YIAK 612.15:616.127]-073.916
https://doi.org/10.20538/1682-0363-2021-1-178-189

Modern scintigraphic methods for assessing myocardial blood flow
and reserve

Mochula A.V., Maltseva A.N., Zavadovsky K.V.

Cardiology Research Institute, Tomsk National Research Medical Center (Tomsk NRMC), Russian Academy
of Sciences
111a, Kievskaya Str., Tomsk, 634012, Russian Federation

ABSTRACT

Background. Today, myocardial perfusion scintigraphy is an informative and accessible method for evaluating
ischemic changes in the heart. However, this method has limitations, which are more connected with a semi-
quantitative assessment of the study results. Currently, there is a class of specialized gamma cameras with cadmium
zinc telluride detectors, which allow for quantitative analysis of scintigraphic data on coronary hemodynamics, i.e.
evaluate indicators of coronary blood flow and reserve.

The aim of the review was to present and summarize the information about the coronary circulation under
physiological and pathological conditions, as well as the possibilities of modern radionuclide methods in assessing
coronary blood flow and reserve.

Materials and methods. In the process of preparing the review article, “PubMed”, “Web of Science”,
“ScienceDirect”, and “Elibrary” research databases were used. Search requests included such key words as:
coronary artery disease, myocardial blood flow, coronary (myocardial) flow reserve, single photon emission
computed tomography, cadmium-zinc-telluride, positron emission tomography.

Results. The review includes information on the state and methods of regulating coronary hemodynamics
under normal conditions and against the background of pathological changes. It also includes information about
radionuclide methods for assessing coronary hemodynamics which were used in the past, are currently being used,
and promising ones,including dynamic single photon emission computed tomography.

Conclusion. The potential of dynamicsingle photon emission computed tomography as a method for quantification
of coronary blood flow and reserve is high. This technique can become a simple and affordable alternative to the
existing methods for assessing coronary (myocardial) blood flow and reserve. This will increase the information
content of radionuclide diagnostics in assessing the severity of coronary insufficiency for more accurate risk
stratification and determination of appropriate treatment strategy for cardiac patients.

Key words: dynamic single photon emission computed tomography, myocardial blood flow, coronary (myocardial)
flow reserve, coronary artery disease, coronary artery atherosclerosis.
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CoBpeMeHHble CUMHTUrpadUIECcKMe MeToAbl OL,EHKM MUOKApANA/IbHOTO
KPOBOTOKA 1 pe3epBa

Mouyna A.B., ManbueBa A.H., 3aBapoBckui K.B.

Hayuno-uccnedosamenvcxuii uncmumym (HUU) kapouonocuu, Tomckuti HAYUOHATbHBIUL UCCTIe008AMENbCKUL
meduyunckuu yeump (HHUML]) Poccuiickou akademuu Hayk
Poccus, 634012, 2. Tomck, ya. Kuesckas, 1114

PE3IOME

Beenenue. Ilepdysnonnas cruHTHTpaduss MHOKap/a HA CETOTHSAIIHUN NEHb SBISCTCS MHPOPMATHBHBIM H J0O-
CTYIIHBIMH METOJIOM OIIEHKH HIIEMHYECKHX M3MEHeHHi cepama. OmHaKo 3Ta METOAMKA, KaK U Jrobas apyras,
HMEET PsiJl OTIPEAEIEeHHBIX OTPAaHIIECHHIH, KOTOPEIE B OONBIIIEH CTETIEHN CBSA3aHBI C MTOTYKOINIECTBEHHOH OIEHKOH
pe3yJIbTaTOB HCCIENOBAHMA. B HacTosIee BpeMs CyIIeCTBYeT KIacC CIEIHAIN3NPOBAHHBIX TaMMa-KaMep C Jie-
TEKTOpaMH Ha OCHOBE KaJMHH-IUHK-TEIITyPa, ITO3BOJISIONINX IIPOBOANTH KOJINIECTBEHHBIH aHAIN3 CUHTHTpadu-
YEeCKUX TAHHBIX O COCTOSHHM KOPOHAPHOH T'eMOJNHAMHUKH, T.€. OLICHUBATH IIOKA3aTeN KOPOHAPHOTO KPOBOTOKA
U pe3epsa.

Heas 0030pa — mpeacTaBUTh U 000OIIUTH CBEACHUS O (PU3MOJOTUU KPOBOOOpAIIEHHUs cepllia B HOpME U IpPH
HATOJIOTHH, & TAK)KE BOSMOXKHOCTAX COBPEMEHHBIX PaJAMOHYKINIHBIX METOJIOB B OLICHKE KOPOHAPHOTO KPOBOTOKA
U pe3epsa.

