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CxopocTb BbiMbiBaHUA 99mTc-MeTOKCU-U306yTUN- Shecktor
U3OHUTPUJIA KaK MapKEp MUTOXOHAPUANbHOM

AVNC(hYHKUUM MUOKApAA: CUCTEeMaTUHECKUMA 0630p

U MeTaaHanus

M.0. 'yns, K.B. 3aBagoBckum

HayyHo-uccnenoBaTenbCKuit UHCTUTYT KapAMOnoruu, TOMCKMIA HaLMOHaMbHBIA MCCNeA0BaTeNIbCKUN MEeAVLIMHCKIIA LIEHT,
ToMck, Poccuitckas ®epepaums

AHHOTALIMA

O6ocHoBaHMe. B 0630pe M3noxeHbl 0cobEHHOCTH hapMaKOKMHETUKM Nepdy3uoHHoro papuodapmnpenapata 99mTc-MiBI,
KOTOpble NO3BONSIOT OLEHUTb MUTOXOHAPUANbHYH AUCHYHKLUMIO MMOKAapLa, @ TaKKe MOKa3aHbl 0CHOBHbIE KITMHWUYECKME TOY-
K1 NpunoxeHnst peHoMeHa YCKOPEHHOr0 BbIMbIBaHWUA AAaHHOTO MHAWKaTOpa.

LUenb. CucteMatmsaums faHHbIX GyHOAMEHTaNbHbIX (3KCMEPUMEHTaNbHbIX) M KIMHUYECKUX UCCefoBaHUi B obnactu us-
YYEHUS W OLEHKU MUTOXOHLPWANBHON AUCGYHKLMM MO pe3ynbTaTaM nep@y3voHHON CLUMHTMrpaduu MUOKapAa; NpoBefeHue
MeTaaHanm3a KIMHUYECKUX UCCeloBaHMI B JaHHOW 0bnacTu.

Marepuanbl u Metogbl. Mouck nposoauncs B 6asax AaHHbix Pubmed, Scopus, Google Scholar u eLibrary go cepenuHbi
2023. bbinu UCNONb30BaHbI KITOYEBbIE CNOBA, X KOMOMHALMW W aHINOA3bIYHBIE aHANIOrU: MUTOXOHAPUaNbHas AMCHYHKLMS,
99mTc-MUBU, 99mTc-TetpodocMuH, nepdy3noHHasa cLUMHTUIpadus MUoKapaa, obpaTHoe mepepacnpefesfieHue, BbIMbIBa-
HWe, CKOpOCTb BbIMbIBaHMs. [1py BbIMONHEHUW MeTaaHanW3a Ans pacyéTa CPpefHen OLEHKW pasHuubl Bbia Mcnonb3oBaHa
MOZESIb CIy4YalHbIX 3QPEKTOB.

Pesynbratbl. [Ina cuctemMatnyeckoro aHanmsa 6bino otobpaHo 40 ctatei: 13 — 3KcnepuMeHTanbHble, 24 — OpUriHanbHble
KNMHU4YecKue paboTel, 2 — KMHKYeckue ciydau, 1 063op. [Ins BbinonHeHUs MeTaaHanu3a bbiio 0T06paHo 6 UccnefoBaHwuiA
Mo AW3alHy «Cy4an—KOHTPOsb». ObLLee YNCNO NaLMEHTOB, COCTABMBLLIMX OCHOBY CUCTeMaTUYecKoro 063opa, — 551; uucno
NauMeHTOB, COCTaBMBLLMX OCHOBY MeTaaHanmsa — 196. AHanus nuTepatypbl NoKasan, YTo BbIpaXeHHOCTb eHoMeHa 06-
paTHOro nepepacnpeseneHus U CKOpocTb BbiMbIBaHMA 99mTc-MIBI B3aMocBA3aHbl C MUKPOCTPYKTYPOA MUTOXOHLAPUIA U MU-
OKapAa, COKpaTMMOCTbH0 W FeMOLMHAMUKOW NEBOT0 JKEeNyA04Ka, YPOBHEM HaTpPUAYPETUUECKUX NENTUAO0B, TONEPaHTHOCTbIO
K (M3MYECKUM Harpy3KaM, TSKECTbH) KOPOHApHOrO aTepoCKIIepo3a, OKUCIUTENbHBIM MeTabonM3MoM MUOKApLa, YPOBHEM
PUCKa CEpPAEYHO-COCYAMUCTLIX COObITUIA. MeTaaHan!3 noKasan, 4to CKOPOCTb BbIMbIBaHWS CTaTUCTUYECKW 3HAYMMO MOBLILLEHA
y JIAL, C NaTonorveii cepaLa, No OTHOLUEHMIO K KOHTPOSIO (CpefHsas oueHKa pasHuubl 9,5771 (95% noBepuTenbHbIA HTEPBaAN:
ot 6,6001 go 12,5540; z=6,3053; p <0,0001).

3akntouenue. OueHKa GYHKLMM MATOXOHAPUIA MO AaHHLIM OLLeHKM BbiMbIBaHMA 99mTc-MIBI MoxeT npeaocTaBuTb A0ONONHU-
TeNbHble CBEAEHNSA 0 YHKLMOHANBHOM COCTOSHUM CEpPAEYHON MbILLLIbI.

