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To evaluate safety and efficacy of sodium adenosine triphosphate (ATP) as a vasodilator in assessment
of left ventricular (LV) myocardial perfusion and in verification of ischemia by cardiac volumetric
computed tomography (CT).

The study included S8 patients with suspected ischemic heart disease (IHD). For all included patients,
cardiac volumetric CT with a pharmacological ATP test was performed. The rate of adverse effects
was analyzed during the ATP infusion. Results of the study were compared with data from using other
noninvasive methods for IHD diagnosis by calculating Cohen’s kappa, the measure of agreement
between two variables.

The test performed during CT showed good tolerability of the ATP infusion, a low rate of moderate
adverse reactions (8.6%), and the absence of severe side effects. Results of diagnosing IHD with
cardiac volumetric CT with the ATP pharmacological test were comparable with data from using other
methods for noninvasive verification of LV myocardial ischemia (bicycle ergometry, treadmill test,
stress echocardiography) in combination with coronarography or CT coronarography.

ATP appears a safe pharmacological agent for diagnosing transient LV myocardial ischemia. ATP can
be recommended as a vasodilator for evaluation of perfusion using cardiac volumetric CT.
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oronary heart disease (CHD) continues to be
C the leading cause of death worldwide [1], with
only 40-50% of all CHD patients being aware of their
disease and receiving appropriate treatment, while 50—
60% of cases remaining undiagnosed. Almost 50% of
CHD patients have myocardial infarction (MI) as the
first manifestation of the disease [2]. Thus, the timely
non-invasive diagnosis of left ventricular (LV) ischemia
remains a relevant issue. The step-by-step performance
of multiple non-invasive tests is not cost-effective:
e.g., non-invasive tests amount to about 40% of the
national health insurance cost in the United States, i.e.,
$ 17 billion annually [3], and less than 50% of patients
with positive stress tests have obstructive changes in
coronary arteries at invasive coronary angiography
(CA) [4]. associations
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(AHA, ESC) have developed guidelines for selecting
examinations in suspected CHD [3S, 6].

Computed tomography (CT) of coronary arteries
is reccommended as the first imaging technique in the
diagnosis of CHD as an alternative to non-invasive
stress tests [S]. It should obviously be supplemented
by an estimation of LV myocardial perfusion using
volumetric cardiac CT and pharmacological stress test.
Adenosine and its derivatives, e.g., sodium adenosine
triphosphate (ATP), are commonly used to identify LV
myocardial ischemia and assess perfusion. According
to the literature, there is experience of the safe use of
ATP to assess coronary fractional flow reserve and
LV myocardial perfusion by single-photon emission
computed tomography (SPECT) [7-9]. However, ATP
infusion safety has not been assessed with the simul-
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taneous administration of a radiopaque contrast agent
(RCA) and volumetric cardiac CT (640 slices, 1 cardiac
cycle).

Objective

To assess the safety and efficacy of a pharmacological
stress test with ATP-mediated vasodilatation and the
simultaneous administration of RCA and volumetric
cardiac CT in CHD diagnosis.

Material and methods

The study was conducted in accordance with the
Declaration of Helsinki. The Ethics Committee of
the Russian National Cardiology Research Center
approved the study protocol. All subjects signed
informed consent. From March 2017 to December
2019, 58 patients were included in the study. All
were examined to verify myocardial ischemia and to
choose between invasive or conservative management.
Inclusion criteria: age over 18 years, probable CHD or
hypertensive heart disease (HHD) stage II-11I, type 2
diabetes mellitus (DM) was allowed.

Inorderto clarify the diagnosis of CHD, patients were
subjected to comprehensive non-invasive examination
(stress echocardiography, electrocardiographic stress
tests, volumetric cardiac CT, including CT-CA and LV
myocardial perfusion at rest and with ATP stress test),
and invasive CA was performed at the final stage.