Marepuajbl H MeTOAbI. B mpoliecce MoAroToBKM 0030pHOI CTaThH HMCIOJIL30BAIKCH HaydHble 0a3bl JAHHBIX
PubMed, Web of Science, ScienceDirect, Elibrary. [TonckoBblii 3anpochl BKIHOUAIN KIFOUCBBIC CIIOBA: coronary ar-
tery disease, myocardial blood flow, coronary (myocardial) flow reserve, single-photon emission computed tomog-
raphy, cadmium-zinc-telluride, positron emission tomography, uiemnudeckas 60J€3Hb cepALa, MHOKapIUaIbHBIH
KPOBOTOK, OJIHO()OTOHHAS IMUCCHOHHASI KOMITBIOTEPHASI TOMOTpa(usi, IO3UTPOHHAS SMUCCHOHHAsE TOMOrpadusi,
pe3epB KOPOHAPHOTo (MUOKAPAHAIBHOTO) KPOBOTOKA.

Pe3yabTaTsl. O630p BKIIOUAET B ce0sI CBEACHUS O COCTOSTHHH U CIIOCO0aX Perysiuui KOpOHAPHOH TeMOANHAMIKH
B YCJIOBUSIX HOPMBI M Ha (h)OHE MATOIOTHUYECKUX H3MEHEHWH, PaIMOHYKIMIHBIX METOJAX OLEHKH COCTOSHHS
KOPOHAPHOT0 pyCila, HIMEIOMNX HCTOPHUIECKOE 3HAUCHHE, MICTIONB3YIOMUXCSI B HACTOSIIIEE BPEeMs M IEPCIEKTUBHBIX,
B TOM 9HCJIe JUHAMHIECKOH 0THO(POTOHHOI IMUCCHOHHON KOMITBIOTEPHOI TOMOTpadHy.

3axiouenne. [loTeHmanbHbIe BO3MOXKHOCTH JUHAMHYECKOH OAHO(OTOHHOW 3MHUCCHOHHOW KOMITBIOTEPHOMH
ToMOrpaun Kak MeToja KOJMYECTBEHHON OIEHKH KOPOHAPHOTO KPOBOTOKA M PE3€pBa BBICOKH. DTa METOAUKA
MOXKET CTaTh INPOCTOH M JOCTYITHOH anbTePHATHBOH CYNIECTBYIOUIMM CIIOCO0aM OIEHKH KOPOHApHOTO
(MHOKapaIMaTbHOTO) KPOBOTOKA M PE3epBa, UTO IO3BOIUT MOBBICUTh HH()OPMATHBHOCTH PaJHOHYKIHIHON
JMarHOCTUKH B OLIEHKE TSHKECTU KOPOHAPHOI HEAOCTATOYHOCTH, a 3HAUUT OYAET CIIOCOOCTBOBATH O0Iee TOUHOM
cTpaTH(UKAIUK PUCKA U ONPEASIICHUIO MOXOIAMIIEH TAKTUKHY JIEYCHHS KapAUOIOTHIECKIX MallUeHTOB.

KnroueBble ci10Ba: tuHaMu4ecKast OXHO(GOTOHHASI SMHCCHOHHAs KOMITBIOTEpHAst TOMOTpadusi, MHOKapIHAIbHBIHA
KPOBOTOK, Pe3epB KOPOHAPHOTO KPOBOTOKA, HIIEMUUYECKasi OOJIC3Hb Cep/lla, aTePOCKIEPO3 KOPOHAPHBIX apTePHUi.

KOHq).]'Il/lKT HUHTEPECOB. ABTOpBI JACKIIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIBHBIX KOH(l)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C r[y6mzn<aunei/'1 HaCTOSIH.[efI CTaTbHU.

Hcrounnk ¢unancupoBanmusi. O630p MOATOTOBIEH B paMKax BBIIONHEHHS TpaHTa CoBera MO TpaHTaM
npesugenta Poccuiickoit ®eneparim (Ne MK-1347.2020.7).

Jns nutupoBanusi: Mouyna A.B., Mansiea A.H., 3aBanockuii K.B. CoBpeMeHHbIC CIUHTUTPAQUICCKUE Me-
TOJIBI OIICHKH MUOKAPIHAILHOTO KPOBOTOKA ¥ pe3epBa. broanemens cubupckoi meouyunsl. 2021520 (1): 178-189.
https://doi.org/10.20538/1682-0363-2021-1-178-189.
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INTRODUCTION

Today, quantitative analysis of myocardial per-
fusion is believed to be the most informative meth-
od in assessing ischemic changes in the heart [1].
The main quantitative indicators reflecting the state
of coronary hemodynamics are myocardial blood
flow (MBF) and coronary flow reserve (CFR) [2].
However, methods for determining MBF and CFR
are complex, expensive, and, therefore, are prac- ti-
cally not used in clinical practice. A new type of
cadmium zinc tellurium (CZT) gamma cameras
allows to perform dynamic single photon emis-
sion computed tomography, which was previously
unavailable. This technology makes it possible to
assess the MBF and CFR scintigraphic parameters.

