mean-square error for
each of the 17 segments of the AHA method was calculated, across all six animals, and
normalized to the mean mass of the corresponding AHA segment, to yield the per-segment
relative root-mean-square error for AHA and MCP perfusion territories. The means of both
readers’ per-segment relative mass root-mean-square error were calculated, for each of the
17 segments of the AHA model.

MCP application in a left-dominant case

A comparison of AHA and MCP perfusion territory mass distributions was performed in one
left-dominant animal. For this comparison, AHA perfusion territories were only segmented
by reader 2 (S. Malkasian). A single intravenous contrast injection acquisition was used to
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derive LADMCF’v LCXMCP, RCAMCP: LADAHAa LCXAHA: and RCAAHA perfusion territories
[15].

Inter-observer analysis of the AHA technique

LCAaHA and RCAana perfusion territories from each reader were also compared with
measure inter-observer variability. Mass correspondence, Dice’s similarity coefficient and
mean minimum Euclidean distance were measured between corresponding AHA perfusion
territories from readers 1 and 2.

Statistical analysis

Results

A two-tailed paired ftest was used to compare differences between the mass of AHA or
MCP perfusion territories with the mass of REF perfusion territories. A one-tailed paired ¢
test was used to compare differences in spatial correspondence metrics and per-segment
root-mean-square error, between AHA and MCP perfusion territories. Further, a two-tailed
paired ztest was also used to compare differences between AHA perfusion territories
determined by the two readers. Statistical significance for this study was defined as p value <
0.05. Unless stated otherwise, all data are presented as mean + standard deviation.

Myocardial mass correspondence

The mean left ventricle mass from CT images for all animals was measured to be 53.33 =
7.25 g. The mean LCApHA, LCAMcp, and LCARrgr masses were 39.63 + 5.58 g (pvalue <
0.05), 42.40 £ 5.65 g, and 42.52 + 5.91 g, respectively. The mean RCAana, RCAMmcp, and
RCAREgE masses were 13.70 + 1.89 g (p value < 0.05), 10.93 + 2.43 g, and 10.81 + 3.07 g,
respectively. Mass correspondence using linear regression analysis is further detailed in
Table 2 and Fig. 3. Each reader’s individual mass measurements and linear regression
analysis are shown in Supplemental Tables 1 and 2.

Spatial correspondence of myocardium

The mean Dice similarity coefficient for all AHA perfusion territories, when compared with
corresponding reference perfusion territories, was 0.82 + 0.13 (p value < 0.05). The mean
Dice similarity coefficient for all MCP perfusion territories, when compared with
corresponding reference perfusion territories, was 0.92 + 0.06 (p value < 0.05). Further, the
mean minimum Euclidean distance for all AHA perfusion territories, when compared with
corresponding reference perfusion territories, was 5.04 £ 1.80 mm (p value < 0.05). The
mean minimum Euclidean distance for all MCP perfusion territories, when compared with
corresponding reference perfusion territories, was 2.88 + 0.89 mm (p value < 0.05). A
perfect mean minimum Euclidean distance would be 0 mm. Spatial correspondence for LCA
and RCA perfusion territories is shown in Table 3. Each reader’s individual spatial
correspondence measurements are shown in Supplemental Table 3.
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Per-segment relative root-mean-square error

The overall relative RMSE for the AHA and MCP techniques were 16.24 + 18.25% and 6.08
+ 6.38%, respectively. The relative RMSE was lowest in segment 1 for both the AHA and
MCP techniques. The relative RMSE was highest in segments 4 and 17 for the AHA and
MCP techniques, respectively. Per-segment relative RMSE is shown in Fig. 4.

MCP application in a left-dominant case

For the left-dominant animal, the masses of the LADana, LCXaHA, and RCApna perfusion
territories were 24.66, 20.61, and 22.44 g, respectively. The results for masses of the
LADpwmcp, LCxmcp, and RCAycp perfusion territories were 25.45, 36.63, and 5.63 g,
respectively. The left-dominant comparison is summarized in Fig. 5.

Inter-observer analysis

The mean mass of LCAana perfusion territories was 48.22 + 5.12 g for reader 1 and 54.37
+ 4.53 g for reader 2. The mean mass of RCAana perfusion territories was 21.26 + 2.63 g
for reader 1 and 22.20 + 2.45 g for reader 2. The spatial correspondence between reader 1
and reader 2 for LCAana and RCAana perfusion territories were related by a Dice
similarity coefficient of 0.77 + 0.14. Further inter-observer analysis is shown in Table 4.

