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Abstract

Pulmonary arterial hypertension (PAH) is a rare and severe form of pulmonary hypertension, which
is characterized by pulmonary vascular remodeling, as well as metabolic and functional alterations in the
right ventricular myocardium. The proven metabolic shift towards anaerobic glycolysis in the heart and
lungs can be quantitatively and qualitatively evaluated with a molecular imaging technique — 2-[18F]
fluoro-2-deoxy-D-glucose (FDQ) positron emission tomography (PET). This review is devoted to the
analysis of foreign scientific publications. There are presented research results that prove the diagnostic
value of fused PET/computer tomography (CT) (PET/CT) images with FDG and other promising
radiopharmaceuticals in patients with PAH. This tool allows estimation of the severity of the disease, to
determine the clinical prognosis and monitor the effectiveness of treatment in each case. Furthermore,
the methods of molecular visualization allow the analysis of the PAH pathogenesis and description of
the new biologic targets, such as development factors of endothelial dysfunction and remodeling of
pulmonary vasculature.
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Pesrome

Jlerounas aprepuanbHas runeprensus (JIAD) sBiseTcs peqkol U KITMHUYECKH HEOIaronpusaTHON
(bopMoii T1erouHo runepTeH3ny, 1k KOTOPOH XapaKTepHbI pEMOICITMPOBAHUE COCYIOB MAJIOTO KpyTa
KpoBOooOOpaIeHus, a Takxke 0OMeHHbIe U (QYyHKIIMOHATIbHBIC HAPYIIEHUS B MUOKAp/E MPaBOTro Kely-
nouka. JlokazaHHas cMeHa MmyTel MeTabosin3Ma Ha aHadPOOHBIH IITUKOIN3 B CEPALIE U JIETKUX MOXKET
OBITH KOJIMYECTBEHHO U KAYECTBEHHO OLIEHEHA C IIOMOILBIO METO/1a MOJIEKYJIIPHON BU3YyaIU3alluy —
no3uTpoHHOM dMuccronHor Tomorpaduu (I19T) ¢ ¥F-propresoxcunitokosoii ('*F-OJII'). B nactos-
IIel CTaThe MPOBEICH aHAIHN3 3apyOeKHON JIUTEpaTyphl, IPEACTABICHBI PE3YJIbTaThl HCCIEIOBAHUA,
MOATBEPKIAIOIIUX AUATHOCTUYECKYIO 3HAUUMOCTD BbINOIHEHUS npouenypsl I1I1D0T, coBmemenHoit
¢ komnbroTepHoit ToMorpadueii (KT), ¢ '*F-O/II" u apyrumu nepcreKTHBHBIME paarodapMarieBTHye-
CKUMHU Npenaparamu y nanueHToB ¢ JIAIL. /laHHas MeToanKa MO3BOJISIET OIICHUTH TSXKECTh 3a00eBa-
HUSI, OTIPEENIUTh KITMHUYECKUH MTPOTHO3 U c/1eaTh BBIBOJ 00 3(p(peKTHBHOCTH MPOBOTUMOTO JICUSHHUS
B Ka)KJIOM KOHKPETHOM ciyuyae. KpoMe Toro, MeTo1pl MOJIEKYIISIPHON BU3yaIU3al[ui IPEJOCTABIISIIOT
BO3MOXHOCTB IIPOaHAIN3UPOBATh MMAaTOTeHETHUYECKYI0 0cHOBY JIAI™ 1 paccMOTpeTh HOBbIE OMOJIOTH-
YeCKUe MUILEHH, TAaKKe KaK (GaKkTOPbl Pa3BUTHS SHAOTEINATBHON AUCHYHKIIMHN U PEMOACTUPOBAHUS
COCYZIOB MaJIOTO Kpyra KpoBOOOpaIieHusl.

KroueBble ci10Ba: IO3UTPOHHASI SMUCCHOHHAs TOMOTpadus, JIeroYHast TUIEPTEH3HS, PEMOJCITHPO-
BaHHE JIETOYHBIX COCYIOB, KOMITbIOTEpHAast ToMorpadusi, Gropre3okcurirokosa, *F-propaezokcunirokosa,
MeTa0O0JIM3M MPABOTO JKEyI0uKa