The aim of this review was to present the normal
and pathological physiology of cardiac circulation,
as well as capabilities of advanced radionuclide
methods in assessing parameters of coronary hemo-
dynamics, i.e. assessment of MBF and CFR.

“PubMed”, “Web of Science”, “ScienceDi-
rect”, and “Elibrary” research databases were used
in preparing as coronary artery disease (CAD),
myocardial blood flow, coronary (myocardial) flow
reserve, single photon emission computed tomog-
raphy (SPECT), cadmium-zinc-telluride, positron
emission tomography (PET); acronyms were also
used, such as CAD, CFR, MBF, MFR, SPECT,
CZT, PET.

The review includes information on the state
and methods of regulating coronary hemody-
namics under normal conditions and against the
background of pathological changes, as well as
on radionuclide methods for assessing myocardial
perfusion which are of historical significance, are
currently being used and promising ones, includ-
ing dynamic single photon emission computed to-
mography (SPECT).

PHYSIOLOGICAL AND PATHOLOGICAL
FOUNDATIONS OF CORONARY
CIRCULATION

Understanding the physiology and pathophys-
iology of coronary circulation and such terms as
coronary autoregulation, MBF, CFR (relative and
absolute), and microvascular resistance is necessary
for a correct clinical interpretation of a quantitative
analysis of MBF and CFR.

Anatomy and physiology of coronary circulation

Approximately 5% of the circulatory minute
volume flows into coronary arteries (CA) during the
diastole phase. This is approximately 250 ml / min
for a 300 gram heart muscle at functional rest.
Thus, myocardial blood flow may vary from 0.3 to
0.8 ml/ min/ g.

Epicardial arteries, having low resistance, deter-
mine only ~5% of vascular resistance at rest [3, 4].
Arterioles outnumber arteries and determine 60%
of vascular resistance [4]. Coronary capillaries ac-
count for ~25%, while venules and veins account
for the remaining 10% [4].

According to the Hagen — Poiseuille equation,
the pressure gradient that provides blood flow is
inversely proportional to the vessel diameter in the
fourth power. Thus, it means that even minimal re-
duction of vessel internal diameter leads to a signif-
icant decrease in the pressure gradient. Considering
that proximal (i.e. epicardial) coronary arteries have
a diameter of 3—4 mm [5], they represent lower re-
sistance to blood flow than arterioles, the diameter
of which is 20200 pum [6].

Coronary arterioles are the main resistant vessels
and determine myocardial blood flow conditions.
[7]. The arteriole muscular wall allows for coro-
nary autoregulation and metabolic vasodilation.
Coronary autoregulation describes the capacity of
the heart to maintain steady myocardial perfusion
across a range of perfusion pressure [8, 9].

Capillaries are the smallest components of the
heart vasculature (5-10 um). However, this vascu-
lar structure provides 25% of vascular resistance,
and at any given time it may contain up to 90% of
the total blood volume of the heart muscle. There-
fore, the functional condition of the capillaries de-
termines myocardial blood flow to a greater extent
than the tone of arterioles.

MECHANISMS REGULATING CORONARY
VASCULAR TONE

The main mechanisms that regulate vascular
tone include: 1) metabolic; 2) myogenic; 3) endo-
thelium-dependent [8]. These three groups of fac-
tors affect arterioles depending on their diameter.
[6].

Metabolic factors affect small arterioles (< 40
um) [10, 11]. An increase in myocardial metabolism
leads to an increase in the concentration of adenos-
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ine [12], carbon dioxide [11], as well as in the lev-
el of acidosis [13, 14]. These metabolites penetrate
into the interstitial space and interact with smooth
muscle cells [15]. This interaction leads to arteriole
vasodilation and increased myocardial perfusion.

The myogenic mechanism prevails in regula-
ting the tone of arterioles with medium diameters
(40-100 pum) [16, 17]. Calcium channels of smooth
muscle cells (SMC) open in response to increased
distension. Increasing intravascular blood pressure
leads to vasoconstriction, and vice versa, when the
intravascular blood pressure decreases, the intracel-
lular Ca** concentration falls, leading to relaxation
of the SMC and vasodilation. This form of myo-
genic control maintains stable arterial tension and
is one of the mechanisms of vascular tone control
[16].