Discussion

In this study, coronary perfusion territories created using the MCP technique and the current
clinical standard AHA model were directly compared with reference standard LCA and
RCA perfusion territories. The main findings of this study are as follows: (1) the MCP
technique demonstrated better correspondence with reference standard perfusion territories
than the AHA model, and (2) both techniques demonstrated relatively decreased
correspondence with reference standard perfusion territories in the inferior and inferoseptal
wall.

For the MCP technique, segments 17, 10, 4, 15, and 9 showed the highest relative root-
mean-square error. Similarly, for the AHA technique, segments 4, 17, 10, 15, and 9 showed
the highest relative root-mean-square error, in agreement with previous findings [8, 10, 12].
Further, the AHA method systematically over-estimated the RCA perfusion territory, in
agreement with Chung et al [24]. The slight discordance of the MCP technique in the
inferior and inferoseptal walls could be improved with more extensive coronary centerline
extraction. In the inferoseptal wall, extraction of intraseptal coronary branches would likely
improve the performance of the MCP technique, although these branches are difficult to
visualize using CT imaging [11, 12].

The results of this study suggest that extensive coronary centerline extraction is important
for accurate quantification of coronary perfusion territories using the MCP technique. This is
particularly true in the inferior and inferoseptal wall. Furthermore, another CT-based
technique [19] has recently been shown to provide prognostic value in the assessment of
CAD [6]. All CT-based techniques are expected to show a decreased performance in the
inferior wall.

Eur Radiol. Author manuscript; available in PMC 2020 August 10.
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Occlusion or partial occlusion of coronary arteries imparts high morbidity and mortality.
Previous studies have shown that the most important determinant of infarct size is the
myocardial mass distal to the occlusion [25-28]. Therefore, information about the
myocardial mass at risk can be used to determine the potential infarct severity of a coronary
artery occlusion. This is particularly important in the case of a more proximal lesion. Several
studies have demonstrated the short-comings of the AHA model [8-12]. Furthermore, many
studies have demonstrated the prognostic value of CT-based subtended myocardium when
assessing CAD [6]. Ultimately, the results of this study are clinically impactful as the MCP
technique has the potential to provide more accurate patient-specific coronary perfusion
territories, in contrast to the generalized population-based AHA model. In addition to
coronary CT angiography, in imaging modalities such as myocardial CT perfusion imaging
or hybrid SPECT/CT imaging, where physiological and morphological data are acquired
simultaneously, the MCP technique could be used to accurately attribute perfusion defects to
a specific coronary artery stenosis.

This study has several limitations. First, the study lacks left-dominant subjects for analysis
and comparison. Unfortunately, the prevalence of left-dominant circulations in swine is
about 5% [29]; hence, a very large sample size will be necessary for future validation of the
MCP technique in left-dominant circulations. Future studies with a larger sample size,
including left-dominant subjects, are necessary. Additionally, this study utilized a swine
animal model, while the AHA method was developed for human use. However, swine
coronary vasculature is well-documented to be similar to that of humans [29, 30]. Further
investigation using human subjects must be pursued. Another limitation is that the influence
of superimposed CAD on the performance of the MCP technique as compared with that of
the AHA technique was not assessed. Specifically, coronary centerlines at least to second-
generation branches are necessary for the accurate performance of the MCP technique. The
accuracy of the MCP technique could be reduced if severe CAD or poor CTA quality
prevents proper visualization and extraction of coronary centerlines. Yet, the majority of
patients undergoing noninvasive functional assessment of CAD have intermediate severity
disease, as patients with indications of acute coronary syndrome will not typically undergo
cardiac CT imaging [31]. Thus, contrast enhancement distal to a stenosis of interest remains
adequate, especially with nitroglycerin administration to increase vessel caliber during
imaging. Although, in patients with chronically obstructed CAD and collateral circulation,
adequate coronary centerline extraction may be possible via retrograde collateral contrast
flow [32]. Further studies are necessary to better understand the effects of collateral
circulation on the MCP technique. Additionally, in patients with rapid heart rates, the use of
beta blockers is known to reduce motion artifact and improve CT angiographic quality [33],
to ensure extensive coronary centerline extraction.

Other limitations are that the accuracy of LAD and LCx perfusion territory assignment, as
well as myocardial mass at-risk distal to a stenosis, calculated by the MCP technique,
remains to be validated. Future studies should perform selective intracoronary contrast
injections into the LAD or LCx to validate the accuracy of the MCP technique for measuring
LAD and LCx perfusion territories. Lastly, inter-observer analysis showed that the
application of the AHA technique was moderately variable. The AHA method is semi-
automated; its application still relies on user input, making the application of the AHA
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model vulnerable to user error [34]. Similarly, the MCP technique is also semi-automated,
requiring the extraction of vessel centerlines and myocardial wall segmentation. That said,
automation of vessel centerlines [35] and myocardial segmentation [36] could help eliminate
the associated intra- and inter-observer variability of the MCP technique.