The criteria for LV myocardial ischemia based on
ECG stress test were horizontal or downsloping ST-
segment depression of more than 1 mm (>1 mV) in
two or more leads, when submaximal heart rate (HR)
was attained and pain appeared behind the sternum, or
signs of a local reduction in LV myocardial contractility
at stress echocardiography when the submaximal HR
is attained. Exclusion criteria were: contraindications
to ATP infusion (atrial fibrillation and/or atrial flutter,
acute MI, decompensated heart failure, left coronary
artery stenosis more than 50%, chronic obstructive
pulmonary disease, bronchial asthma); or nonionic
iodine-containing RCA (glomerular filtration rate less
than 30 mL/min/1.73 m? according to the MDRD
formula, allergic reactions); and pregnancy.

The study was performed during the gradual
withdrawal of antianginal therapy (including beta-
blockers, 48 hours before the trial), in accordance with
two-phase protocol (rest and stress), in breath-holding
spells, and with intravenous bolus administration of
60-80 mL (depending on the patient’s body weight) of
nonionic iodide-containing RCA (iodine 370 mg/mL)
atthe rate of 4-5 mL /s using an automatic syringe in the
rest phase. First, topograms were made, then volumetric
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cardiac CT was performed in native and arterial phases.
The second examination was carried out 20 minutes
after the first injection of RCA with the simultaneous
infusion of ATP 1% solution using an infusion syringe
pump at the rate of 0.16 mg/kg/min. The infusion did
not exceed S minutes. The administration was stopped
early if chest pain, negative ECG trends, or moderate
to severe adverse reactions appeared. Without
interrupting the ATP infusion, the intravenous bolus of
RCA was injected into a cubital catheter placed in the
other arm, while volumetric cardiac CT was performed
in the arterial contrast phase. After completion of the
ATP infusion, the patient was left on the scanner table
and monitored for S minutes under ECG control.

Since there is a wide range of phenomena associated
with adenosine receptor stimulation, the examination
was performed with ECG monitoring throughout the
time of the ATP infusion and within S minutes after
its completion. This allowed for the timely detection
of heart rhythm and conduction disorders, as well as
monitoring heart rate gains. The tomography unit in
which the examination was performed was equipped
with a defibrillator in good working order. A 10%
solution of aminophylline, an ATP antagonist, was
prepared for each patient before examination and
administered intravenously at the dose of 4 mg/kg to
manage severe side effects. Blood pressure (BP) was
registered before the examination and after the end of
the ATP infusion.

The safety of the volumetric CT with ATP stress test
was assessed by the rates of the following side effects:
mild (not requiring withdrawal or special treatment,
resolving spontaneously: headache, dyspnea, chest
discomfort without changes in ECG); moderate
(requiring discontinuation of infusion or special
treatment: symptomatic arterial hypotension, extra
heartbeats, stress-induced atrial fibrillation, PQ interval
prolongation, and atrioventricular block), and severe
(life-threatening: ventricular tachycardia, ventricular
fibrillation, M1, bronchospasm).

The imaging data was processed using the Vitrea
Advanced suite on a Vitrea workstation by evaluating
a series of volumetric CT images acquired at rest,
and after ATP stress test. 3D and multiplanar recon-
structions were undertaken in order to view coronary
arteries. Defects of LV myocardial perfusion were
determined visually and by automatic calculation
of semi-quantitative measurements: LV myocardial
tissue density drop (DD), LV myocardial perfusion
index (PI), and transmural perfusion rate (TPR), at
rest and during reactive hyperemia, using the following
formulas:
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Table 1. Interpretation of Cohen’s kappa coeflicient

o value . Consistency
(Cohen’s kappa coefficient)
<0.20 Very weak
0.21-0.40 Weak
0.41-0.60 Moderate
0.61-0.80 Good
0.81-1.00 Very good
Table 2. Clinical characteristics
of the examined patients (n = 58)
Parameter Value
Female 41 (71);
Sex male 17 ((29))
Age, years 58.5 [S1; 64]
Body mass index, kg/m? 29 [26; 32]
Smoking 12 (21)
Significant family history 29 (50)

of cardiovascular diseases

Systolic BP, mmHg 130 [120; 140]
Diastolic BP, mmHg 80 [72; 90]
HR, bpm 68.5 [64; 74]
Dyslipidemia 44 (76)