The tone of large arterioles (more than 100 pm),
as well as coronary arteries, is regulated mainly by
the endothelium. The interaction between the blood
flow and endothelial cells triggers the process of
NO synthesis from L-arginine via endothelial NO
synthase [18]. Then, NO diffuses into the under-
lying layer of smooth muscle cells of the vascular
wall and activates soluble guanylate cyclase, which,
in turn, converts guanosine triphosphate into cyclic
guanosine monophosphate (cGMP). As a result,
cGMP gives a signal to the smooth muscle cells to
relax, thus vasodilation occurs.

The implementation of these mechanisms leads
to the fact that the coronary blood flow increases by
4-5 times at stress and is equal to 5-6 ml / min / g.
Therefore, an adequate level of myocardial blood
supply is maintained [19].

MBEF at rest depends on cardiac oxygen demand
and myocardial contractility. Cardiac oxygen de-
mand is determined by the heart rate and blood
pressure, as well as myocardial contractility. It has
been proven that women have higher MBF. In ad-
dition, it is known that taking medications, such as
beta-blockers, can affect MBF, even at functional
rest. The myocardial blood flow value also depends
on age, the presence of endothelial dysfunction, left
ventricular fibrotic changes, and anemia. [20].

The main factors which affect the magnitude of
stress-induced MBF include submaximal coronary
dilation, anatomical remodeling of the macro- and
microcirculatory bed, increased microvascular re-
sistance, fibrotic changes, heart denervation, sys-

temic inflammation, and risk factors (diabetes, arte-
rial hypertension, smoking, hypercholesterolemia).
In addition, the use of caffeinated products can re-
duce coronary vasodilation [21].

AUTOREGULATION IN CORONARY ARTERY
STENOSIS

Experimental studies by K.L. Gould and L. Lip-
scomb showed that myocardial blood flow remained
stable until the narrowing of the coronary artery to
~85% of the diameter [22]. This was determined by
great possibilities of coronary autoregulation. Fur-
ther narrowing of the coronary artery could lead to
a decrease in MBF at rest. One of the drawbacks of
this study was the inability to assess the effect of mi-
crocirculatory dysfunction. This is explained by fact
that the animals used are, as a rule, young and do not
yet have disorders at the microvascular bed level.

The results obtained by K.L. Gould and K. Lip-
scomb were confirmed in a clinical study evaluating
the impact of coronary autoregulation mechanisms
in patients with coronary artery disease [23, 24].
The IDEAL study showed that patients with more
severe atherosclerotic lesions had an increase in the
transtenotic pressure gradient, but the MBF did not
change. This was due to a decrease in microvascular
resistance.

These experimental and clinical data indicate that
in moderate stenosis, it is coronary autoregulation
that ensures the stability of myocardial perfusion
due to processes occurring at the microvasculature
level. For this reason, these kinds of stenosis do not
cause myocardial ischemia at rest and such patients
remain asymptomatic. However, under conditions
of increased loads on the cardiac muscle, compen-
satory mechanisms at the microcirculation level are
depleted, and the epicardial artery stenoses become
a limiting factor that prevents adequate MBF.

CORONARY BLOOD FLOW RESERVE

The ratio of stress-induced MBF to blood flow
under functional resting is described as coronary
flow reserve (CFR) [20]. CFR depends on the fol-
lowing factors: 1) MBF at rest; 2) perfusion pres-
sure in arterioles; 3) extravascular coronary resis-
tance; 4) cross-sectional area of arterioles per unit
volume of myocardium [20].

CFR is a relative index and is determined by the
total capacity of the coronary arteries in hyperemia
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and at physiological rest and reflects the hemody-
namics of the micro- and macrocirculation [20].
This distinguishes CFR from the fractional flow re-
serve (FFR), which is defined during invasive coro-
nary angiography using a specialized transducer as
the more distal to stenosis / more proximal to steno-
sis pressure ratio against the background of pharma-
cologically induced hyperemia. Thus, using FFR, it
is possible to assess only the blood flow decrease in
large epicardial arteries.

RADIONUCLIDE METHODS FOR ASSESSING
CORONARY BLOOD FLOW AND CORONARY
FLOW RESERVE

One of the first methods for assessing MBF and
CFR was myocardial scintigraphy with "*'I-labeled
macroaggregated albumin (“'I-MAA) [25]. The
method consists in injecting a radiopharmaceutical
(RP) with B'I-MAA directly into the left ventricle
and temporary embolization of the capillary bed of
the coronary arteries [25]. Heymann et al. played the
most significant role in the development, validation,
and implementation of myocardial scintigraphy with
BII-MAA [25]. In the experimental work of these
authors, the scintigraphic data were compared with
results of invasive measurement of MBF. A strong
correlation between MBF velocity and the distribu-
tion of microspheres was shown [25].