KnioueBble cnoBa: MUTOXoHApUanbHasa aucyHkuums; 99mic-MUBK; 99mTc-TetpodocMuH; nepdy3noHHas CLUMHTUIpadus
MWOKapAa; obpaTHoe nepepacnpefeneHne; CKOPOCTb BbIMbIBaHWS; KapAMOMUOMNATUM; XPOHWYECKas CepheyHas
HeAO0CTaTOYHOCTb; ULIEMMYecKas bonesHb cepaua
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99mTc-MIBI washout rate as a marker
of myocardial mitochondrial dysfunction:
A systematic review and meta-analysis

Marina 0. Gulya, Konstantin V. Zavadovsky

Cardiology Research Institute, Tomsk National Research Medical Center, Tomsk, Russian Federation

ABSTRACT

BACKGROUND: This review outlines the features of the pharmacokinetics of the perfusion radiopharmaceutical 99mTc-
MIBI, which allows the assessment of myocardial mitochondrial dysfunction, and shows the main clinical applications of the
phenomenon of increased 99mTc-MIBI washout rate.

AIM: To systematize the data of fundamental (experimental) and clinical studies evaluating and estimating mitochondrial
dysfunction according to myocardial perfusion scintigraphy data and perform meta-analysis of clinical studies in this field.
MATERIALS AND METHODS: PubMed, Scopus, Google Scholar, and eLibrary databases were searched until mid-2023. The
following keywords, their combinations, and Russian-language counterparts were used: mitochondrial dysfunction, 99mTc-
MIBI, 99mTc-Tetrofosmin, myocardial perfusion scintigraphy, reverse redistribution, washout, and washout rate. In the meta-
analysis, a random-effects model was used to calculate the mean difference estimate.

RESULTS: Forty articles were selected for systematic analysis: 13 were experimental, 24 were original clinical papers,
2 were clinical cases, and 1 was a review. Six studies using a case—control design were selected for the meta-analyses. The
total number of patients in the systematic review and meta-analysis were 551 and 196, respectively. In the analysis of the
literature, the severity of the reverse redistribution phenomenon and 99mTc-MIBI washout rate correlated with mitochondrial
and myocardial microstructure, left ventricular contractility and hemodynamics, natriuretic peptide levels, exercise tolerance,
coronary atherosclerosis severity, myocardial oxidative metabolism, and risk of cardiovascular events. The meta-analysis
showed that the washout rate was statistically significantly accelerated in individuals with cardiac pathologies, relative to
controls (mean difference score, 9.5771 [95%]; confidence interval, 6.6001-12.5540; z=6.3053, p <0.0001).

CONCLUSION: The assessment of mitochondrial function by 99mTc-MIBI washout evaluation may provide additional insights
into the functional status of cardiac muscles.

Keywords: mitochondrial dysfunction; 99mTc-MIBI: 99mTc-Tetrofosmin; myocardial perfusion scintigraphy; reverse
redistribution; washout rate; cardiomyopathies; congestive heart failure; ischemic heart disease
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Abbreviations

123]-BMIPP: iodine-123 labeled B-methyl iodophenyl
pentadecanoic acid

123|-MIBG: '?3|-metaiodobenzylguanidine

99mTc-MiIBI: iodine-123-labeled metaiodobenzylguanidine
ACS: acute coronary syndrome

AMI: acute myocardial infarction

CAD: coronary artery disease

CHF: chronic heart failure

BACKGROUND

Cardiovascular diseases are the leading cause of
morbidity and mortality [1]. Among cardiovascular diseases,
acute and chronic coronary syndromes and chronic heart
failure (CHF) are the leading causes of disability.

The pathophysiology of coronary artery disease (CAD) is
influenced by coronary atherosclerosis, progressive lumen
narrowing, and myocardial ischemia.

The pathogenesis of CHF is more complex and is largely
determined by etiology. The most common manifestation
of CHF is reduced left ventricular (LV) contractility. The
pathogenesis of both diseases is influenced by mitochondrial
function. Mitochondria are vital organelles that control cell
energy metabolism and overall homeostasis. A steady energy
supply is required to maintain the contractile activity of the
human heart. Myocardial mitochondria perform the most
difficult task of producing approximately 30 kg of adenosine
triphosphate per day to keep the heart pumping [2]. To meet
this requirement, the following aspects are necessary:

» Continuous supply of the substrate to the mitochondria

is ensured.

» Mitochondria have sufficient oxidative capacity.

+ The cell has an effective system for transporting
adenosine triphosphate from the mitochondria to the
consumption sites [3].

The transmembrane potential is one of the main parameters
representing mitochondrial function [4]. Under normal
conditions, mitochondria have the largest negative charge (in
absolute value) of all intracellular organelles and serve as a
destination for charged lyophilic molecules entering the cell via
the sarcolemma. Retention of these substances in the cell is
proportional to the transmembrane potential of mitochondria.
Consequently, a reduction in the transmembrane potential
decreases the accumulation of these substances. Various
diagnostic agents (mainly dyes) are available for assessing
mitochondrial function in vitro. However, few diagnostic agents
are used for assessing mitochondria in vivo.

