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1 | INTRODUCTION

Complex coronary artery anomalies (CCAA) such as Bland-White-Gar-

land syndrome, anomalous coronary artery origin from the opposite
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Abstract

Objective: To provide data on the value of fused cardiac hybrid imaging with coronary computed
tomography angiography (CCTA) and positron emission tomography myocardial perfusion imaging

(PET-MPI) in patients with complex coronary artery anomalies (CCAA).
Design/setting: This is a retrospective, single-center study.

Patients: Seven consecutive patients with CCAA (mean 57 + 7 vy, 86% were male) who underwent
clinically indicated hybrid CCTA/PET-MPI between 2005 and 2015 in our clinic were included. The

findings from both modalities and fused cardiac hybrid imaging were evaluated in these patients.

Results: Out of the seven patients with CCAA, two patients had Bland-White-Garland anomaly,
two patients showed a coronary artery fistula, two patients showed a “single right,” and one
patient showed a “single left” coronary artery. Semiquantitative fused hybrid CCTA/PET-MPI
depicted inferolateral scar matching the territory of a nonanomalous vessel with significant con-
comitant coronary artery disease (CAD) in one patient only. In contrast, analysis of quantitative
myocardial blood flow (MBF) as assessed by fused hybrid CCTA/PET-MPI revealed abnormally

reduced flow capacities in the territories subtended by the anomalous vessels in 4 patients.

Conclusions: In this case series of middle-aged patients with CCAA, perfusion defects as assessed by
semiquantitative PET-MPI were rare and attributable to concomitant CAD rather than to the anomalous
vessel itself. By contrast, impaired MBF as assessed by quantitative hybrid CCTA/PET-MPI was revealed
in the majority of patients in the vessel territories subtended by the anomalous coronary artery itself.
Fused hybrid CCTA/PET-MPI incorporating information on morphology and on semiquantitative and
quantitative myocardial perfusions may provide added value for the management of patients with CCAA.

KEYWORDS
coronary artery anomalies, coronary computed tomography, fused, hybrid, positron emission

tomography myocardial perfusion

sinus (ACAQS), “single right” or “single left” coronary arteries, and coro-
nary artery fistulas occur with an incidence of 0.002%-1% in the adult
population.r3 Noninvasive coronary computed tomography angiogra-

phy (CCTA) has become the primary modality in evaluating and
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characterizing CCAA, as CCTA offers a higher accuracy and detection
rate over invasive coronary angiography, echocardiography and magnetic
resonance imaging.*"® CCAA are considered to be associated with symp-
toms of myocardial ischemia, angina pectoris, dyspnea, palpitations, ven-
tricular arrhythmia, congestive heart failure, syncope, and sudden cardiac
death (SCD).2771° Although standardized guidelines for the workup of
CCAA are lacking, it has been suggested that a hybrid morphological and
functional noninvasive imaging approaches, including CCTA and single
photon emission computed tomography imaging myocardial perfusion
imaging (SPECT-MPI), might be of added value for risk stratification and
decision making in CCAA.1°-16 SPECT-MPI, however, allows the assess-
ment of myocardial perfusion on a semiquantitative basis (ie, assessing
the relative differences of normalized myocardial radiotracer uptake)
only. In contrast, positron emission tomography myocardial perfusion
imaging (PET-MPI) expands current diagnostic capabilities of SPECT-MPI
through its ability to additionally offer absolute quantitation of myocar-
dial blood flow (MBF). It is well known that the assessment of quantita-
tive MBF by PET-MPI exerts an added value for risk stratification and
provides prognostic information for patients with subclinical coronary
artery disease (CAD), balanced triple vessel CAD, cardiac transplant, and
microvascular dysfunction in cardiomyopathies.r” "' However, the
assignment of territories to the correct subtending coronary artery is
challenging. In fact, it has been shown that the so-called standard distri-
bution of myocardial perfusion territories does not correspond with indi-
vidual true anatomy in more than half of the patients with normal
coronary anatomy,?? a rate that can be assumed to be much higher in
patients with CCAA. Thus, it may be hypothesized that hybrid imaging
with fusion of CCTA and semiquantitative and quantitative PET-MPI
offers an added value for patients with CCAA.