Further studies demonstrated reliability of the
BII-MAA method and recommendations for its clin-
ical use [26—28]. Additionally, the safety of myocar-
dial scintigraphy with "'I-MAA was demonstrated
in a clinical study by W.L. Ashburn et al. [29].

There are very few works by Russian authors de-
voted to the assessment of MBF using *'I-MAA.
The main contribution to the study of this quantita-
tive assessment method of left ventricular myocar-
dial perfusion was the research of a scientific group
led by A.Z. Eventov [30]. In the works of this group,
the fundamental possibility of using *™Tc for the la-
beling of human serum albumin microspheres was
demonstrated. The method was validated, and its
diagnostic capabilities were shown.

Positron emission tomography (PET) has been
named the “gold standard” for evaluating MBF and
CFR [31]. The fundamental possibility and valida-
tion of this method for MBF and CFR evaluation
have been shown in a large number of experimental
and clinical studies [1, 2, 32-34]. In particular, it

was shown that only [POJH,O has a direct linear
correlation between the extraction fraction val-
ue and MBF. Based on this, we can conclude that
PET with [OJH,O is the most accurate method for
estimating MBF and CFR. Other PET tracers (Rb,
NH,), due to the peculiarities of pharmacokinetics,
describe the change in the dynamics of the MBF
value worse, and the results of studies using these
radionuclides are approximate [33].

However, due to the greater availability of ra-
diopharmaceuticals, PET with Rb or "*N is more
commonly used in clinical practice. In addition, it
should be noted that [*OJH,O is not available for
the practical use in the USA.

Wide diagnostic capabilities in the MBF and
CFR assessment in patients with various cardi-
ac pathologies were also demonstrated in a large
number of different types of studies. The article by
A. Kaufmann et al. proves the advantage of quan-
titative data analysis over visual evaluation of PET
results. A large number of studies [34—37] demon-
strated the prognostic significance of quantitative
myocardial PET perfusion in assessing the risk of
unfavorable cardiac events. A decrease in CFR <
1.5 is associated with a 16-fold increase in the car-
diac death risk. [38].

However, the use of PET in cardiology practice
is limited by such factors as the unavailability of
PET scanners, radiopharmaceutical synthesis sys-
tems, as well as injection equipment. According
to the European Commission for Health and Con-
sumer Protection, PET accounts for about 6—7%
of all radioisotope studies [39]. Therefore, SPECT
is still the most common method of radionuclide
diagnostics.

The first scientific research in MBF and CFR de-
termination using SPECT was based on collected
data of the first RP bolus passage through the cardi-
ac cavities and ventricular myocardium and the cal-
culation of the global retention index in the planar
mode. This method made it possible to determine
the global retention index of the tracer. Therefore,
the CFR value was calculated based on the retention
index, taking into account the activity of the RP in
the pulmonary artery [40].

A strong correlation of the obtained indicator
with the FFR value was demonstrated (» = 0.85,
p <0.001) [40, 41]. Yoshinori et al. [42] compared
the CFR evaluated by SPECT with *™Tc-Sestami-
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bi and PET with [*O]H,O. However, the SPECT
method lowered CFR values in comparison with
PET [42].

Thus, a tomographic mode was used to estimate
the regional values of MBF and CFR by fast rota-
ting the gamma-camera detectors. Using this re-
cording technique, Cuocolo et al. [43] showed a
strong correlation (» = 0.85, p <0.001) between the
scintigraphic CFR index and intracoronary Doppler
data: 1.36 + 0.43 vs. 1.39 + 0.42, respectively.

Similar results were obtained by Hsu et al. [44].
The authors did not find significant differences be-
tween MBF and CFR determined by SPECT with
#mTc-Sestamibiand PET with '*'N-ammonium. There
were no significant differences in the studied param-
eters: MBF at rest was 0.78 £ 0.14 ml / min / g vs.
0.78 £ 0.22 ml / min / g (p = 0.929), MBF against
the background of the stress test was 2.80 +
039 ml / min / g vs. 283 £ 0.54 ml / min / g
(p = 0.766), CFR was 3.58 + 0.47 vs. 3.67 + 0.47
(p = 0.472) in the group of healthy volunteers;
CFR at rest was 0.83 £ 0.24 ml / min / g vs. 0.74
0.31 ml/min/ g (p = 0.088), CFR against the back-
ground of the stress test — 1.95 + 0.66 ml/min/g vs.
1.93 £ 0.78 ml/min/g (p = 0.813), CFR was 2.4 +
0.78 vs. 2.53 £ 0.72 (p = 0.601) in coronary artery
disease (CAD) patients for PET and SPECT, re-
spectively. As in the previous work, there was an
insignificant downward shift in the MBF and CFR
indices determined by SPECT compared to PET. In
addition, the authors demonstrated high inter-and
intra-operative  reproducibility of quantitative
SPECT results.