The search for new tools for assessing mitochondrial
function appears to be a pressing issue in modern
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DCM: dilated cardiomyopathy

HCM: hypertrophic cardiomyopathy

LV: left ventricular

MD: mitochondrial dysfunction

MPS: myocardial perfusion scintigraphy

RR: reverse redistribution

SPECT: single-photon emission computed tomography
WR: washout rate

cardiology and X-ray diagnosis. The monovalent lipophilic
cation technetium-99m methoxy isobutyl isonitrile (also
known as technetium (99mTc) sestamibi, or 99mTc-MIBI)
is a widely used diagnostic agent for myocardial perfusion
imaging. Unlike other in vivo diagnostic agents, this drug
accumulates in cardiomyocyte mitochondria based on
their membrane potential [5]. A decrease in mitochondrial
function in cardiomyocytes results in a decrease in
mitochondrial internal matrix potential, followed by an
increase in radiopharmaceutical clearance. Thus, accelerated
99mTc-MIBI washout suggests mitochondrial functional
abnormalities. In addition to 99mTc-MIBI, technetium
tetrofosmin (99mTc-TF) can be used.

The mechanism of accumulation of various diagnostic
agents in the myocardium is schematically depicted in
Figure 1.

Moreover, no reviews exist in the Russian-language
literature on the use of myocardial perfusion scintigraphy
(MPS) with 99mTc-MIBI to identify and characterize
mitochondrial dysfunction (MD, damage).

PURPOSE

To systematize experimental and clinical findings in the
examination and assessment of MD according to MPS and
conduct a meta-analysis of clinical studies on this topic.

LITERATURE SEARCH METHODS

The review was performed according to the Preferred
Reporting Iltems for Systematic Reviews and Meta-
Analyses protocol [6]. To analyze available data on MD in
cardiovascular diseases, a systematic literature search was
performed in PubMed, Scopus, Google Scholar, and eLibrary
databases using the following keywords, their combinations,
and English-language analogs: mitochondrial dysfunction,
99mTc-MIBI, 99mTc-TF, myocardial perfusion scintigraphy,
reverse redistribution, and washout rate (WR).

The search was performed from the database inception
until the middle of 2023 and included all studies published
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Fig. 1. Schematic depiction of the mechanism of the accumulation of various diagnostic agents in the cell and intercellular space.
20171997 thallium-201 or thallium-199; its uptake is determined by membrane integrity and normal functioning of the Na*/K* pump.
82Rb: rubidium-82; its uptake is also determined by the Na*/K* pump. 99mTc-MIBI/TF-based tracers: lipophilic cations that freely pass
through the mitochondrial membrane and are retained because of the transmembrane potential. Dobutamine stimulates f1 and 2
adrenergic receptors, increasing the intracellular calcium concentration and inotropic function of the heart. '®F-FDG: fluorodeoxyglucose
accumulates in the cell via the glucose transporter protein. *NH,: ammonium is accumulated via passive diffusion and active transport
of the Na*/K* pump. H,"°0: oxygen-15 labeled water readily diffuses into the cell, forming an equilibrium between the extracellular and
intracellular pools. Gadolinium is an extracellular diagnostic agent that is retained in the intercellular space.

up to that date. Further analysis included studies in
which MPS with 99mTc-MIBI or 99mTc-TF was used
to assess MD in various cardiovascular diseases. The
following articles were excluded: articles in which MD
was mentioned in the references, articles in languages
other than English and Russian, and articles examining
the washout of 99mTc-MIBI (or 99mTc-TF) in cancer
and other disorders not associated with cardiovascular
diseases. In total, 40 articles were selected based on
these criteria. These included 13 experimental studies,
24 original clinical studies, 2 clinical cases, and 1 review.
A meta-analysis was performed for case—control studies
using Jamovi v. 2.4.2 (The Jamovi Project, Australia) and
the expansion module MAJOR v. 1.2.1. During the meta-
analysis, a random-effects model was used to calculate
the mean difference.

EXPERIMENTAL STUDIES

The 99mTc-MIBI is used for noninvasive imaging of
myocardial perfusion. This radiopharmaceutical is currently
the most widely used diagnostic agent for MPS in Russia
and worldwide [7, 8]. A tracer enters the cell via the
cardiomyocyte sarcolemma and accumulates in negatively
charged mitochondria in proportion to the transmembrane
gradient [9]. In an experimental study on a culture of chicken
heart cells, electron microscopy and electron microprobe
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analysis revealed that approximately 90% of the drug binds
to the mitochondria as an energy-dependent free cationic
complex [10].

In an experimental study in which cardiomyocyte
cell cultures were exposed to various mitochondrial and
plasma membrane potential inhibitors, the drug primarily
accumulated in mitochondria and did not accumulate
in the cytoplasm, owing to the significantly higher
electrical potential of the mitochondrial membrane [9].
Further retention of the tracer depends on the membrane
potential, as demonstrated in an experiment using an
artificial respiratory chain uncoupler carbonyl cyanide
m-chlorophenyl hydrazone, which causes a rapid decrease
in 99mTc-MIBI concentration.