2 | METHODS

2.1 | Patient population and follow-up

We retrospectively identified all consecutive patients with CCAA
revealed by CCTA who underwent additional clinically indicated PET-
MPI between March 2005 and May 2015 in our clinic and recorded
the findings. Aside from morphological information on the coronary
anatomy as offered by CCTA, we evaluated the following parameters
derived from PET MPI: semiquantitative perfusion, hyperemic absolute
MBF, coronary flow reserve (CFR), and relative flow reserve (RFR).
Fused hybrid imaging using CCTA datasets and semiquantitative as
well as quantitative MBF parameters was performed for each patient.
Clinical data, symptoms, and outcome data were assessed, and follow-
up was obtained by performing telephone interviews and reviewing
electronic patient records. Major adverse cardiovascular events
(MACE) were defined as cardiac death, myocardial infarction, revascu-

larization or anomalous vessel-related cardiac surgery.

2.2 | CCTA imaging

CCTA was performed on multislice CT scanners (LightSpeed VCT XT
and Revolution CT; GE Healthcare, Waukesha, WI, USA) according to

the current guidelines and as previously described.?>?* Prior to exami-
nation, all patients received 2.5 mg isosorbiddinitrate sublingually (Iso-
ket; Schwarz Pharma, Monheim, Germany), and up to 30 mg
metoprolol (Beloc Zok; AstraZeneca, London, United Kingdom) was
administered intravenously if heart rate per minute was >65 in order
to obtain optimal image quality.2* lodixanol (Visipague 320, 320 mg/
mL; GE Healthcare) was injected into an antecubital vein followed by

50 mL saline solution.

2.3 | PET imaging

Cardiac 13N-ammonia PET was performed using a 1-d rest/stress or
stress/rest protocol. Stress was pharmacologically induced using
adenosine at a standard rate (0.14 mg/min/kg) over 7 min, as previ-
ously reported.'® All patients received a 700-900 MBq injection of
13N-ammonia into a peripheral vein during 10 s as a slow bolus.
Images were acquired in two-dimensional mode on a PET or PET/CT
scanner (Advance, Discovery LS, Discovery DSTX, and Discovery
VCT; GE Healthcare), with a field of view between 14.6 and
15.7 cm. Dynamic acquisitions of the emission scans were per-
formed using a standard protocol consisting of 9 X 10, 6 X 15,
3 X 20, and 1 X 900 s frames. Transmission scan for photon attenu-
ation correction was performed with low-dose CT attenuation cor-
rection (nongated, tube voltage 140 kV, tube current 120-150 mA,
and slice thickness 3.75-4.75 mm).18:2%

Regional 13N-ammonia uptake was assessed using the 17-segment
model and the semiquantitative scoring system of defect severity and
extent, as recommended by the American Society of Nuclear Cardiol-
ogy.2® Quantitative MBF was determined using the PMOD software
package (version 3.7; PMOD Technologies Ltd., Zurich, Switzerland)
developed and validated at our institution.2” A spherical region of inter-
est was placed into the blood pool of the left ventricle. Myocardial and
blood pool time-activity curves were generated from the dynamic
frames and corrected for radioisotope decay. MBF was estimated by
model fitting of the blood pool and myocardial time-activity curves®®
correcting for partial volume and spillover, as previously described.??
CFR was calculated as the ratio of hyperemic to resting MBF, and CFR
>2.0 was considered normal.*° From the 17 segment model relative and
absolute MBF in segments corresponding to anomalous and remote,
nonanomalous vessels without CAD were assessed for the calculation
of RFR. RFR was defined as the ratio of hyperemic MBF in the area of
the target vessel (anomalous vessel) to hyperemic MBF in a normally
perfused area (nonanomalous vessel without CAD),** and a RFR of
>0.78 was considered normal.3? In two-dimensional scatter plots inte-
grating hyperemic MBF and CFR of territories perfused by anomalous
versus nonanomalous vessels in the same patient with superimposed
thresholds for normal, reduced flow capacity or definite ischemia as pro-

posed by Johnson and Gould®® were drawn.

