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3. WYKAZ SKROTOW (alfabetycznie)
APE (ang. acute pulmonary embolism) — ostra zatorowo$¢ plucna
AUC (ang. Area Under the Curve) — pole pod krzywa ROC
BNP (ang. brain natriuretic peptide) — peptyd natriuretyczny typu B

BNP-PL (ang. Polish National Pulmonary Hypertension Registry) — ogélnopolska baza

danych nadci$nienia ptucnego
BPA (ang. balloon pulmonary angioplasty) —angioplastyka balonowa tetnic ptucnych
cMR (ang. cardiac magnetic resonance) — rezonans magnetyczny serca
CTED (ang. chronic thromboembolic disease) — przewlekta zakrzepowo-zatorowa choroba

CTEPH (ang. chronic thromboembolic pulmonary hypertension) — przewlekte zakrzepowo-

zatorowe nadcis$nienie plucne

CTPA (ang. computed tomography pulmonary angiography) — angiografia tomografii
komputerowej tetnic ptucnych

DECT (ang. dual-energy computed tomography) — dwuenergetyczna tomografia komputerowa
EKG - elektrokardiografia

ERS (ang. European Respiratory Society) — Europejskie Towarzystwo Chorob Phuc

ESC (ang. European Society of Cardiology) — Europejskie Towarzystwo Kardiologiczne

MDCT (ang. Multidetector Computed Tomography) — wielorzedowa tomografia

komputerowa
MPAP (ang. mean pulmonary arterial pressure) — srednie ci$nienie w tegtnicy ptucne;j
MRI (ang. magnetic resonance imaging) — obrazowanie metoda rezonansu magnetycznego

MRPA (ang. magnetic resonance pulmonary angiography) — angiografia rezonansu



magnetycznego tetnic ptucnych

NPV (ang. negative predictive value) — warto$¢ predykcyjna ujemna

NT-proBNP (ang. N-terminal pro-B-type natriuretic peptide) — N-koncowy propeptyd
natriuretyczny typu B

PAH (ang. pulmonary arterial hypertension) — tetnicze nadcis$nienie ptucne

PAWP (ang. pulmonary arterial wedge pressure) — ci$nienie zaklinowania w tetnicy plucne;j

PBV (ang. pulmonary blood volume) — objeto$¢ krwi plucnej

PDSA (ang. pulmonary digital subtraction angiography) — cyfrowa angiografia subtrakcyjna
tetnic ptucnych

PEA (ang. pulmonary endarterectomy) — endarterektomia ptucna

PPV (ang. positive predictive value) — warto$¢ predykcyjna dodatnia

PT/Ao (ang. pulmonary trunk to aorta ratio) — stosunek $rednicy pnia ptucnego do aorty

PSP (ang. poor subpleural perfusion) — ostabiona perfuzja podoptucnowa

PVR (ang. pulmonary vascular resistance) — opor naczyniowy ptucny

RHC (ang. right heart catheterization) — cewnikowanie prawego serca

RV/LV (ang. right ventricle to left ventricle ratio) — stosunek $rednicy prawej komory do

lewej komory serca

SPECT (ang. single photon emission computed tomography) — tomografia emisyjna

pojedynczego fotonu

TTE (ang. transthoracic echocardiography) — przezklatkowa echokardiografia serca

VI/Q (ang. ventilation/perfusion scan) — scyntygrafia perfuzyjno-wentylacyjna

WU (ang. Wood units) — jednostki Wooda



3. PREDYKTORY PRZEWLEKLEGO ZAKRZEPOWO-ZATOROWEGO
NADCISNIENIA PLUCNEGO W ANGIOGRAFII TOMOGRAFII
KOMPUTEROWEJ W OCENIE JEDNEGO OSRODKA [STRESZCZENIE]

Przewlekle zakrzepowo-zatorowe nadcisnienie ptucne (CTEPH, ang. chronic thromboembolic
pulmonary hypertension) — potencjalnie zagrazajacy zyciu stan kliniczny — zaliczane jest do grupy
4 nadcisnienia ptucnego zgodnie z klasyfikacja Europejskiego Towarzystwa Kardiologicznego
(ESC, ang. European Society of Cardiology) oraz Europejskiego Towarzystwa Chorob Pluc (ERS,
ang. European Respiratory Society) [1,2].