In an in vitro experiment on the subcellular fraction of
mitochondria, P. Crane et al. revealed that increasing the
concentration of calcium ions causes faster 99mTc-MIBI
washout from the mitochondria [11]. In ischemia models
with ischemic cardiomyocytes overloaded with calcium
ions, 99mTc-MIBI washout is a marker of mitochondrial
damage. In an ischemia—reperfusion model on isolated rat
hearts, K. Fukushima et al. [12] demonstrated that 99mTc-
MIBI washout increases during mild ischemia and is more
pronounced during severe ischemia.

Thus, accelerated 99mTc-MIBI washout from the
myocardium is associated with impaired mitochondrial
function and cardiomyocyte damage.
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OF MD USING MYOCARDIAL PERFUSION
SCINTIGRAPHY

For the in vivo detection of MD, early and delayed
planar or tomographic perfusion imaging is used. Early
imaging is performed for 30 min [13] to 1 h [14] after a
radiopharmaceutical injection; delayed imaging is performed
for 3—4 h [15]. Typically, imaging is performed at rest. The
radiopharmaceutical dose is 370-470 MBq, which is similar
to the dose used for conventional MPS [16]. The MD visual
pattern is a defect in tracer uptake that occurs (or intensifies)
during delayed perfusion single-photon emission computed
tomography (SPECT) of the myocardium: the so-called
reverse redistribution (RR) of a radiopharmaceutical occurs.
Thus, a generally accepted technique is used to determine the
size of the perfusion defect.

The second parameter of MD assessment is the heart-
to-mediastinum ratio (HM). It is determined using the
average number of pulses in the area of interest (heart and
mediastinum, respectively) according to the anterior planar
scintigraphy images.

Moreover, the global clearance or WR of 99mTc-MIBI
was calculated as the ratio of radiotracer uptake in the
heart area on early and delayed planar scintigraphy images.
Some authors have used the number of pulses in the heart
area minus the number of pulses in the mediastinum [14].
Furthermore, some authors consider the half-life of 99mTc
(6.04 h) into account when determining WR. A few studies
have examined the 99mTc-MIBI WR by LV regions [18].

The normal values for people aged 50 + 13 years are as
follows:

« WR: 11% + 5%

+ Early HM: 3.5+ 0.3

+ Delayed HM: 3.1 £ 0.3 [14, 19]

The pathological pattern was accelerated 99mTc-MIBI
washout from the myocardium, similar to the study with
123I-metaiodobenzylguanidine (123I-MIBG, a marker of
cardiac sympathetic activity). The main clinical studies of
mitochondrial damage based on MPS with 99mTc-MIBI are
presented in Table 1.

MD ASSESSMENT IN CAD

Acute coronary syndrome (ACS)

RR and accelerated washout of 99mTc-MIBI are observed
in patients with ACS. Y. Takeishi et al. [20] quantified the
regional patterns of 99mTc-MIBI distribution in patients
with ACS 7 days after successful primary angioplasty.
In symptom-related artery areas, 68% of patients had
accelerated washout of the radiopharmaceutical, whereas
the remaining had stable perfusion defects. Coronary
angiography 1 month after ACS revealed patency of the
symptom-related artery in accelerated washout areas in
100% of cases. The pathological mobility of the myocardial

DAl https://doiorg/10.17816/DD568668

60 min

240 min

Fig. 2. An example of the absence and presence of 99mTc-
MIBI reverse redistribution. Patient 1: female, 56 years old, CAD
(grade Il stable angina) secondary to nonobstructive coronary
atherosclerosis; CHF, NYHA class II; LV ejection fraction, 64%; end-
systolic volume, 42 mL; end-diastolic volume, 117 mL. Delayed
imaging (240 min) revealed no perfusion defects. Patient 2: male,
58 years old; CAD (grade Il stable angina); anterior descending
artery stenosis, 75%; right coronary artery stenosis, 70%; CHF,
NYHA class Il; LV ejection fraction, 65%; end-systolic volume,
39 mL; end-diastolic volume, 112 mL. Delayed imaging (240 min)
revealed perfusion defects (arrows) that were not detected during
early imaging (60 min). Images were obtained at the Research
Institute of Cardiology, Tomsk National Research Medical Center.

wall was less pronounced than that in patients with stable
defects (2.6 + 0.4 and —-3.4 + 0.6, respectively; P < 0.07).
The authors concluded that accelerated washout is a marker
of postischemic myocardial stunning and, a predictor of
myocardial contractility restoration within a month following
reperfusion.

S. Fujiwara et al. [21] sought to detect viable myocardium
in patients with ACS by identifying RR areas and accelerating
regional washout of 99mTc-MIBI. We assessed the functional
characteristics of myocardial segments with 99mTc-MIBI RR
in 30 patients after percutaneous coronary intervention for
acute myocardial infarction (AMI). The findings of myocardial
perfusion SPECT were compared with those of low-dose
dobutamine stress echocardiography: 5—-10 mg/(kg x min).