2.4 | Hybrid imaging

Semiquantitative and quantitative datasets from PET-MPI were
fused with CCTA datasets on a dedicated workstation (Advantage
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FIGURE 1 CCTA (A lateral view, B anterior view) reveals a fistula from the left anterior descending artery (LAD) to the pulmonary artery (PA).
CCTA, coronary computed tomography angiography; PET-MPI, positron emission tomography myocardial perfusion imaging

Workstation 4.3; GE Healthcare) using a commercially available soft-
ware tool (CardlQ Fusion; GE Healthcare), as previously described in
detail.®>* A matched semiquantitative CCTA/PET-MPI fused imaging
finding was defined as a reversible (ischemia) or fixed (scar) PET-MPI
defect in a territory subtended by an anomalous vessel and/or a ste-
notic coronary artery (defined as narrowing of the coronary luminal
diameter >50%).

2.5 | Statistical analysis

All statistical analyses were performed using SPSS Statistics 22 (IBM
NY, USA). Data are

median =+ interquartile range (IQR; 25th-75th percentile), or mean =+

Corporation,  Armonk, reported as

standard deviation, or percentages as appropriate.

2.6 | Ethics

The study conforms to the principles outlined in the Declaration of
Helsinki and was evaluated and approved by the local ethics committee
(KEK-ZH-Nr. 2015-0235). The need for informed written consent was

waived.

TABLE 1 Patient’s characteristics and types of anomaly

3 | RESULTS

3.1 | Imaging results

We identified seven patients with CCAA who underwent both CCTA
and PET-MPI. The mean age was 57 = 7 years, and 86% were male.
Two patients (28%) had Bland-White-Garland syndrome with one
anomalous left coronary from the pulmonary artery (ALCAPA) (ie,
patient 1) as previously published by our group'? and one anomalous
right coronary from the pulmonary artery (ARCAPA) (ie, patient 2). Two
patients (28%) showed a single right coronary artery, that is, one
patient with a subpulmonic course (between the aorta and the right
ventricular outflow tract) of the left anterior descending artery (ie,
patient 3) and one patient with a retroaortic course of the left coronary
artery and an interarterial course of a septal branch (ie patient 4). One
patient (14%) showed a single left coronary artery with an intramural
and interarterial course of the right coronary artery (RCA) (ie, patient
5), and two patients (28%) showed a fistula from the left anterior
descending artery (LAD) connecting to the pulmonary artery (ie

patients 6 and 7) (Figure 1). Patient’s characteristics and description of

Origin of Course of Termination of
Patient no Age Gender Symptoms Type of anomaly anomalous vessel anomalous vessel anomalous vessel
1 56 f Palpitations ALCAPA LM of PA Normal Normal
2 48 m Palpitations ARCAPA RCA of PA Normal Normal
3 61 m Typical angina Single right LM of RCS Subpulmonic Normal
4 55 m Typical angina Single right LM of RCS Interarterial Normal
5 57 m Typical angina Single left RCA of LCS Interarterial Normal
6 70 m Syncope Fistula LAD to PA Normal - A. Pulm
7 52 m Atypical angina Fistula LAD to PA Normal - A. Pulm

ALCAPA, anomalous left coronary from the pulmonary artery; ARCAPA, anomalous right coronary from the pulmonary artery; LAD, left anterior
descending coronary artery; LCS, left coronary sinus; LM, left main artery; PA, pulmonary artery; RCA, right coronary artery; RCS, right coronary sinus.
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FIGURE 2 Fused CCTA/PET-MPI of a patient with a single left coronary artery. CCTA revealed a single left coronary artery (ie, patient 5)
with an intramural and interarterial course of the anomalous right coronary artery (A). Fused CCTA/PET-MPI (using the stress dataset)

showed an inferolateral scar matching the perfusion territory of the previous stented nonanomalous intermediate branch with concomitant
CAD (B and C). CCTA, coronary computed tomography angiography; PET-MPI, positron emission tomography myocardial perfusion imaging

coronary artery anomalies are given in Table 1. Symptoms on referral
were angina (43%), followed by palpitations (28%), atypical angina
(14%), and syncope (14%). CCTA revealed concomitant CAD in two
patients (28%, ie, patients 4 and 5). Semiquantitative PET-MPI revealed
perfusion defects only in the patient with a single left coronary
artery (ie, patient 5) with a scar in the inferolateral wall. Fused hybrid
CCTA/PET-MPI revealed that the scar in the inferolateral wall was
subtended by a previously stented coronary vessel with concomitant
CAD (Figure 2).