A group of authors from Japan, led by T. Tsu-
kamoto [45], compared the CFR values determined
by dynamic SPECT with *"Tc-MIBI and PET with
["OJH,O. As a result, a strong correlation between
MBF and CFR values estimated by these methods
was shown (r = 0.84, p < 0.0001). However, the
MBF values according to the SPECT data were
significantly lower compared to the PET results.
The authors pointed out that the modification of the
formula for calculating MBF values could improve
the accuracy of the SPECT method for quantitative
analysis of myocardial perfusion.

However, it must be noted that a significant
disadvantage of the conventional SPECT is the in-
ability to perform dynamic data collection in the to-
mographic mode. In addition, Anger-type gamma

cameras are significantly inferior to PET in terms of
temporal and spatial resolution [46].

Today, there is a new generation of gamma ca-
meras with cadmium zinc telluride (CZT) detectors,
as well as a subclass of specialized cardiac devi-
ces. Such gamma cameras have high sensitivity and
resolution [48]. Tomographic three-dimensional
images are generated during data collection. This,
in combination with new algorithms for reconstruc-
tion of scintigraphic images, makes it possible to
perform dynamic SPECT and evaluate the MBF
and CFR indicators [49].

One of the fundamental works on assessing
the capabilities of CZT gamma cameras to evalu-
ate MBF and CFR is a study by Ruddy et al. [50].
In the experiment on large animals, the authors
compared the MBF and CFR values determined
by SPECT with three radiopharmaceuticals: 2°'Tl,
PmTc-Tetrofosmin, and *"Tc-Sestamibi. Scintig-
raphy with “"Tc-MAA was chosen as a reference
method. A strong correlation between tracers and
the reference method was found. Thus, MBF va-
lues correlated better with 2°'T1 (» = 0.81) and to
a lesser extent with *™Tc preparations with 0.56
(Tetrofosmin) and 0.38 (Sestamibi). However,
according to the RCC indicator, a strong correlation
was found with all investigated RPs: *°'T1 (»=0.81),
PmTc-Tetrofosmin (r = 0.82), *™Tc-Sestamibi
(r=10.8) [50].

One of the first clinical studies was a work of a
scientific group led by S. Ben-Haim from the In-
stitute of Nuclear Medicine, University College
London [51]. The authors demonstrated the prac-
tical possibility of evaluating MBF and CFR using
dynamic SPECT and showed high reproducibility
of the results. Additionally, it was shown that the
CFR value was statistically significantly lower in
the group of patients with angiographically signifi-
cant coronary artery stenoses, compared to patients
without them. In addition, CFR significantly de-
creased as the degree of coronary artery stenosis in-
creased. However, the authors emphasize the need
for further clinical validation of this method.

A study by B. Bouallegue et al. [52] compared
the global and regional CFR values determined by
dynamic SPECT with the results of invasive coro-
nary angiography and FFR in patients with severe
multivessel coronary artery disease. According
to the data obtained, the global CFR determined
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for the entire left ventricle significantly correlated
with the number of vessels with stenosis (» = 0.70,
p < 0.001); and its regional value (determined for
the coronary artery pool) was associated with both
the degree of stenosis and the FFR value. At the
same time, ROC analysis showed that the sensiti-
vity, specificity, and diagnostic accuracy of this in-
dicator for assessing the hemodynamic significance
of coronary artery stenoses were 89%, 82%, and
85%, respectively.

It should be noted that, in contrast to MBF, the
FFR value does not reflect the microcircular con-
ditions. Comparison of the two methods does not
contradict logic; however, certain inaccuracies will
inevitably arise in the results of such an analysis.
Based on the foregoing, a direct comparison of
PET and dynamic SPECT data is more correct from
the point of view of the coronary microcirculation
physiology.

Nikoulou et al. performed such kind of compara-
tive analysis between the results of dynamic SPECT
with ®"Tc-tetrofosmin and PET with *N-ammoni-
um. The authors did not find differences for MBF at
rest, but dynamic SPECT lowered the stress-induced
MBEF values compared to PET [53]. The sensitivi-
ty, specificity, and diagnostic accuracy of dynamic
SPECT in identifying ischemia with a cut-off CFR
value of 1.26 were 70, 78, and 75%, respectively.
The authors emphasize that the CFR determination
on CZT cameras can be used in clinical practice as
an alternative to PET.