s yumupoesanusi: Monokosa E. P, Pvioickosa /1. B. T1o3umporHas sMUCCUOHHAS MOMO2paghus 6 OyeHKe me-
MabonU3Ma MUOKAPOa Npago2o HceryoouKa U pemooeruposanus cocy0o8 Maio2o Kpyea Kpogoobpaujenus npu
Jle20yHOoU apmepuanvHotl cunepmensuu. Apmepuanvras eunepmensus. 2020,26(5):501-508. doi:10.18705/1607-
419X-2020-26-5-501-508
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Pulmonary arterial hypertension (PAH) is a
rare form of pulmonary hypertension (PH), which
is based on primary damage of the lung microvas-
culature and gradual obliteration of the lumen in
distal pulmonary arteries and arterioles [1]. The
pulmonary vascular pathology in PAH is charac-
terized by structural remodeling of small arteries
and arterioles with proliferation of endothelial and
smooth muscle cells, that results in vessel medial
wall thickening due to deposition of collagen and
macrophage infiltration. The elevation of pulmo-
nary vascular resistance leads to right ventricle
overload with subsequent development of right
heart failure — the leading cause of death for pa-
tients with PAH.

The morphologic changes of right ventricle in
PAH include myocardial hypertrophy, increased
systolic pressure and end-diastolic volume with
progressive ventricular dilatation, which are associ-
ated with decreased right coronary artery perfusion
and alteration of cardiac energy metabolism with
an increased glycose utilization [2, 3]. As a result
of developing ischaemia the myocardium shifts
from more efficient oxidative phosphorylation to
anaerobic glycolysis. This metabolic impairment
leads to right ventricle dysfunction, reduced RV
contractility and decreased cardiac output [4, 5].
It is worth noting, there is an alternative point, ac-
cording to which the pathologic metabolic shift
in patients with PAH can occur in the absence of
ischemia [6, 7].

The described metabolic shift to the glycolytic
pathway with a lower energy yield and overexpres-
sion of the glucose transporter GLUT1 result in
compensatory increased glucose uptake by altered
cells, that can be quantitatively evaluated with a
molecular imaging technique — 2-[18F] fluoro-2-
deoxy-D-glucose (FDG) positron emission tomog-
raphy (PET).

In the study with experimental animal models
Izquierdo-Garcia J.L. et al. [8] reported significant-
ly higher "¥F-FDG uptake in the lung parenchyma
and both ventricles in the PAH than in the control
group. The PET procedure was performed with
experimental mice after fasted period overnight.
For evaluation of radiopharmaceutical uptake in
the both ventricles and lungs, three-dimensional
regions of interest were drawn for each of them
and the maximum standardized uptake value (SU-
Vmax) was quantified [8]. The metabolic remod-

eling in the PAH heart and lungs was previously
described in several PET studies with experimental
animal models [9] and patients with PAH [5, 10].
Preliminary data demonstrated the correlation be-
tween high ®F-FDG uptake in the right ventricle
and severity of the disease [11]. Saygin et al. [12]
performed the study quantitatively investigating
metabolic and functional changes in the right ven-
tricle by gated "*F-FDG PET/CT scanning, they
also evaluated metabolic remodeling in the lung
parenchyma of patients with PH in comparison to
healthy controls. In this study the most individuals
with PH had proven heritable or idiopathic forms
of PAH. According to the scan protocol, PET met-
abolic images were acquired after the fasting state
for 8 h and the regions of interest were located
in the heart and the most part of the lung. Using
the specific tool of an image processing worksta-
tion allowed the calculation of the right ventricle
ejection fraction. The researchers drawn the re-
gions of interest on static cardiac PET/CT images
to count SUVmax in the left ventricular and right
ventricular free walls with calculation of their ra-
tio SUVmax, /SUVmax ,, in the right atrial free
wall and in the interventricular septum. In order
to assess lung FDG uptake, the mean standard-
ized uptake value (SUVmean) was calculated as
the average over the 24 regions in the lung paren-
chyma. The obtained lung and myocardial SUV
measurements capturing the glucose metabolism,
along with PET cardiac functional measurements
in the right ventricle were all significantly higher in
individuals with PH compared to healthy controls
[12]. Even more, PET right ventricular volumes
and the relative indicator of myocardial glucose
metabolism SUVmax, /SUVmax , closely corre-
lated with plasma N-terminal pro-brain natriuretic
peptide (NT-proBNP) levels and a number of ECHO
parameters including: right ventricular end-dias-
tolic and end-systolic areas, TAPSE (tricuspid an-
nular plane systolic excursion), right ventricular
systolic pressure (RVSP), Tei index (myocardial
performance index) and right ventricular global
peak systolic strain.