In this sample of 250 myocardial segments, 41% were in
the infarct-related artery zone, with only 22% demonstrating
accelerated radiopharmaceutical washout. Accelerated
washout was significantly more common in segments
in the infarct-related artery zone. According to stress
echocardiography findings, practically all RR segments (96%)
and only 70% of non-RR segments had impaired contractility
at rest. Dobutamine infusion improved contractility in 83%
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of initially dysfunctional RR segments and 54% of non-RR
segments. These findings suggest that accelerated 99mTc-
MIBI washout is linked to the reversibility of functional
myocardial contractility disorders. Early and delayed
myocardial perfusion SPECT with 99mTc-MIBI can provide
clinically valuable information on cardiomyocyte viability
following AML.

Accelerated 99mTc-MIBI washout was also observed in
patients with vasospastic angina [22]. S. Ono et al. performed
early and delayed myocardial perfusion SPECT with 99mTc-
MIBI at rest in 39 patients with vasospastic angina confirmed
by the ergometrine (ergonovine) test. Decreased uptake was
found in 32 cases (82%), either on delayed images or on
both early and delayed images. Furthermore, 23 (72%) of all
ergometrine-induced vasospastic areas showed decreased
uptake on delayed images. The tracer WR in the reduced
accumulation area was significantly higher than that in
the normal area, indicating a decline in the mitochondrial
membrane’s ability to retain MIBI. According to the authors,
delayed SPECT with 99mTc-MIBI at rest is a viable tool for
the diagnosis of coronary vasospastic angina.

In 2022, Y. Chen et al. [23] published a clinical case in
which an accelerated 99mTc-MIBI washout (up to 31%) was
observed in the anterior descending artery, with a spasm
detected via invasive angiography. Unlike other studies,
washout in this study was assessed by dynamic SPECT (using
a gamma camera with cadmium-zinc-telluride detectors)
from the radiopharmaceutical injection to the seventh minute.
Myocardial flow reserve in the anterior descending artery
was reduced to 1.26.

T. Kato et al. [24] performed total perfusion deficit
(TPD) analysis in 165 patients with ACS and found an
association between 99mTc-MIBI RR and cardiopulmonary
exercise test parameters. Ergospirometry revealed that
patients with a TPD difference of =4 had a significantly
lower anaerobic threshold than those without RR.
Furthermore, the difference in TPD between early and
delayed images, as well as the presence of diabetes
mellitus, were independent predictors of exercise
tolerance recovery during a 3-month follow-up.

A. Masuda et al. compared accelerated 99mTc-MIBI
washout with the findings of echocardiography and positron
emission tomography (PET) with 11C-acetate in 19 patients
with ACS (unstable angina, AMI with and without ST elevation).
PET with 11C-acetate enables noninvasive assessment of
myocardial oxidative metabolism [25] and myocardial blood
flow [26, 27]. The clearance of 11C-acetate is linked to Krebs
cycle activity in mitochondria, where acetate is converted to
acetyl-CoA and metabolized by acetyl-CoA synthetase-2
[28]. As a result, oxidative metabolism as measured by
PET with 11C-acetate could be linked to mitochondrial
function. Segments with accelerated 99mTc-MIBI washout
were associated with decreased oxidative metabolism in
the myocardium and impaired regional contractility. The
authors concluded that accelerated 99mTc-MIBI washout

Vol. 4 (4) 2023

DAl https://doiorg/10.17816/DD568668

Digital Diagnostics

is associated with MD and may serve as a predictor of
myocardial contractility restoration in patients with ACS.

Stable CAD

The presence of balanced ischemia, which implies an
underestimation of the severity of the decrease in myocardial
perfusion during visual analysis of scintigraphy data, makes
identifying patients with stable CAD with multivessel CAD by
MPS challenging [29, 30]. This issue could be resolved with
quantitative blood flow assessment [31], determination of
transient ischemic dilatation and/or stunning, or 99mTc-MIBI
WR evaluation.

B. Du et al. investigated the 99mTc-MIBI WR in healthy
individuals and patients with three-vessel CAD and the
relationship with the clinician-administered dissociative
states scale, using invasive coronary angiography data, to
determine the potential use of this parameter in stratifying
CAD severity [18]. The 99mTc-MIBI WR was significantly
higher in patients with three-vessel CAD than in the
control group (21.1%+4.6% and 9.5%+4.9%, respectively,
P <0.001). A positive correlation was found between the
radiopharmaceutical WR and the severity index of coronary
artery obstructive lesions (2= 0.73, P =0.006). Furthermore,
the results of regional 99mTc-MIBI washout across vascular
territories are presented in this study. The authors proposed
incorporating delayed imaging into the protocol of routine
perfusion scintigraphy with 99mTc-MIBI at rest and using
WR as an additional indicator of balanced ischemia in three-
vessel CAD when suspiciously normal perfusion does not
match the clinical presentation.

M.0.M. Othman et al. [15] discovered that the global 9mTc-
MIBI WR positively correlated with the risk of cardiovascular
events as measured by the Framingham risk score and the
Duke treadmill score (r = 0.4 and r = 0.6, respectively), as
well as the risk as measured by MPS (r = 0.7). Moreover, WR
negatively correlated with LV ejection fraction (r = —0.4). The
authors concluded that the global 9mTc-MIBI WR can be used
to stratify patients with stable CAD into high (annual mortality
>3%) and low (annual mortality < 1%) risk groups [32].