In conclusion, the minimum cost path (MCP) myocardial perfusion territory assignment
technique was able to more accurately quantify the left and right coronary artery perfusion
territories than the existing AHA model. Hence, the technique has the potential to provide
accurate patient-specific coronary perfusion territories, making comprehensive
morphological and physiological assessments of CAD more realizable for patients in need.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AHA American Heart Association

CAD Coronary artery disease

CCC Concordance correlation coefficient
Cl Confidence interval

CMR Cardiac magnetic resonance

CT Computed tomography

LCA Left coronary artery

LCx Left circumflex coronary artery
MCP Minimum cost path

PDA Posterior descending artery

PET Positron emission tomography
RCA Right coronary artery

REF Reference standard

RMSE Root-mean-square error

SPECT Single-photon emission computed tomography
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Key Points

The minimum cost path (MCP) technique accurately determines left and right
coronary artery perfusion territories, as compared with the American Heart
Association 17-segment (AHA) model.

The minimum cost path (MCP) technique could be applied to cardiac
computed-tomography angiography images to accurately determine patient-
specific left and right coronary artery perfusion territories.

The American Heart Association 17-segment (AHA) model often fails to
accurately determine left and right coronary artery perfusion territories,
especially in the inferior and inferoseptal walls of the left ventricular
myocardium.
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(a) Processing Scheme for AHA and MCP Perfusion Territories
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(b) Processing Scheme for REF Perfusion Territories
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Fig. 1.
Image acquisition and processing scheme. The complete image dataset of one animal is

shown. The six right-dominant swine underwent at least two dynamic computed tomography
(CT) volume acquisitions following this image processing scheme. Each dynamic CT
volume acquisition was comprised of twenty consecutive volume scans. a During the first
dynamic CT acquisition, contrast was injected intravenously. The American Heart
Association 17-segment (AHA) model and the minimum cost path (MCP) technique were
applied to this acquisition. b During subsequent dynamic CT acquisitions, the left or right
coronary artery (LCA and RCA) was cannulated and intracoronary contrast injection was
performed. In this case, an LCA intracoronary contrast injection was performed. Blushed
and non-blushed myocardium was automatically segmented, using region-growing
segmentation, to derive reference standard (REF) LCA and RCA perfusion territories. AHA,
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American Heart Association 17-segment model; B, blushed myocardium; CT, computed
tomography; LCA, left coronary artery; MCP, minimum cost path; MIP, maximum intensity
projection; NB, non-blushed myocardium; RCA, right coronary artery; REF, reference
standard
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(a) Imaging and Processing Scheme
for Six Right Dominant Animals

Page 16

(b) Imaging and Processing Scheme
for One Left Dominant Animal
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Fig. 2.

Experimental workflow. a The six right-dominant animals underwent at least one
intracoronary contrast injection computed tomography acquisition, from which whole heart
reference standard (REF) perfusion territories were determined for the left and right
coronary arteries (LCA and RCA). Additionally, each right-dominant animal underwent an
intravenous contrast injection CT acquisition, used to determine whole heart minimum cost
path (MCP) and American Heart Association (AHA) perfusion territories for the LCA and
RCA. Each reader performed a left ventricle segmentation on the six right-dominant
animals, used to isolate left ventricle MCP and REF perfusion territories from the respective
whole heart perfusion territories. Each reader also applied the AHA technique. Thus, for
each of the right-dominant animals, two sets of AHA, MCP, and REF perfusion territories
for the LCA and RCA were determined; one set for each reader’s left ventricle segmentation
and AHA model application. Whole heart REF and MCP perfusion territories were
determined in a previous study [17]. b The single left-dominant animal only underwent one
intravenous contrast injection CT acquisition, as this animal image data was used from a
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previous study where intracoronary contrast injections were not performed [15].
Consequently, only MCP and AHA perfusion territories were determined. Whole heart MCP
perfusion territories were isolated to a left ventricle segmentation, as described previously.
Only reader 2 applied left ventricle segmentation and determined AHA perfusion territories
for the left-dominant animal. AHA, American Heart Association 17-segment model; LCA,
left coronary artery; MCP, minimum cost path; RCA, right coronary artery; REF, reference
standard
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(a) AHA Perfusion Territories versus REF Perfusion Territories
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Fig. 3.