Hyperemic MBF in anomalous vessel compared to the remote
nonanomalous vessel were lower in all patients (see Table 2 and Fig-
ure 3), represented as a RFR <1.0, except in a single patient (ie,
patient 7) with a fistula. However, RFR was only pathologically
reduced (ie, <0.78) in the two patients with Bland-White-Garland
syndrome (ie, patients 1 and 2). Similarly, CFR of the anomalous ves-
sel was lower in all patients compared to the remote non-anomalous
vessel, except in the patient with single right coronary artery (ie,
patient 4) and the patient with a fistula (ie, patient 7). Of note, in the
patient with single right coronary artery (ie, patient 4), CFR with 1.94
was also slightly reduced in the segments corresponding to the distal
part of the nonanomalous RCA with concomitant CAD, compared to

the other, nonanomalous vessel segments. Also in the patient with
single left coronary artery (ie, patient 5), the nonanomalous vessels
with concomitant CAD showed an impaired CFR. Only in the patient
with ALCAPA (ie, patient 1), CFR was reduced in the anomalous ves-
sel (1.40), and also to a lesser extent, in the remote, nonanomalous
vessel (1.47) (see Figure 4). As the patient with single left coronary
artery (ie, patient 5) showed left coronary circulation dominance of
the nonanomalous vessel, MBF of the anomalous vessel (ie, RCA)
could not be calculated.

In Figure 5, two-dimensional scatter plots of hyperemic MBF and
CFR with superimposed thresholds for normal, reduced flow capacity
or definite ischemia show that 83% (5 out of 6) of the patients showed
a minimally to moderate reduced flow capacity in myocardial territories
subtended by the anomalous vessels compared to the remote non-

anomalous vessel for each patient.

3.2 | Outcome

During a median follow-up of 54 months (IQR 1-108), two patients (29%)
experienced MACE. The patient with ALCAPA (ie, patient 1) suffered
acute myocardial infarction after 41 months and hemi-arterial switch

TABLE 2 Quantitative PET-MPI analysis of anomalous and nonanomalous vessels

Anomalous vessel
hyperemic MBF

Patient no. (mL/min/g) Anomalous vessel CFR
1 1.46 1.40

2 1.77 1.49

3 213 2.62

4 1.76 2.38

5 - -

6 2.25 2.36

7 5.50 4.44

Remote nonanomalous

vessel hyperemic MBF Remote nonanomalous

(mL/min/g) vessel CFR RFR
2.62 1.47 0.56
2.55 2.03 0.69
242 2.89 0.88
2.15 227 0.82
1.30 1.52 -

2.44 2.42 0.92
5.09 4.38 1.08

CFR, coronary flow reserve; MBF, myocardial blood flow; RFR, relative flow reserve.
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FIGURE 3 Fused CCTA/PET-MPI including quantitative hyperemic MBF of patient 1 with Bland-White-Garland syndrome (ie, ALCAPA:
anomalous left anterior descending artery origin from the pulmonary artery). On panel (A), impaired hyperemic MBF in the territory of the
anomalous vessel (ie, LAD) can be seen compared to normal hyperemic MBF of the nonanomalous vessel perfusion territory of the RCA on
panel (B). CCTA, coronary computed tomography angiography; LAD, left anterior descending artery; MBF, myocardial blood flow; PA,
pulmonary artery; PET-MPI, positron emission tomography myocardial perfusion imaging; RCA, right coronary artery

operation was performed after 72 months due to progressive dyspnea.
The patient with single right coronary artery (ie, patient 4) underwent
revascularization of the RCA after 1 month due to progressive angina

pectoris.