A comparative analysis of the results of dynamic
SPECT and cardiac magnetic resonance imaging in
patients with known or suspected CAD was carried
out in the work of Fang et al. According to the re-
sults obtained, stress-induced MBF, assessed using
the above-described methods, showed a strong cor-
relation (» = 0.76). The ROC analysis showed that,
with a stress-induced MBF of 1.32 ml / g / min, the
sensitivity, specificity, and diagnostic accuracy of
dynamic SPECT in identifying obstructive coro-
nary artery disease were 94%, 90%, and 93%, re-
spectively. Scintigraphic assessment of CFR was
not performed in this study.

A study by Miyagawa et al. [55] was devoted
to the assessment of the coronary hemodynamics
in patients with multivessel CAD. It showed that
CFR correlated with left ventricular ejection frac-
tion, FFR, and SYNTAX Score. The sensitivity and

specificity of dynamic SPECT in the identification
of multivessel coronary artery disease were 93.3%
and 75.9%, respectively. The sensitivity and spec-
ificity of dynamic SPECT in the identification of
multivessel coronary artery disease with a cut-off
CFR value of 1.3 was 93.3 and 75.9%, respectively.

Significant results considering the dynamic
myocardial SPECT technique were obtained by
Wells et al. [56]. The authors investigated the ef-
fect of such factors as the attenuation correction,
motion correction and binding of the tracer to red
blood cells on CFR and MBF. According to the data
obtained, corrections for the displacement of the pa-
tient’s body and for the residual activity of RP in the
blood pool increased the accuracy of the MC and
RCC assessment using dynamic SPECT compared
to PET. However, the correction of attenuation did
not increase the accuracy of the scintigraphic tech-
nique. Additionally, the authors showed a correla-
tion between the scintigraphic values of MBF and
CFR and the PET data with [*O]JH,O.

In 2018, the WATERDAY study [57] was car-
ried out, aimed at assessing the MBF and CFR va-
lues based on dynamic SPECT data. The study in-
cluded patients with stable ischemic heart disease.
All patients underwent dynamic SPECT, PET with
[*O]JH,0, and invasive coronary angiography with
FFR assessment. The authors showed high interop-
erable reproducibility of the scintigraphic method
of MBF and CFR assessment. Also, a strong cor-
relation between dynamic SPECT and PET data and
the FFR value was found. Additionally, the sensi-
tivity, specificity, accuracy, and positive and nega-
tive predictive values of the scintigraphic CFR were
calculated for the identification of ischemia: 83.3%,
95.8%, 93.3%, 100% and 85.7%, respectively, and
for the detection of hemodynamically significant
stenosis (FFR < 0.8): 58.3%, 84.6%, 81.1%, 36.8%
and 93%, respectively.

In the work in the nonselective group of pa-
tients with an established diagnosis and suspi-
cion of coronary artery disease, Zavadovsky et al.
[58] showed a strong positive correlation between
MBFEF, absolute and relative CFR, and FFR val-
ue: p = 0.63 (p <0.001), p = 0.66 (p <0.01), and
p = 0.73 (p < 0.01), respectively (a cut-off CFR
value < 1.48). The sensitivity and specificity of
dynamic SPECT with the assessment of quantita-
tive myocardial perfusion indices for identifying
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the hemodynamic significance of coronary artery
stenosis were 69.2% and 93.3%, respectively.
In another study, the same group of authors [59]
showed a decrease in global CFR in patients with
multivessel CAD compared to the control group:
1.39 (1.12; 1.69) and 1.86 (1.59; 2.2), p < 0.001.
Thus, the sensitivity and specificity of dynamic
SPECT in the identification of multivessel CAD
were 81.8% and 66.7%, respectively.

CONCLUSION

Despite the technical differences between PET
and SPECT, the methods used to evaluate MBF and
CFR are largely similar. Moreover, these methods
practically do not differ from one of the first me-
thods for determining MBF and CFR — scintigraphy
with 1311 and *Tc-MAA. The basic principle of the

above-described methods is to evaluate the retention
index of the radionuclide tracer and convert it to the
myocardial blood flow value, using various mathe-
matical algorithms and models. In the studies ana-
lyzed, various techniques were used for both dynam-
ic SPECT and the processing of the results obtained
(Table).

Most studies (62.5%) used a common radio-
pharmaceutical, *"Tc-MIBI. The bolus principle
of RP injections was used in 75%. Therefore, short
frames were more often used to construct the “ac-
tivity-time” curve. In half of the studies, a one-com-
partment model was used to evaluate the dynamic
myocardial SPECT data. This is determined by the
fact that this model is more common and is the base
model in processing PET data. At the same time, the
Net Retention model has been used more recently.