Linear regression mass correspondence and Bland-Altman analysis of the American Heart
Association 17-segment (AHA) model and minimum cost path (MCP) perfusion territories
with reference standard (REF) perfusion territories. Linear regression analysis and Bland-
Altman analysis were performed to assess mass correspondence of left and right coronary
artery (LCA and RCA) perfusion territories discerned using the American Heart Association
17-segment (AHA) model and the vessel-specific minimum cost path technique (MCP),
compared with reference standard (REF) coronary perfusion territories. This analysis was
performed on the six right-dominant animals. a Linear regression and Bland-Altman
analyses of AHA perfusion territories, as compared with those of reference perfusion
territories, are shown. b Linear regression and Bland-Altman analyses of MCP perfusion
territories, as compared with those of reference perfusion territories, are shown. Analysis
was performed by combining the AHA, MCP, and REF perfusion territories from readers 1
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and 2; thus, a total of 24 samples were assessed for LCA and RCA perfusion territory
correspondence. Linear regression analysis is also shown in Table 2. A breakdown of linear
regression analysis on a per-reader and per-vessel basis can be found in Supplemental Table
2. AHA, American Heart Association 17-segment model; LCA, left coronary artery; MCP,
minimum cost path; RCA, right coronary artery; REF, reference standard; RMSE, root-
mean-square error
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(a) AHA Root-Mean-Square Error (b) MCP Root-Mean-Square Error (c) AHA Segment Names
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Fig. 4.

Pegr—segment root-mean-square error. For each right-dominant animal, assigned left coronary
artery (LCA) and right coronary artery (RCA) territories derived using the American Heart
Association 17-segment (AHA) model were compared with the minimum cost path (MCP)
territories, within each of the 17 segments comprising the AHA method. Root-mean-square
error was calculated by comparing the amount of correctly assigned MCP or AHA mass
within each of the 17 segments with the reference standard (REF) perfusion territory mass
within the corresponding segment. Root-mean-square error was then normalized to the total
mass of the corresponding AHA segment. The mean root-mean-square error, normalized to
the mean mass of each AHA segment, for LCA and RCA perfusion territories derived using
the (a) AHA method and (b) the MCP method is shown. Panel ¢ depicts the standard AHA
model segments with corresponding segment names and coronary artery assignment. Error
bars in each bar graph represent the standard deviation of the relative root-mean-square error
between readers 1 and 2, for each segment. Beneath each bar graph, a bullseye plot with a
colored representation of the percent root-mean-square error for each AHA segment is also
shown. Corresponding p values for illustrating statistically significant differences between
AHA and MCP parameters are shown in Supplemental Table 4c. AHA, American Heart
Association 17-segment model; LCA, left coronary artery; MCP, minimum cost path; RCA,
right coronary artery; REF, reference standard. The single asterisk indicates statistically
different per-segment root-mean-square error between respective AHA and MCP
assignment, as indicated by a p value of < 0.05

Eur Radiol. Author manuscript; available in PMC 2020 August 10.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Malkasian et al.

Page 21

(a) 3D Visualization of Left Dominant
Perfusion Territories
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Fig. 5.
Assessment of the left-dominant case. American Heart Association 17-segment (AHA)

model and minimum cost path (MCP) coronary perfusion territory distributions were
compared in a left-dominant animal. Right and left dominance was determined based on the
origin of the posterior descending artery (PDA) from either the left or the right coronary
artery. a Left ventricular coronary perfusion territories derived using the AHA and MCP
techniques are shown superimposed with coronary artery centerlines. In the left-dominant
animal, the PDA originates from the left circumflex coronary artery (LCx). Coronary
perfusion territories for the left anterior descending coronary artery (LAD), LCx, and RCA,
derived using the AHA and MCP techniques, are shown. Additionally, bullseye plots of left
perfusion territories are shown, superimposed with coronary artery centerlines. b Coronary
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perfusion territory mass distribution in the left ventricle was also assessed for AHA and
MCP techniques. AHA, American Heart Association 17-segment model; LAD, left anterior
descending coronary artery; LCx, left circumflex coronary artery; MCP, minimum cost path;
PDA, posterior descending coronary artery; RCA, right coronary artery; REF, reference
standard; RMSE, root-mean-square error
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Table 4

Inter-observer analysis of mass (M) for the American Heart Association 17-segment model perfusion
territories from readers 1 (R1) and 2 (R2)

Vessel (N) Mgy (9) Mg (9) DsC MMD (mm)

LCA (6) 48.22+5.12 5437+453 0.80+0.10 1.68+0.85
RCA (6) 21.26 £2.63 2220+245 0.73%x017 221+141

All values are presented as mean + STD

AHA, American Heart Association 17-segment model; DSC, Dice’s similarity coefficient; LCA, left coronary artery; MMD, mean minimum
Euclidean distance; RZ, reader 1 AHA perfusion territories; /2, reader 2 AHA perfusion territories; RCA, right coronary artery; S7D, standard
deviation
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