Total cholesterol, mmol/L
LDL cholesterol, mmol/L

5.22 [4.14; 5.7]
3.295 [2.225; 3.84]

Glomerular filtration rate

(MDRD), mL/min/1.73m? 85 77,971
CHD+HHD 38 (65.5)
CHD+DM type 2 15 (25.9)
Postinfarction cardiosclerosis 3(5.17)
Coronary atherosclerosis

« single vessel 22 (38)

« two vessels 30 (51.7)
Intact coronary arteries 6(10.3)
HHD 5(8.6)

The data is presented as the absolute and relative values

or the median and the interquartile range [25% percentile;
75t percentile]. BP, blood pressure; HR, heart rate;

LDL, low-density lipoproteins; CHD, coronary heart disease;
HHD, hypertensive heart disease; DM, diabetes mellitus.

DD = mean density of contrast-enhanced myocardium
(HU) - density of native myocardium (baseline, HU)

PI = mean myocardial DD /mean LV DD

TPR = subendocardial PI (single segment) /
subepicardial PI (entire layer).

Perfusion defect was determined as the hypodense
LV myocardial segment detected at stress and unde-
tectable at rest. It is most commonly located in the
subendocardial layer, and identified in one or more
segments in three consecutive images when comparing
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the radiological density of the adjacent LV myocardial
areas. TPR at stress should be less than 0.99 in the
hypoperfusion area.

This paper presents the final result, which is
the presence or absence of a transient defect in LV
myocardial perfusion. If a subendocardial defect in
LV myocardial perfusion was detected, this sign was
coded as «1>, if not as «0>». The same codes were
used after a comprehensive examination to identify
the presence or absence of CHD. These results were
subsequently matched by calculating consistency
between two Cohen’s kappa variables. The presence
of ischemic defects in LV myocardial perfusion shown
by the volumetric cardiac CT, combined with the
ATP stress test was compared as a variable with CHD
verification following comprehensive examination as a
second variable. After this Cohen’s kappa consistency
between these variables was calculated. Cohen’s kappa
consistency was interpreted in accordance with Table 1.
Thus, the examination’s efficacy was assessed by the
comparability of confirmed cases of ATP-induced LV
myocardial perfusion defects with the definitive clinical
diagnosis of CHD.

In this study, the Statistica 5.1 suite was used to
calculate statistical data (clinical characteristics of the
examined patients, the incidence of side effects during
the use of ATDP, frequency of the administration of
aminophylline solution). The median and interquartile
interval were defined for each of the above parameters.
In order to determine consistency between the two
Cohen’s kappa variables, the MedCalc 11.5 suite was
used.

Results

The study included 58 patients whose clinical charac-
teristics are presented in Table 2. Coronary athero-
sclerotic changes are described based on CT-CA and
invasive CA findings, which were identical.

Safe pharmacological use of ATP in volumetric CT

The incidence of mild, moderate, severe side effects
of the administration of ATP was determined. Systolic
blood pressure decreased from 132+12.9 to 128+16.3
mmHg (p>0.05) during ATP infusion. Diastolic blood
pressure decreased from 85+5.7 to 77£16.3 mmHg
(p=0.02). The decrease in systolic and diastolic blood
pressure was not accompanied by a worsening course
or hemodynamic disorders. Mean HR increased
from 66+6 to 90+16 bpm (p<0.0002) during ATP
administration.

Headache (64%), chest pain of various types
without changes in ECG (69%), dyspnea (90%) were

59



§ ORIGINAL ARTICLES

the most common adverse events of ATP infusion.
Administration of ATP was accompanied by single
extra (supraventricular or ventricular) heartbeats in
10 patients, which did not require an aminophylline
solution. There were no extra heartbeats after the
examination was completed.