In a study of Kluge et al. [13] the authors inves-
tigated the relationship between right-to-left ratios
of glucose uptake SUV_ /SUV  and severity of
PH (the patients with PH associated with left heart
disease (group 2) were excluded). They found that
right ventricular metabolic rate of glucose uptake
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positively correlated with NYHA functional class
and Tei-index. It should be noted, in this study
patient preparation included administration of an
oral glucose load in order to inhibit fatty acids ox-
idation in the right ventricle. It was mentioned,
that the increased ratio of glucose metabolism
SUV,/SUV , was based on decreasing left ven-
tricular glucose uptake as a result of reduced work
load [13].

On the other hand, Hagen et al. [10] reported
that the ratio SUV  /SUV  elevated due to abso-
lute increase in right ventricular glucose uptake.
In the other study Can et al. [14] showed the same
results: SUV_ /SUV  was significantly higher in
patients with PAH than in the control group, cor-
relating with ECHO parameters and 6-min walk-
ing distance. Bokhari et al. [15] also demonstrat-
ed the relation between SUV_, SUV_ /SUV |
and pulmonary artery pressure recorded in right
heart catheterization (RHC). In the study of Ohira
et al. [16], the authors reported that the ratio
SUV,,/SUV , strongly correlated with the degree
of pressure increase in PAH as follows: the patients
with mean pulmonary artery pressure (mPAP) <35
mmHg had SUV_ /SUV <1 and the patients with
a mPAP > 50 mmHg had SUV_ /SUV > 1. The
researchers concluded that was mainly due to the
elevation of right ventricular pressure overload in
patients with PAH [16].

The interesting results were obtained by Oguz
et al. [17], who aimed to assess the diagnostic value
of "F-FDG PET/CT in the management of patients
with chronic thromboembolic pulmonary hyperten-
sion (CTEPH). The authors reported the negative
correlation between 6-min walking distance and
SUV,./SUV  ratio. Consequently, "*F-FDG PET/
CT can be an alternative to classic clinical tools in
cases when 6-min walking test cannot be performed
due to reduced exercise capacity, advanced age, or-
thopedic barriers and severe concomitant diseases.
Furthermore the ratio SUV  /SUV  was found to
be closely associated with angiographic clot bur-
den score (Qanadli score), which determines the
thrombus burden in the pulmonary arterial bed. In
this way, the authors suggested that '*F-FDG PET/
CT is a valuable diagnostic modality for indirectly
showing thrombus burden in the pulmonary vas-
culature and predicting thrombus amount that can
be successfully removed by pulmonary endarter-
ectomy (PEA) [17].
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There is a number of scientific publications on
assessment metabolic changes in the right ventri-
cle after PAH-specific treatment by FDG PET/CT.
In a study of Oikawa et al. [11], there was registered
a decrease of right ventricular glucose uptake in
the patients after three months therapy with epo-
prostenol — prostacycline analogue, which is the
medication for treatment of PAH. According to
Fang et al. [18], the authors reported a significant
reduction in SUV_ /SUV  ratio after six month
treatment with sildenafil (PDE inhibitor).

Since the prognosis of PAH mainly depends on
right ventricular function and development of heart
failure, there are several studies aiming to assess
the prognostic value of ®*FDG PET/CT in patients
with PAH. Tatebe et al. [19] described the rate of
FDG uptake in the right ventricle as a significant
prognostic factor, that can determine severity of
the disease and effectiveness of the treatment. In a
recent study of Li et al. [20], the enhanced SUV
and high SUV_ /SUV  ratio were estimated as
independent predictors for poor prognosis.

The reasons of metabolic impairment in the
right ventricular myocardium include ischemic
conditions in the cardiomyocytes due to decreased
right coronary artery perfusion pressure [21].
Insufficient oxygen delivery to the myocardium
leads to significant increase in anaerobic glycoly-
sis providing a source of ATP and to the reduction
in fatty-acids oxidative phosphorylation. Howev-
er, this metabolic pathway of ATP production is
less efficient than oxidative phosphorylation and
could not support the state of compensation for a
long time in severe right ventricular hypertrophy,
that results in hibernation of cardiomyocytes. This
statement was approved by Ohira et al. [16] in their
two-step study: firstly, patients underwent PET/CT
with #Rb or *N-ammonia for myocardial perfusion
imaging, secondly, they undergo FDG PET/CT for
myocardial metabolic imaging after the fasting pe-
riod. The authors reported the perfusion/metabolism
mismatch in the right ventricular myocardium in
all patients with severe PAH, that supported there
was a state of cardiomyocytes’ hibernation [16].