CTEPH jest rzadkim powiktaniem ostrej zatorowosci plucnej (APE, ang. acute pulmonary
embolism), a jego patogeneza pozostaje nie do konca poznana. Obejmuje ona ztozone zmiany
strukturalne i czynno$ciowe w obrebie naczyn ptucnych, prowadzace do wzrostu oporu
naczyniowego (PVR, ang. pulmonary vascular resistance) oraz postgpujacej niewydolnosci prawej
komory serca. Nieleczone CTEPH wigze si¢ z niekorzystnym rokowaniem, jednak rozwoj
nowoczesnych metod terapeutycznych znaczaco poprawit przezywalno$¢ chorych. Kluczowe
Znaczenie ma wczesne rozpoznanie, poniewaz pacjenci zdiagnozowani na wczesnym etapie
choroby odnosza najwigksze korzysci z leczenia [1,2]. Diagnostyka obrazowa odgrywa zasadnicza
role w pracy interdyscyplinarnego zespotu zajmujacego si¢ leczeniem CTEPH — umozliwia
wczesne rozpoznanie, precyzyjne okreslenie lokalizacji i rozlegtosci zmian, wybor odpowiedniej

strategii terapeutycznej oraz monitorowanie skutecznosci leczenia.

Niniejsza rozprawa doktorska oparta zostala na dwdch publikacjach: przegladowej oraz

oryginalne;.

Pierwsza z nich — artykut przegladowy — omawia aktualng role wielomodalnych technik
obrazowania w diagnostyce CTEPH. Przedstawiono w nim najnowsze doniesienia dotyczace
metod oceny perfuzji ptucnej, takich jak scyntygrafia wentylacyjno-perfuzyjna (V/Q scan, ang.
ventilation/perfusion scan), tomografia emisyjna pojedynczego fotonu (SPECT, ang. single photon
emission computed tomography), tomografia komputerowa z podwdjng energia (DECT, ang. dual-
energy computed tomography) oraz rezonans magnetyczny z oceng perfuzji (MRI, ang. magnetic
resonance imaging). Omowiono rowniez techniki oceny zmian anatomicznych: angiografia
tomografii komputerowej tetnic ptucnych (CTPA, ang. computed tomography pulmonary
angiography), angiografia rezonansu magnetycznego t¢tnic plucnych (MRPA, ang. magnetic
resonance pulmonary angiography), cewnikowanie prawego serca (RHC, ang. right heart

catheterization), cyfrowa angiografia subtrakcyjna (DSPA, ang. digital subtraction pulmonary



angiography) oraz klasyczne zdjecie rentgenowskie klatki piersiowej. Ponadto, przedstawiono
oceng¢ kardiologiczng w przebiegu CTEPH oraz rol¢ sztucznej inteligencji w obrazowaniu tej

jednostki chorobowe;.

Drugi artykut — praca oryginalna — miat na celu oceng czgstosci wystepowania
charakterystycznych cech radiologicznych u chorych z potwierdzonym CTEPH i poréwnanie ich
z czgstoscig wystepowania z dowiedzionymi klinicznie: przewlektej chorobie zakrzepowo-
zatorowej (CTED, ang. chronic thromboembolic disease), tetniczym nadci$nieniem plucnym
(PAH, ang. pulmonary arterial hypertension) oraz ostrg zatorowos$cig plucng (APE ang acute
pulmonary embolism), a nast¢pnie okre$lenie ich wartosci predykcyjne;j.

W retrospektywnym badaniu przekrojowym przeanalizowano wyniki CTPA 115 pacjentéw,
podzielonych na cztery grupy kliniczne: CTEPH (n = 35), CTED (n =20), PAH (n = 24) oraz
APE (n = 36). Grupy byly dobrane pod wzglgdem wieku i pici, a ostateczne rozpoznania ustalono
zgodnie z aktualnymi wytycznymi. Badania wykonano przy uzyciu 64-rzedowego tomografu
komputerowego (64-MDCT, ang. 64-slice multidetector computed tomography) z bramkowaniem
EKG, przy grubosci warstwy 0,625 mm i czasie obrotu 0,5 sekundy. Zanonimizowane obrazy
oceniono losowo pod katem obecnosci cech CTEPH, ktore sklasyfikowano w trzech grupach:
cechy przewleklej zatorowosci ptucnej, cechy nadci$nienia plucnego oraz cechy przecigzenia
prawej komory serca. Warto$¢ predykeyjng analizowanych cech radiologicznych ustalono na
podstawie wskaznika AUC (ang. Area Under the Curve), wyznaczanego z analizy krzywych ROC,
wraz z obliczeniem czutosci, swoistosci, trafnosci diagnostycznej, wartosci predykcyjnej dodatniej
(PPV, ang. Positive Predictive Value) oraz wartosci predykcyjnej ujemnej (NPV, ang. Negative
Predictive Value).