One patient had PQ interval prolongation from 162
to 220 ms. In 2 minutes after the administration of the
aminophylline solution, the duration of the PQ interval
normalized.

The above phenomena resolved within 1 to 2 minutes
after the end of ATP administration or regressed
after intravenous administration of 10% solution of
aminophylline, used to manage adverse events in 10
(17%) patients: S to 10 mL were administered after
volumetric cardiac CT at stress (one cardiac cycle).
Patients stopped complaining 84 + 22 seconds after its
administration.

There were no deaths, stress-induced ventricular
tachycardia or ventricular fibrillation, atrial fibrillation,
MI, bronchospasm, clinically significant arterial hypo-
tension.

Table 3 presents the incidence of side effects
associated with ATP administration and the frequency
of using the aminophylline solution to manage side
effects.

Efficacy of volumetric cardiac CT
with ATP stress test in the diagnosis
of LV myocardial ischemia

The images acquired by volumetric CT with ATP
stress test were analyzed. Figure 1 contains images
showing the presence of a subendocardial LV perfusion
defect at stress.

According to Table 1, the consistency of the results
of the two examinations was calculated: the presence of
an ischemic defect in LV myocardial perfusion shown
by volumetric CT with ATP stress test and results of
the comprehensive examination to verify the diagnosis
of CHD. Cohen’s kappa was 0.83, i.e., the consistency
of results was excellent.

Discussion

ATDP, a derivative of adenosine, purine nucleoside,
non-selective agonist of adenosine receptors, inducing
[10]
epicardial coronary arteries [11] is an effective vaso-

vasodilation of coronary microvessels and
dilator used to study LV myocardial perfusion. In
atherosclerotic epicardial coronary arteries and in the
case of atherosclerosis of vascular walls or abnormal
vascular tone of the microcirculatory vessels, the steal
effect is expected due to the redistribution of blood flow
when ATP is administered. This induces LV myocardial
ischemia. Due to the heterogeneous blood supply of
different LV myocardial layers, it is possible to verify
transient perfusion disorders caused by atherosclerosis
or abnormal microcirculation.

ATP produces a non-selective effect on adeno-
which

transmembrane proteins when coupled with G-protein.

sine receptors, purinergic receptors, are
Like adenosine, ATP has a pronounced effect on organs
and tissues, including the heart, by activating two
families of purinergic receptors, P1 and P2 [12].

The P1 receptor family is represented by subtypes
Al, A2A, A2B, A3 [13], detected in almost all tissues.
Activation of the Al and AZ receptors decreases the
levels of intracellular cyclic adenosine monophosphate
(cAMP). Activation of the A2A and A2B receptors when
coupled with GS-protein mediates cAMP synthesis
[14]. The P2 receptor family includes subtypes P2X
and P2Y [15]. The R2X receptors include seven
subtypes of ion channels. The R2Y receptors combine
eight subtypes of G-protein coupled structures [16].
The systemic effects of adenosine and the non-selective
agonist of adenosine receptors ATP are manifested due
to several factors and depend on the characteristics of
a receptor, type of tissue, presence or absence of tissue
damage, and adenosine levels.

Administration of ATP may be accompanied by
short-term episodes of sinus bradycardia, exacerbated
atrial-ventricular conduction, arterial hypotension
(reduced systolic and diastolic BP by 10-15 mmHg),
chest pain, dyspnea [17]. In our study, ATP-induced
increase in mean HR from 66+6 to 90+16 bpm was

Table 3. Incidence of side effects during the use of ATP; the rate of administration of aminophylline solution

Adverse events

Number of side effects, n (%)

Aminophylline, n (%)

Dyspnea 52 (90) 3(5)
Chest discomfort without changes in ECG 40 (69) 5(8.6)
Headache 37 (64) 0
Extra heartbeats 10 (17) 1(1.7)
Atrioventricular block/ 1(1.7) 1(1.7)