4 | DISCUSSION

To the best of our knowledge, this is the first case series assessing the
impact of CCAA on myocardial perfusion through fused hybrid CCTA/

PET-MPI, integrating coronary morphology and semiquantitative and

quantitative perfusion parameters. In our study, semiquantitative perfu-
sion defects (ie, ischemia and scar) were found in a single patient who
had concomitant obstructive CAD in the vessel subtending the perfusion
defect. In contrast, quantitative perfusion analysis revealed a reduced
hyperemic MBF and a reduced CFR in almost all patients with CCAA s

in the anomalous vessels compared to a remote, nonanomalous vessel.

4.1 | Bland-White-Garland syndrome

A steal-phenomenon by reversed flow in the coronary artery into the

pulmonary artery caused by decreased pulmonary artery pressure after

FIGURE 4 Fused CCTA/PET-MPI including coronary flow reserve of patient 1 with Bland-White-Garland syndrome (anomalous left anterior
descending artery origin from the pulmonary artery). On panel (A), CFR in the territory of the anomalous vessel (ie, LAD) perfusion is impaired to
a greater extent compared to the nonanomalous vessel perfusion territory of the right coronary artery on panel (B). CCTA, coronary computed
tomography angiography; CFR, coronary flow reserve; LAD, left anterior descending artery; MBF, myocardial blood flow; PA, pulmonary artery;
RCA, right coronary artery; PET-MPI, positron emission tomography myocardial perfusion imaging
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FIGURE 5 Two-dimensional scatter plots integrating hyperemic MBF and CFR of anomalous vessels versus nonanomalous vessel are depicted for
each patient with superimposed thresholds for normal, reduced flow capacity or definite ischemia as proposed by Johnson and Gould (33). A total of
83% (5 out of 6) of the patients (ie, patients 1, 2, 3, 4, and 6) showed a minimally to moderate reduced flow capacity in the territories perfused by
the anomalous vessels compared to the remote nonanomalous vessel in the same patient. As the patient with single left coronary artery (ie, patient
5) showed left coronary circulation dominance of the nonanomalous vessel, hyperemic MBF of the anomalous vessel could not be calculated and
therefore patient 5 is not represented. CFR, coronary flow reserve; MBF, myocardial blood flow

birth is suggested to be underlying mechanism for perfusion defects in
Bland-White-Garland patients undergoing SPECT-MPI.3>~%7 There is
evidence that noninvasive quantitative perfusion imaging allows for
estimation of fractional flow reserve (FFR) through calculation of
RFR.3? As RFR of 0.78 has been suggested as the cutoff value for the
lower limit of normal®2. The two patients with Bland-White-Garland
syndrome (ie, patients 1 and 2) showed abnormal RFR in our case
series. Interestingly, in both patients with Bland-White-Garland syn-
dromes, not only RFR but also CFR was reduced in the anomalous ves-
sel, suggesting that quantitative MBF assessment by quantitative PET
allows for the detection of a presumed steal-phenomenon in Bland-

White-Garland syndrome.

4.2 | Coronary artery fistula

Similarly, and even in small coronary pulmonary artery fistulas, a steal-
phenomenon may cause hypoperfusion and reduction of MBF distally
of the affected coronary artery, as has been demonstrated using FFR in
invasive coronary angiography.*>3® In-line with this study, one patient
with coronary pulmonary artery fistula showed mildly reduced RFR and
CFR in the present study. Interestingly, however, another patient (ie,
patient 7) with coronary artery fistula did not show reduced CRF dis-

tally to the involved LAD compared to the remote nonanomalous ves-

sel and it was the only patient without a RFR <1. It can be
hypothesized that—due to the rather small size of the fistula—the com-
petitive shunting flow through the fistula to the pulmonary artery,
compared to the antegrade flow to the distal LAD may not markedly
increase during stress perfusion, and therefore, the fistula is hemody-
namically insignificant. Although steal-phenomenon were described
also in small coronary artery fistulas, others suggested that a true fistula
is characterized by a destinct ectatic vascular segment that exhibits fis-
tulous flow and is connected to two vascular territories with large pres-
sure differences. Small coronary artery fistulas with long vascular
channels may present with high vascular resistance, allowing only lim-
ited blood flow to the pulmonary artery, and may therefore not confer