Najwyzsza wartos¢ predykcyjna wykazaly cechy nalezace do grupy przewleklej zatorowosci
phucne;j, takie jak zwegzenie naczyn, nieregularnosci blony wewnetrznej oraz pasma i1 przegrody
naczyniowe (ang. bands and webs), szczego6lnie na poziomie segmentalnym (AUC = 0,906; 95%
CI: 0,863—-0,950). W ocenie catosciowe] naczyn ptucnych zmiany te uzyskaty AUC = 0,894 (95%
CI: 0,850-0,938). Umiarkowang warto$¢ predykcyjna wykazaly natomiast: mozaikowa perfuzja
migzszu ptucnego (AUC = 0,740), zmienno$¢ $rednicy naczyn platowych i segmentalnych (AUC
=0,788), a takze zwezenia, nieregularnos$ci $cian naczyn oraz obecno$¢ pasm i przegrod na
poziomie ptatowym (AUC = 0,785). Cechy przecigzenia prawej komory serca, takie jak stosunek
srednic RV/LV > 1 (AUC = 0,641), sptaszczenie lub przemieszczenie przegrody
miedzykomorowej (AUC = 0,621), refluks kontrastu do zyly gtéwnej dolnej (AUC = 0,504) oraz
przerost $ciany prawej komory (AUC = 0,546), wykazywaly nizsza warto$¢ predykcyjna.
Podobnie, parametry sugerujace obecno$¢ nadcisnienia ptucnego — wskaznik PT/Ao > 1 (AUC =
0,671), poszerzenie naczyn oskrzelowych (AUC = 0,661), powigkszone lub zwapniate wezly

chtonne $rédpiersia (AUC = 0,555) oraz obecnos$¢ ptynu osierdziowego lub pogrubienia osierdzia



(AUC = 0,550) — rowniez charakteryzowatly si¢ ograniczong warto$cig diagnostyczna.

Niniejsza rozprawa doktorska umozliwita kompleksowe podsumowanie aktualnego stanu
wiedzy na temat roli obrazowania w diagnostyce CTEPH oraz analiz¢ oryginalnych danych
klinicznych, oceniajac czestos¢ wystepowania i znaczenie diagnostyczne wybranych cech
radiologicznych CTPA. Uzyskane wyniki moga przyczyni¢ si¢ do poprawy precyzji i szybkosci
rozpoznawania CTEPH w codziennej praktyce klinicznej.
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4. PREDICTORS OF CHRONIC THROMBOEMBOLIC PULMONARY
HYPERTENSION IN COMPUTED TOMOGRAPHY ANGIOGRAPHY IN

A SINGLE-CENTER STUD [SUMMARY]

Chronic thromboembolic pulmonary hypertension (CTEPH) is a potentially life-threatening
clinical condition classified under Group 4 of pulmonary hypertension according to the guidelines
of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS) [1,2].
CTEPH is a rare complication of acute pulmonary embolism (APE), and its pathogenesis remains
not fully understood. It involves complex structural and functional changes within the pulmonary
vasculature, leading to increased pulmonary vascular resistance (PVR) and progressive right
ventricular failure. If left untreated, CTEPH is associated with poor prognosis; however, the
development of modern therapeutic strategies has significantly improved patient survival. Early
diagnosis is crucial, as patients diagnosed at an early disease stage benefit most from available
treatments [1,2]. Imaging plays a key role in the work of the multidisciplinary team managing
CTEPH—it enables early detection, precise assessment of the location and extent of vascular
changes, appropriate treatment planning, and monitoring of therapeutic outcomes.

This doctoral dissertation is based on two publications: one review article and one original
research article.