PQ nterval prolongation
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Figure 1. Detection of subendocardial perfusion defect in the LV lateral wall

fi - barmal, 1 - kiid

fi - Barmal, 4 -

2-Noderate, 3-
# arf

A is the image of LV myocardium in the arterial contrast phase at rest, multiplanar reconstruction,

cross-sectional slice at the level of middle segments of LV myocardium, no LV myocardial contrast defects detected;

B is a detailed polar map of the distribution of transmural perfusion ratio across all segments with TPR >0.99;

C is LV myocardium in the arterial contrast phase at ATP-induced stress, multiplanar reconstruction, transverse slice at the level of middle
segments of LV myocardium, myocardial contrast-enhancement defect detected in the LV lateral wall projection (white arrows)

D is a detailed polar map of the distribution of transmural perfusion ratio in all LV lateral

wall segments with TPR <0.99 (orange-red area). LV, left ventricle.

not accompanied by a deterioration in the patient’s
wellbeing and was caused by baroreflex-mediated
activation of the sympathetic vegetative nervous system
[18,19].

The effects of stimulating Al receptors, including
bronchospasm, are directly proportional to the levels
of adenosine. We calculated an ATP dose based on the
patient’s body weight, in order to attain the drug’s best-
possible blood levels without causing bronchospasm.
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The low rate of side effects and their rapid resolution
within 1 to 2 minutes from the end of ATP infusion are
due to fast ATP metabolism and a short half-life period
(T¥% 0.5-1.5 s) [15]. Only 1% of the administered
volume of ATP solution was found in whole blood in 40
seconds after bolus injection [20, 21].

Our findings on the safe use of ATP as a vasodilator
when estimating LV myocardial perfusion by volu-
metric cardiac CT are consistent with the safety of
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adenosine receptor agonists in the detection of LV
myocardial perfusion abnormalities using SPECT [9]
or cardiac magnetic resonance imaging (MRI) [22].
The administration of ATP as a vasodilator to view LV
myocardial ischemia in cardiac CT has previously been
compared to invasive CA data in 21 patients. The high
diagnostic accuracy of combined CT-CA with ATP
stress test has been demonstrated in the detection of
ischemic defects of LV myocardial perfusion [23].
Multispiral cardiac CT with ATP stress test and
myocardial perfusion scintigraphy and invasive CA
have been shown to be highly comparable in detecting
ischemic defects in LV myocardial perfusion [24]. In
our study, the capabilities of the ATP stress test in the
diagnosis of CHD were studied for the first time during
volumetric CT. This is able to obtain simultaneously
6400.5 mm slices in a single cardiac cycle, capture the
entire heart and determine the anatomical location of
LV myocardial perfusion defects.

Our findings confirmed the high level of consistency
between the results of volumetric CT in combination
with the ATP test
examination used to diagnose CHD. The high accuracy

stress and comprehensive
of determining the hemodynamic significance of
coronary stenoses by volumetric cardiac CT with
the ATP stress test was demonstrated earlier when
compared with the invasive determination of the
coronary fractional flow reserve [25].

This innovative method is also useful in verifying
LV myocardial ischemia in normal coronary arteries
and requires no other diagnostic methods. The female
predominance of our study population was due to the
low baseline probability of having CHD. This was of
particular interest in demonstrating the diagnostic
capabilities of volumetric cardiac CT combined with
the ATDP stress test. We have previously published a case
study of a typical clinical picture of exertional angina
and ischemic changes in ECG during the treadmill
test, in which CHD with normal coronary arteries
was diagnosed, taking into account ischemic defect in
LV myocardial perfusion and intact coronary arteries
according to volumetric cardiac CT in combination
with ATP stress test [26]. Perfused cardiac CT

using adenosine stress test to detect CHD was also
highly informative in multi-center international trial
CORE-320. In this case, perfused CT-320 was studied
by assessing the hemodynamic significance of coronary
stenosis in 381 patients. Invasive CA and SPECT were
used as reference methods. The combination of CT-CA
and CT perfusion with adenosine has been shown to be
more specific (70% vs. 86%) and accurate (79%) than
isolated CT-CA in the assessment of the hemodynamic
significance of coronary stenosis [27].