Nonischemic CHF

The majority of studies assessing MD by MPS were
performed in patients with nonischemic CHF. In these studies,
99mTc-MIBI RR was assessed in isolated groups of patients
with dilated and hypertrophic cardiomyopathies, as well as
in mixed groups of patients with hypertrophic, hypertensive,
valvular, and toxic cardiomyopathy, cardiac sarcoidosis, and
Takotsubo cardiomyopathy.

S. Kumita et al. performed one of the first studies on
the use of 99mTc-MIBI WR as a marker of myocardial injury
in patients with CHF [33]. The following was observed in
25 patients with nonischemic cardiomyopathy compared with
the control group:

+ A significantly higher 99mTc-MIBI WR (39.6%+5.2%

and 31.2%z5.5%, P < 0.01).
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« Asignificant inverse correlation of WR with LV ejection
fraction (r = —0.61) and peak ejection rate (r = —0.47).

« A positive correlation with end-systolic (r = 0.45) and

end-diastolic (r = 0.48) LV volumes.

The authors concluded that this approach can be used to
evaluate LV damage and contractile dysfunction.

T. Sugiura et al. [34] investigated the association of
99mTc-MIBI WR with brain natriuretic peptide (BNP) levels
and the findings of myocardial scintigraphy with 123I-MIBG
in patients with dilated cardiomyopathy (DCM).

The 99mTc-MIBI WR was significantly higher in the
DCM group than in the control group. In the DCM group, WR
significantly correlated with the following:

+ BNP level (r=0.72, P < 0.0001): positive correlation

+ Indexed values of end-diastolic (r = 0.556, P < 0.01)

and end-systolic (r = 0.567; P < 0.01) volumes: positive
correlation

LV ejection fraction (r = =0.545, P < 0.01): negative

correlation

Furthermore, this study found a correlation (r = 0.603,
P <0.01) between the WRs of 99mTc-MIBI and 123I-MIBG.

Given that the 99mTc-MIBI WR correlates with well-
known predictors of the CHF course (BNP level and cardiac
scintigraphy with 123I-MIBG), the authors suggest that
99mTc-MIBI WRs can also be used for the prognosis and risk
stratification of patients with CHF. This is especially relevant
because 99mTc-MIBI is considerably cheaper, more readily
available, and more widely used radiopharmaceutical than
123I-MIBG, which requires radioactive iodine to be produced
in a cyclotron.

S. Matsuo et al. studied 61 patients and found an increase
in the 99mTc-MIBI WR in the nonischemic cardiomyopathy
group compared with the control group; however, no
abnormalities were found in the heart-to-mediastinum ratio
[35]. Furthermore, a correlation was found between 99mTc-
MIBI WR and the following:

+ BNP level (r=10.31)

+ End-systolic (r = 0.39) and end-diastolic (r = 0.49)

volumes

+ LV ejection fraction (r = 0.52)

« Peak LV filling velocity (r = 0.44)

According to the Kaplan—Meier analysis, WR >28%
was a predictor of CHF progression. M. Yamanaka et
al. [36] performed early (45 min) and delayed (4 h) MPS
with 99mTc-MIBI at rest and contrast-enhanced cardiac
magnetic resonance imaging in patients with clinical signs
of nonischemic cardiomyopathy. Myocardial segments with
normal radiopharmaceutical uptake during early imaging
and perfusion defects detected during delayed imaging
were significantly more frequently associated with delayed
contrast enhancement on magnetic resonance imaging.
This suggests impaired mitochondrial function in areas
with even minor fibrotic changes, as seen in the early
stages of cardiomyopathy. The authors advocate delayed
scintigraphy for the early detection of myocardial injury in
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cardiomyopathies because it is straightforward and easy to
perform and does not involve the additional administration of
radiopharmaceuticals.

K. Takehana et al. [37] studied 20 patients with DCM
(LV end-systolic volume, 177478 mL; LV ejection fraction,
28.2%+12.4%). Three subgroups of myocardial segments
were identified according to early (after 1 h) and delayed (after
3 h) MPS: with accelerated, normal, and delayed washout.
Systolic thickening and systolic motion of the LV wall were
significantly decreased in the accelerated washout group
compared with the other two groups, where no significant
differences were observed. A strong negative correlation
was found between LV ejection fraction and the number of
segments with accelerated washout (r = —0.65, P < 0.01) and
global 99mTc-MIBI WR. Because 99mTc-MIBI WR is linked to
mitochondrial membrane dysfunction, accelerated washout
of radiopharmaceuticals may suggest that MD plays a major
role in the pathogenesis of DCM.