The first, a review article, discusses the current role of multimodal imaging techniques in the
diagnosis of CTEPH. It presents the latest findings on lung perfusion assessment methods,
including ventilation/perfusion scintigraphy (V/Q scan), single photon emission computed
tomography (SPECT), dual-energy computed tomography (DECT), and perfusion magnetic
resonance imaging (MRI). It also discusses techniques for anatomical evaluation, such as
computed tomography pulmonary angiography (CTPA), magnetic resonance pulmonary
angiography (MRPA), right heart catheterization (RHC), digital subtraction pulmonary
angiography (DSPA), and standard chest X-ray. Furthermore, it outlines cardiological assessment
in the course of CTEPH and highlights the role of artificial intelligence in imaging of this
condition.

The second, original article, aimed to evaluate the frequency of characteristic radiological features
in patients with confirmed CTEPH and compare them with their prevalence in clinically
established cases of chronic thromboembolic disease (CTED), pulmonary arterial hypertension
(PAH), and acute pulmonary embolism (APE). The study also assessed the predictive value of
these features.

This retrospective cross-sectional study analyzed CTPA results from 115 patients divided into four
clinical groups: CTEPH (n = 35), CTED (n = 20), PAH (n = 24), and APE (n = 36). The groups
were matched by age and sex, and final diagnoses were established according to current clinical
guidelines. Examinations were performed using a 64-slice multidetector computed tomography
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(64-MDCT) scanner with ECG gating, 0.625 mm slice thickness, and a 0.5-second rotation time.
The anonymized images were reviewed randomly for the presence of CTEPH-related features,
which were categorized into three groups: features of chronic pulmonary embolism, features of
pulmonary hypertension, and signs of right heart overload. The predictive value of the radiological
findings was assessed using area under the curve (AUC) values derived ROC analysis, with
sensitivity, specificity, diagnostic accuracy, positive predictive value (PPV), and negative
predictive value (NPV) also calculated.

The highest predictive value was demonstrated by features associated with chronic pulmonary
embolism, such as vessel narrowing, intimal irregularities, and the presence of bands and webs,
particularly at the segmental level (AUC = 0.906; 95% CI: 0.863-0.950). When assessed across
the pulmonary vasculature as a whole, these changes yielded an AUC of 0.894 (95% CI: 0.850—
0.938).

Moderate predictive value was observed for mosaic perfusion of the lung parenchyma (AUC =
0.740), variability in the diameter of lobar and segmental vessels (AUC = 0.788), and bands and
webs at the lobar level (AUC = 0.785).

Features of right ventricular overload, such as an RV/LV diameter ratio > 1 (AUC = 0.641),
interventricular septal flattening or bowing (AUC = 0.621), contrast reflux into the inferior vena
cava (AUC = 0.504), and right ventricular wall hypertrophy (AUC = 0.546), showed lower
predictive value in ROC-based diagnostic assessment.

Similarly, parameters indicative of pulmonary hypertension — including a pulmonary trunk-to-
aorta diameter ratio (PT/Ao) > 1 (AUC = 0.671), bronchial artery enlargement (AUC = 0.661),
enlarged or calcified mediastinal lymph nodes (AUC = 0.555), and pericardial effusion or
thickening (AUC = 0.550) — also demonstrated limited predictive value.

This doctoral dissertation enabled a comprehensive summary of the current state of knowledge on
the role of imaging in CTEPH diagnostics and provided an original analysis of clinical data,
assessing the prevalence and diagnostic significance of selected CTPA radiological features. The
findings may contribute to improving the precision and timeliness of CTEPH diagnosis in

everyday clinical practice.
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5. WSTEP

5.1. Przewlekle zakrzepowo-zatorowe nadci$nienie plucne — zarys problematyki.

Przewlekle  zakrzepowo-zatorowe nadci$nienie plucne (CTEPH, ang. chronic
thromboembolic pulmonary hypertension) jest forma przedwlo$niczkowego nadcisnienia
phlucnego, stanowigca potencjalnie zagrazajacy zyciu stan kliniczny. Klasyfikowane jest jako
grupa 4 nadci$nienia ptucnego wedlug wytycznych Europejskiego Towarzystwa Kardiologicznego
(ESC, ang. European Society of Cardiology) oraz Europejskiego Towarzystwa Chorob Pluc (ERS,
ang. European Respiratory Society) [1,2].