Table
Analysis of various techniques for conducting and processing the results of dynamic SPECT
Type/adminis- .
Author Gamma camera | tration method Stress agent Algorithm ,Of Model of.re- MC/AC Research Pro-
of RP reconstruction construction time tocol
32 frames
21 x 3 sec
Agostini D MIBl/injector | Regadenoson, 400 19 sec
& ’ D-SPECT J & ’ 1 x 15 sec Net Retention /- 6 min | One-day
etal., 2018 (bolus) mg
1 x21 sec
1 x 27 sec
7 x 30 sec
Fang Y.D. GE Discovery o Dipyridamole, 0.124 48 frames 2-compartment o . )
etal., 2017 NM 530c MIBI/? (bolus) mg/kg/min 48 x 30 sec model 7/ >min | One-day
. . . L. 48 frames
Bouallegue F.B. | GE Discovery | Tetrofosmin/? | Dipyridamole, 0.75 1-compartment .
. 30 x 3 sec - 6 min | One-day
etal., 2015 NM 530c (bolus) mg/kg, 4 min model
18 x 15 sec
Nikoulou R. GE Discovery | Tetrofosmin/? Adenosine, 140 éif{%n;:i 1-compartment 9/ 4min | One-da
etal., 2016 CT/NM 570c (bolus) mcg/kg/min model ’ Y
6 x 30 sec
Miyagawa M GE Discovery MIBL, ATP, 160 mcg/kg/ 200 frames 1-compartment
: in/? > h 92/— i -
etal,, 2017 NM 530¢ | Tetrofosmin” min, 5 min 200 x 3 sec model & 10min | One-day
(bolus)
Adenosine, 140
Ben-Haim S. MIBl/injector | mcg/kg/min, 6 min; g 2-compartment o/ .o | One-day,
etal., 2013 D-SPECT (bolus) Dipyridamole, 0.142 60-70 frames model 7 6 min’ two-day
mg/kg/min, 4 min
Tetrofosmin/ 19 frames
Wells R.G. GE Discovery iniector. 9 ml Dipyridamole, 0.142 9 x 10 sec 1-compartment i 1 min | One-da
etal., 2017 NM 530c J ’ mg/kg/min, 5 min 6 x 15 sec model Y
in 30 sec
4 x 120 sec
Zavadovsky K.V. | GE Discovery Adenosine, 140 44 frames One-day,
. V. s . S+t . = f;
etal., 2019 NM/CT 570 ¢ MIBI (bolus) mcg/kg/min, 4 min. 4‘(‘) : :;siic Net Retention / 6 min two-day
Note. The study was carried out with correction of scintigraphy images — “+, without correction of scintigraphy images — “—”; data were not
presented in the study — “?”".
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This model is less dependent on the pharmacoki-
netics of the radionuclide indicator as compared to
one- and two-compartment models. This model is
appropriate for tracers with a nonlinear dependence
of retention and the blood flow, such as *"Tc-MIBI
or ®"Tc-tetrofosmin. It should be noted that most
authors used a one-day study protocol for dynam-
ic SPECT. This requires a correction parameter for
the second study and complicates the mathematical
processing of results.

Methods for improving the quality of scinti-
graphic images, such as attenuation correction
(AC), motion correction (MC), and correction of
heartbeat artifacts [60], were not used in most of
the reviewed studies. Currently, there is no com-
mon opinion about the need to include such tools
for processing dynamic SPECT data. However,
the work of Ruddy et al. [56], devoted to the influ-
ence of various correcting factors on scintigraphic
parameters of MBF and CFR, showed the need to
use motion correction, while the use of attenuation
correction alone did not significantly affect these
indicators.

Dynamic SPECT is performed according to ba-
sic principles; however, there is a large number of
technical differences that are listed above. Thus, the
evolution of the dynamic SPECT method with MBF
and CFR assessment is not complete, although it is
at the final stage of conceptual and methodological
research. This is confirmed by similar research re-
sults presented in this review and validation of the
scintigraphic method with “gold standards” — PET
and FFR [57, 58].

Currently there is an insufficient number of clin-
ical trials in this area. However, the potential of dy-
namic SPECT as a method for quantification of cor-
onary blood flow and reserve is high. This technique
can become a simple and affordable alternative to
existing methods for assessing MBF and CFR. This
will increase the informative value of radionuclide
diagnostics in assessing the severity of coronary in-
sufficiency for more accurate risk stratification and
determination of appropriate treatment strategy for
cardiac patients.
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