M.K. Shiroodi et al. [38] reported similar findings when
they investigated the relationship between the WR of
radiopharmaceuticals, NYHA functional class of CHF, and
LV functional parameters according to myocardial perfusion
SPECT synchronized with the echocardiogram. A significant
(P < 0.05) correlation was found between 99mTc-MIBI WR
and the following:

« End-diastolic (r?= 0.216) and end-systolic (r?= 0.23)

volumes: positive correlation

« LV wall kinesis (r?= 0.54): positive correlation

« LV ejection fraction (r?= 0.679): negative correlation

The authors concluded that this method is essential in
determining the degree of myocardial injury, particularly in
patients with idiopathic DCM, because the 99mTc-MIBI WR
increased significantly as the functional class of CHF increased.

D. Hayashi et al. performed an intriguing study in terms
of the methodology used [14]. They performed 99mTc-MIBI
WR assessment, dobutamine stress echocardiography,
and endomyocardial biopsy with quantitative analysis of
mitochondrial RNA (mRNA) expression and mitochondrial
microstructure analysis by electron microscopy in 20 patients
with DCM. These patients showed a significant correlation of
the 99mTc-MIBI WR with changes in the rate of increase in
LV pressure with increasing dobutamine doses and severity
of mitochondrial damage, in accordance with the severity of
crista degeneration (r = 0.88; P = 0.048) and the presence of
glycogen-positive zones (r = 0.90; P = 0.044) according to
electron microscopy. Patients with accelerated 99mTc-MIBI
washout (>24.3%) had higher rates of LV pressure increase
than those with 99mTc-MIBI WR below the predefined
threshold value. The mRNA level for mitochondrial electron
transport enzymes was significantly reduced in the subgroup
of patients with accelerated 99mTc-MIBI washout. To our
knowledge, this is the first study to show a link between
accelerated 99mTc-MIBI washout and decreased mRNA
expression and impaired mitochondrial microstructure in
patients with DCM.
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Hypertrophic cardiomyopathy (HCM)

The characteristics of 99mTc-MIBI WR have been studied
in patients with HCM [39—42]. This pathology is characterized
by primary damage to the cardiomyocyte mitochondria
caused by genetic factors.

M. Sun et al. [41] examined 15 patients with HCM and
discovered that the 99mTc-MIBI WR was significantly
higher in this group than in the control group. The authors
also discovered a link between WR and maximum LV wall
thickness in the HCM group. Accelerated 99mTc-MIBI
washout in the HCM group may be due to mitochondrial DNA
mutations.

S. Isobe et al. [42] identified two subgroups of patients
with HCM: those with accelerated (22.5%) and normal
(<22.5%) washout of 99mTc-MIBI. The authors also
performed direct pressure measurements in both ventricles
and echocardiography with atrial electrical stimulation. The
99mTc-MIBI WR showed a significant positive correlation
with peak and basal LV pressure (r=0.63, P <0.005; r = 0.67,
P < 0.0005, respectively) and BNP level (r = 0.57, P < 0.005).
A negative correlation was found between the WR and the
rate of increase in LV pressure (r = —0.63, P < 0.005). The LV
wall thickness and the ratio of the transmitral flow velocity
to the mitral annular velocity were significantly higher in
the group with accelerated 99mTc-MIBI washout than in the
group without it. For the first time, this study showed a link
between stress-induced changes in central hemodynamics
and 99mTc-MIBI washout parameters in patients with HCM.
The authors underlined the potential use of this method for
noninvasive assessment of the severity of hemodynamic
abnormalities and prognosis in these patients.

Cardiac sarcoidosis

M. Sarai et al. demonstrated that the 99mTc-MIBI WR
can be used for the functional assessment of the heart in
cardiac sarcoidosis during steroid therapy [43]. Specifically,
guantitative 99mTc-MIBI WR assessment (based on the
difference in the number of pulses between early and delayed
imaging) was superior to visual assessment of regional
washout in predicting the restoration of LV diastolic function
in sarcoidosis. Thus, visual analysis revealed no significant
differences in the size of the perfusion defect before and after
6 months of therapy, whereas quantitative analysis revealed a
significant decrease in the WR of radiopharmaceuticals after
therapy (25% + 5% vs. 17% + 5%, respectively, P <0.0001).
The authors discovered a link between changes in WR and
LV diastolic function restoration during long-term steroid
therapy.

In 2022, M. Suzuki et al. [44] described more pronounced
changes in the size of perfusion defects during delayed
imaging with 99mTc-MIBI in patients with sarcoidosis
compared with patients without it (3.0 [-1.0 to 5.0] vs. 0.0
[-0.5 to 1.0], P=0.010). Furthermore, according to early and
delayed PET findings, patients with sarcoidosis had a more
pronounced decrease in 18F-fluorodeoxyglucose uptake
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than patients without sarcoidosis. These findings show that
metabolic disorders reduce the ability of the myocardium to
retain the tracer.

Systemic mitochondrial heart disease

A few studies have reported accelerated 99mTc-MIBI
washout in patients with mitochondrial encephalomyopathy, with
a simultaneous increase in 123I-phenyl-methyl-pentadecanoic
acid (1231-BMIPP, an analog of free fatty acids) uptake,
indicating an imbalance in the energy state of cardiomyocytes
[45], including genetic damage to mitochondrial DNA [46].