Conclusion

The use of sodium adenosine triphosphate in the
diagnosis of transient left ventricular myocardial
ischemia, despite a wide range of processes stimulated,
seems to be safe when used in combination with
simultaneous  volumetric ~ cardiac ~ computed
tomography. This is due to the short half-life of the drug,
the possibility of early diagnosis of adverse reactions
and their rapid management. The administration of
a 1% solution of sodium adenosine triphosphate may
be recommended as a vasodilator when assessing left
ventricular myocardial perfusion by volumetric cardiac
computed tomography.

The analysis of the scans for the left ventricular
hypoperfusion area after administration of sodium
adenosine triphosphate identified them as stress-
induced ischemia zones. The high level of comparability
of the results of volumetric cardiac computed
tomography with the sodium adenosine triphosphate
stress test in detecting coronary heart disease with
stress tests and invasive coronary angiography makes
it possible to conclude that volumetric computed
tomography with the sodium adenosine triphosphate
stress test is an effective, innovative non-invasive
method for the diagnosis of coronary heart disease.
It meets this critical clinical challenge in a single
examination without the need for invasive coronary

angiography.
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depes. TTI xapakTepu3yeTca TpoMOOLMTONeHYel, HeBPOAOTUECKVMM HAPYLIEHIUAMM, HApYLUEHVEM GYHKLIM MOYEK U IMXOPaAKON. Xupypauye-

MOXET HabnioAaTbcA y naumenTo ¢ AKLL B Teuetie 7 AHeii noce oTmenbl npacyrpena. Puck kposomeyerus: y nauertos ¢ MMBNCT,
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b, BKI0YAA yeckuti omek: 00BLLa-
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AnAa npegynpexaeHna TPOMOOTNUYECKNX OCNIOXKHEHNI
y naumeHToB ¢ OKC, Kotopbim npoBoantca YKB*
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B CHUXeHun yactoTbl [KT n BKT ¢ 3-ro gHa u go 450 gHein?
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NPONHoHa — MeTabonuTa bynponioHa, 06pa3oBatHoro 3odepmetTom CYP2BG. Takoit 3OGEKT MOXKeET ObiTb KNUMHUUECKY BbIDAKEHHBIM, TONKO
KOrAa pacyrpen MPUMEHALTCA COBMECTHO C MperapaTami, UMelLLMM Y3K0e TepaneBTUUeCKOe 0KHO 1 MeTaboM3MpyIOLLNMUCA UCKoWNTeNb-
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MIHOBbIX peLienTopos. bepeMeHHOCTb* U Nepuop rPYAHOTo BCKapMAMBaHNA™. Heli3BeCTHO, BbIAENALTCA 1M MPACyrpen C rpyAHbIM
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AR — BKT KOHEUHbIe TOuKi (i Tpomﬁoz CTeHTa, CMepTb 0T (epnewo—mcyuwcmﬁ TIDUYMHbI, HearanbHblii
VHOIDKT MAOKIPAa, HeQaTaNbHbIA MHCYTT, SKCTPEHHaA PeBaCKyNAUSaLIAR Henegoro cocypa B Tesee 30 el W N0BTOPHaA 10 NPHYHHE KOPOHap!
obbiTwie). OKC — ocTpbiit KOpOHaPHbiTE CuHapoM, MKT — MepBuUHble KOHEUHbIE TOuKi (Hed: i MHAPKT, VHCYABT, CMepTb 0T Cep} CYAVCTOR NPHUMHBI),

Y4KB — upeckoHoe KOPOHAPHOE BMELLATENBCTBO.
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