Besides '"*F-FDG the other radiopharmaceuti-
cals O, and C"O were discussed as biomarkers
for oxidative metabolism in order to more detailed
and rigorous investigation of metabolic alterations
in the right ventricular myocardium [22]. In a study
of Wong et al. the obtained data demonstrated in-



efficient myocardial oxygen utilization despite its
increased uptake by right ventricular cardiomyo-
cytes in NYHA III class patients with PAH. These
results confirm the hypothesis about mitochondrial
dysfunction in PAH pathogenesis. In addition, the
promising radiopharmaceuticals are alpha-beta3
integrin antagonists ("*F-RDG) for investigation
of angiogenesis [23] and "'C-hydroxyephedrine
for assessment of sympathetic innervation abnor-
malities in the right ventricle [24].

The contradictory data was obtained in two
studies investigating alterations of fatty acid me-
tabolism in the right ventricular myocardium under
PAH condition using PET with '®F-fluoro-6-thia-he-
padecanoic acid (FTHA). In a study of Graham et
al. [7], the authors demonstrated the decreased right
ventricular '"*F-FTHA uptake in the classic exper-
imental animal model of PAH. They considered
that this reduction was due to decreased fatty acid
enzymes and transporters in the cardiomyocytes,
in particular lipoprotein lipase. As a result of inhi-
bition of lipid metabolism enzymes there was the
metabolic shift from fatty acids to carbohydrate
energy sources. According to 'F-FDG PET/CT
imaging analysis, the authors reported the elevat-
ed rate of glucose uptake and enhanced anaerobic
glycolysis in the right ventricular myocardium.
The alternative results were obtained in the study
of Ohira et al. [16], that estimated the positive cor-
relation between FDG uptake in the right ventricle
and severity of the PAH and the relation between
BF-FTHA uptake in cardiomyocytes and degree of
right ventricle dysfunction in patients with PAH.
The authors concluded that there was increased
cardiac fatty acid utilization with decline in right
ventricular ejection fraction [16]. The relation be-
tween elevated '*F-FTHA uptake and right ven-
tricle dysfunction might evidence that fatty acid
oxidation may contribute to the development of
maladaptive right ventricular hypertrophy. Nev-
ertheless, the authors suggested that with increase
of mean pulmonary artery pressures there was the
disproportionate increase of FDG uptake compared
to FTHA uptake, that may represent a shift towards
anaerobic glycolysis.

The mitochondrial dysfunction of pulmonary
endothelial and smooth muscle cells seems to play
an important role in the PAH pathogenesis [25,26].
As well as in the cardiomyocytes there is a shift in
cell metabolism from oxidative phosphorylation to

anaerobic glycolysis, known as Warburg effect [27].
The metabolic impairment in pulmonary vessels
is presumably associated with HIF-1a factor acti-
vation, which is induced by hypoxia [28]. Kim et
al. [29] showed also the upregulation of pyruvate
dehydrogenase activity, which blocks the entrance
of pyruvate into the Krebs cycle for subsequent
oxidation.

Using PET/CT imaging Frille et al. [30] re-
ported the increased pulmonary "*F-FDG uptake
in the patients with PAH (idiopathic, familial, due
to connective tissue disease, congenital heart dis-
ease, etc) and with PH due to pulmonary disease
and CTEPH. However, there was no significant
difference in FDG uptake between patients with
PH due to left heart diseases and healthy control
group [31].

In the study of Frille et al. [30] the authors also
investigated "*F-FDG uptake in the heart and lungs
of patients with different PH etiologies. Patients
with an mPAP > 25 mm Hg showed a significantly
higher SUV in lung parenchyma, pulmonary arteries
and right ventricle than patients with an mPAP < 25
mm Hg. The similar results were found for patients
with a pulmonary vascular resistance (PVR) > 480
dyn-s/cm’® and < 480 dyn-s/cm’ The FDG uptake
in lung parenchyma, pulmonary arteries and right
ventricle strongly correlated with RHC parame-
ters (mPAP, PVR) and serum NT-proBNP levels.
According to the results of the study, the authors
concluded that pulmonary hypertension represents
an angioproliferative disease regardless of etiolo-
gy: primary condition as PAH or secondary due
end-stage lung disease, CTEPH. The researchers
also considered that proliferation of endothelial
and smooth muscle cells with thickening of inti-
ma and media of pulmonary arteries might occur
in the context of pulmonary vascular remodeling
in patients with chronic obstructive pulmonary
disease and interstitial lung diseases [32, 33]. Be-
sides, Frille et al. concluded the metabolic changes
in lung parenchyma, pulmonary arteries and right
ventricle can be estimated with FDG PET/CT and
depend on the severity of PH regardless of etio-
logic group [30].