M. lkawa et al. [19] used cardiac scintigraphy with
99mTc-MIBI and 1231-BMIPP to assess damage to the
mitochondrial respiratory chain in patients with a primary
mitochondrial DNA mutation. The authors present the
findings for five patients. Pronounced involvement of the
heart muscle in the pathological process was associated with
significantly decreased 99mTc-MIBI uptake and accelerated
washout, in combination with increased 123|-BMIPP
(perfusion—-metabolism mismatch). The authors explain the
first phenomenon by impaired mitochondrial transmembrane
potential and the second by high blood triglyceride levels. As
a result, detecting a perfusion—-metabolism mismatch can be
used to determine the severity of mitochondrial respiratory
chain disruption. An important aspect of this study was the
increased 1231-BMIPP uptake in the myocardium in contrast
to hypertrophic and congestive heart failure, which can be
used to differentiate primary mitochondrial DNA mutation
from other types of cardiomyopathies.

Heart transplantation

E.V. Migunova et al. [47] discovered that accelerated tracer
washout in patients who had undergone heart transplantation
is associated with histochemical signs of mild acute rejection,
such as localized perivascular and interstitial mononuclear
cell infiltrates. The authors concluded that calculating the
radiopharmaceutical WR allows the identification of segments
with impaired mitochondrial function, which can aid clinicians
in the differential diagnosis of a transplanted heart rejection
crisis with CAD.

META-ANALYSIS FINDINGS

The hypothesis that WR in the pathology group was
significantly higher than that in the control group was tested
during the meta-analysis. Six case—control studies were
selected for the meta-analysis [18, 33, 34, 38, 41, 46]. The
results are presented in Fig. 3.

PERSPECTIVES AND LIMITATIONS
OF THE PROPOSED METHOD

The 99mTc-MIBI washout assessment method is
applicable to areas of cardiology not covered in this review.
For example, it appears promising to assess MD in patients
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Fig. 3. Meta-analysis findings (k=6 studies). The mean differences ranged from 5.3000 to 14.9900; most estimates were positive (100%).
The mean difference based on the random-effects model was 9.5771 (95% confidence interval: 6.6001-12.5540); the mean result was

significantly different from zero (z = 6.3053; P < 0.0001).

with preserved CHF (HFpEF) and reduced LV ejection fraction
and assess cardiotoxicity when using doxorubicin-based
drugs.

An experimental study on isolated rat hearts revealed
that adding doxorubicin to the perfusion mixture decreased
99mTc-MIBI uptake, and increasing the doxorubicin
concentration caused a dose-dependent progressive decrease
in radiopharmaceutical uptake. Furthermore, the ability of
the myocardium to retain 99mTc-MIBI was compromised
after 5 min of doxorubicin infusion, and not only was the
administered dose lost, but the tracer that had previously
entered the heart was washed out to the baseline level [48]. In
continuation of the experiment, in vivo studies were performed
14 days after the intraperitoneal injection of doxorubicin
in rats. It was found that increasing the doxorubicin dose
resulted in a significant decrease in 99mTc-MIBI uptake (from
2.3% + 0.3% to 0.9% + 0.2% of the injected dose/g when using
doxorubicin at a dose of 10 mg/kg, P < 0.05). Doxorubicin
10 mg/kg induced a threefold increase in the number of visibly
damaged mitochondria per field of view.
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In Russia, patients with HFpEF account for 53% of the
CHF population, whereas in Europe and the United States,
they account for 51%-63%. The phenotypic diversity of HFpEF
is associated with several risk factors that activate one or
more pathophysiological mechanisms, including MD. The
identification of patients with HFpEF and accelerated 99mTc-
MIBI washout may contribute to better risk stratification in
this cohort [49]. Furthermore, the proposed method can be
used to assess the efficacy of potential CHF therapies and
predict the efficacy of cardiac resynchronization therapy and
the use of cardioverter defibrillators.

Despite the fundamental and clinical findings presented
in the review, studies of 99mTc-MIBI WR are limited. The
analyzed literature contained no systematic reviews or
meta-analyses. Furthermore, no randomized studies have
used 99mTc-MIBI washout to guide treatment. This is most
likely due to factors affecting washout parameters, such
as patient age, sex, and underlying pathology. The data
collection protocol and methods for determining 99mTc-MIBI
WR are not standardized. The threshold values for normal
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and pathological clearance of this radiopharmaceutical
have not been determined. This primarily applies to normal
clearance values (Table 1), which are highly variable. The
formulas used to calculate the WR vary: some studies apply
an adjustment to the half-life of 99mTc and/or consider the
scintillation count in the mediastinum, whereas others do
not. Most studies used small patient samples. Only one study
found a link between radiological findings that characterize
MD and organelle microscopy data [14].

CONCLUSION

The reverse redistribution of 99mTc-MIBI and its
accelerated washout represent a universal nonspecific
scintigraphy pattern of myocardial injury caused by MD.
According to the literature review, the most extensive evidence
base for the use of this method has been accumulated for
nonischemic CHF.

In vivo studies have demonstrated a link between the
accelerated 99mTc-MIBI washout and the following:

» Findings of mitochondrial microscopy and myocardial

histological examination

» LV contractility and hemodynamics

+ Natriuretic peptide levels

« Exercise tolerance

» Severity of coronary atherosclerosis
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