hemodynamical relevance.374°

4.3 | Anomalous origin of the coronary artery from
the opposite sinus

Hyperemic MBF was mildly reduced in one case of ACAQOS variant in
the myocardium matching the territory subtended by the anomalous
coronary artery. Moreover, hyperemic MBF was lower compared to
the remote segments with an RFR of 0.82. This is in line with a report
by Lim et al. who demonstrated that in a patient with ACAOS the inva-

sively measured FFR of the interarterial variant of the vessel was
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reduced from 0.96 to 0.87 with adenosine and to 0.86 during a dobut-
amine challenge.*? In some cases, even ischemia of territories corre-
sponding to anomalous ACAOS vessels have been demonstrated using
SPECT imaging.2*%*1 In contrast, we have recently demonstrated that
myocardial ischemia caused by ACAOS per se seems exceedingly rare
in middle-aged patients with ACAOS and is more likely attributable to
concomitant CAD.*® With this regard, fused hybrid CCTA/SPECT-MPI
proofed a valuable noninvasive tool to discriminate the impact of
ACAOS from concomitant CAD on myocardial ischemia.*® Similarly, in
the present study, hybrid CCTA/PET-MPI imaging allowed for such dis-
crimination in one patient with ACAOS and concomitant CAD (e,
patient 5). In the same patient and also in the patient with single right
coronary artery (patient 4), PET-MPI did not show ischemia but
revealed that CFR was reduced in the territory subtended by the distal
part of a nonanomalous vessel with concomitant CAD. Of note, out of
the ACAOQS patients, only the patient with “single right” coronary artery
(ie, patient 3) and a subpulmonic course of the anomalous vessel had
normal hyperemic MBF in the anomalous vessel and also a normal, and
similar CFR compared to the remote nonanomalous vessel. This finding
is of particular interest as it supports the presumption that the subpul-
monic course of the anomalous vessel is rather a benign variant and
that the anomalous vessel is normally perfused also under stress
conditions.*2~44

The present case series extends our limited knowledge by dem-
onstrating that perfusion defects as assessed by semiquantitative
PET-MPI due to CCAA per se are rather rare and are much more
likely attributable to concomitant CAD. However, hyperemic MBF,
CFR, and RFR are of additional value as they offer a more accurate
and sensitive diagnostic tool in evaluating these patients. In fact,
impairment of absolute MBF as demonstrated by quantitative PET-
MPI was seen in more than half of CCAA patients in our small
cohort. Of note, a number of studies have shown that impaired
hyperemic MBF and CFR as assessed by quantitative PET-MPI are
powerful independent risk factors for cardiac death.'®1%2%4> |ndubit-
ably, larger studies are needed to evaluate whether quantitative
assessment of myocardial perfusion through PET-MPI confers an
added prognostic value in a population with CCAA. Nevertheless,
due to the fact that the standard distribution models of myocardial
perfusion territories are not applicable in patients with CCAA, our
results suggest that fused hybrid imaging may constitute a valuable
tool in this setting as it allows discrimination of CCAA from CAD in
impaired myocardial perfusion. It may, therefore, be hypothesized
that hybrid fused CCTA/PET-MPI offers a beneficial value for risk
stratification in patients with CCAA.

5 | LIMITATIONS

The sample of patients studied in the present case series is small. How-
ever, while CCAA are extremely rare and availability of CCTA/PET-MPI
fused imaging is limited, our findings are hypothesis-generating for
larger multicenter studies. Nevertheless, due to the small sample size,

extrapolation from our results should be made only with caution.

@l‘ﬂ Congenital Heart Discase VW1 L EYJE

6 | CONCLUSIONS

In this case series of middle-aged patients with CCAA, perfusion
defects as assessed by semiquantitative PET-MPI were rare and attrib-
utable to concomitant CAD rather than to the anomalous vessel itself.
In contrast, impaired MBF as assessed by quantitative hybrid CCTA/
PET-MPI was revealed in the majority of patients in the vessel territo-
ries subtended by the anomalous coronary artery itself. Fused hybrid
CCTA/PET-MPI incorporating information on morphology and on
semiquantitative and quantitative myocardial perfusion may provide
added value for the management of patients with CCAA.
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