Another biologic target for molecular visuali-
zation in PAH should be endothelial dysfunction
as an early and key event in the development of
pulmonary vascular pathology [34]. Several PET
radiopharmaceuticals were proposed to investigate
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the functions of pulmonary vascular endothelial
cells, they are endothelin ET,, receptors antago-
nists "*F-BQ-3020 [35] and inhibitors of angio-
tensin-converting enzyme '*F-fluorocaptopril and
8F-fluorolisinopril [36]. An important scientific
direction is the development of labeled ligands
for potential therapeutic targets such as enzyme
phosphodiesterase type 5 (PDE,). In a study of
Jakobsen et al. [37], the authors showed the specific
binding of radioligand ""C-RAL-01PDE to PDE,
in the heart and lungs, that quantitatively evaluat-
ed the expression of this enzyme and allowed to
assess the effectiveness of using its inhibitors for
therapeutic purposes.

The proliferation of endothelial and smooth
muscle cells is a link of PAH pathogenesis and can
be investigated by '"*F-FDG PET/CT. However, this
tool has limitations in assessment of pulmonary
vascular state because the reduced lung perfusion
prevents the delivery of radiopharmaceutical to
distal pulmonary arteries. Moreover *F-FDG does
not bind specifically to lung vessels and may ac-
cumulate in damaged pulmonary tissue of another
etiology, for instance in inflammatory foci due to
diffuse parenchymal lung disease [38].

The promising results were presented in
the study aiming to evaluate vascular remode-
ling in PAH using labeled radioligand 3'-de-
oxy-3'-[18F]-fluorothymidine (**F-FLT) — the
biomarker for cell proliferation [39]. It was pre-
viously proven that "*F-FLT uptake strongly cor-
related with histological markers, such as prolif-
erating cell nuclear antigen Ki-67 [40]. Ashek et
al. demonstrated the high accumulation of "*F-FLT
in the lungs of patients with idiopathic PAH in
comparison with control group using dynamic
8F-FLT PET/CT. They showed the heterogeneity
in the lung "*F-FLT uptake between patients with
IPAH, as well as within the lungs of each patient,
which coincided with histopathologic reports of
lungs from patients with [IPAH: according to im-
munohistochemical analysis there was enhanced
expression of thymidine kinase 1 in the remod-
eled vessels of IPAH patients lungs. Also the au-
thors demonstrated by real-time polymerase chain
reaction analysis that pulmonary vascular fibro-
blasts isolated from patients with IPAH exhibit-
ed overexpression of the thymidine kinase 1 and
thymidine phosphorylase genes and the thymidine
transporter ENT1.
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The same results were obtained by Ashek et
al. for experimental animal models of PAH. They
observed increased FLT uptake in the rat lungs
correlating with the Ki-67 score and subsequent
decrease of FLT uptake in the remodeled vessels
after antiproliferative targeted treatments. The au-
thors confirmed the high diagnostic value of '"®F-FLT
PET/CT for noninvasive assessment of endothelial
and smoot muscle cells hyperproliferation in the
pulmonary vasculature under PAH condition. Fur-
thermore, the researchers considered that "*F-FLT
PET/CT may be a useful tool to evaluate novel
therapies targeting the structural alterations in lung
vessels and in prospect to personally select the an-
tiproliferative targeted drugs. In comparison with
BFE-FDG the significant superiority of '8F-FLT is
the low noise in the signal and the possibility to
exactly differentiate cell proliferation from inflam-
matory reaction [41].

Conclusion

Based on the analysis of the literature it should
be recognized that the issue of studying right ven-
tricular myocardial metabolism and proliferation
of pulmonary endothelial and smooth muscle cells
by PET/CT with different radiopharmaceuticals in
patients with PAH is still of current interest. Pos-
itron emission tomography allows to stratify pa-
tients according to the severity of the disease and
more accurately determine their prognosis. Further
development of novel radionuclide techniques is
needed not only for evaluation of alterations in pul-
monary vessels, but also for investigation of right
ventricle function, as right heart failure is exactly
the leading cause of death for patients with pulmo-
nary hypertension. In general, the use of molecular
imaging techniques reveals new opportunities in the
study of various biologic processes in normal and
pathology, including such clinically complicated
group of patients as with PAH. There is a need of
future scientific researches, which aim to dynamic
monitoring the status of patients with pulmonary
arterial hypertension and monitoring the effective-
ness of new targeted treatments.
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