CTEPH jest rzadkim powiklaniem ostrej zatorowosci ptucnej (APE, ang. acute pulmonary
embolism). Badania szacuja, ze czgstos¢ jego wystepowania wynosi od 0,5% do 9% po przebytym
epizodzie APE, w zaleznosci od zastosowanej metodologii, strategii przesiewowych oraz roznic w
populacjach badanych [2-5]. Przeprowadzona w 2017 roku metaanaliza wykazata, ze CTEPH
rozwija si¢ u okoto 3,2% pacjentow, ktorzy przezyli ostrg zatorowos¢ ptucng [6]. W momencie
rozpoznania $redni wiek pacjentdw wynosi 63 lata, a choroba wystepuje z podobna czgstoscia u

kobiet i me¢zczyzn [1].

Roczna zapadalno$¢ na CTEPH rozni si¢ geograficznie — w USA i Europie wynosi od 3 do 5
przypadkow na 100 000 mieszkancoéw, podczas gdy w Japonii odnotowano zapadalno$¢ na

poziomie 1,9 przypadkow na 100 000 osob [7].

W Polsce, od momentu utworzenia krajowego rejestru nadcisnienia plucnego (BNP-PL) w 2018
roku, zarejestrowano lacznie 876 przypadkéw CTEPH, w tym 550 nowo rozpoznanych, co

odpowiada $redniej czestosci okoto 8,3 nowych przypadkoéw miesigcznie [8].

Warto podkresli¢, ze nie u wszystkich pacjentow z CTEPH udaje si¢ potwierdzi¢ przebycie APE.
Dane retrospektywne wskazuja, ze nawet 40—-60% pacjentdw nie miato wczesniej rozpoznanej

zylnej choroby zakrzepowo-zatorowej [9-11].

Rozpoznanie CTEPH potwierdza si¢ na podstawie cewnikowania prawego serca (RHC, ang. right
heart catheterization) oraz badan obrazowych uktadu naczyniowego ptuc. Kryteria diagnostyczne
CTEPH obejmujg $rednie cisnienie w tetnicy ptucnej (MPAP, ang. mean pulmonary arterial
pressure) przekraczajace 20 mmHg, opdr naczyniowy plucny (PVR, ang. pulmonary vascular
resistance) wynoszacy co najmniej 2 jednostki Wooda (WU, ang. Wood units) oraz ci$nienie
zaklinowania w tetnicy phlucnej (PAWP, ang. pulmonary arterial wedge pressure)
nieprzekraczajace 15 mmHg. Konieczne jest rowniez stwierdzenie niejednorodnych ubytkow
perfuzji w scyntygrafii ptuc oraz specyficznych objawow radiologicznych CTEPH w badaniach

obrazowych. Przed rozpoczeciem pelnej diagnostyki wymagana jest co najmniej trzymiesieczna
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skuteczna antykoagulacja [1].

Co istotne, wykazano, ze u 22% pacjentow z APE w CTPA obecna byta co najmniej jedna cecha
radiologiczna sugerujaca przewlekla chorobe zakrzepowo-zatorowg, a jej obecno$¢ niemal
o$miokrotnie zwigkszata ryzyko rozwoju CTEPH. Jednak obecnie obowigzujace wytyczne ESC
dotyczace postgpowania w APE nie rekomenduja rutynowego badania w kierunku CTEPH u
wszystkich pacjentow po ostrym epizodzie, lecz wytacznie u tych, ktdrzy mimo trzymiesigcznej
skutecznej antykoagulacji nadal odczuwaja dusznos¢ wysitkowa lub obnizenie tolerancji wysitku

wzgledem stanu sprzed epizodu [12].

Patogeneza CTEPH ma charakter wieloczynnikowy i nie zostala jeszcze w pelni poznana;
obejmuje ona ztozone procesy zachodzace zaréwno na poziomie makroskopowym, jak i

mikroskopowym.

Bezposrednig przyczyna CTEPH jest zwezenie lub zamknigcie podsegmentalnych, segmentalnych
oraz glownych odgatezien tetnic plucnych, wynikajace z niecalkowitego ustgpienia materiatu
zatorowo-zakrzepowego oraz przeksztalcenia si¢ skrzeplin w przewlekte, zorganizowane zmiany
wilokniste, ograniczajace przeptyw krwi [2,13,14]. U wigkszosci pacjentow z APE mechanizmy
endogennej trombolizy prowadza do calkowitej rekanalizacji naczyn 1 przywrocenia
prawidtowego przeptywu [14,15]. U czg$ci chorych jednak materiat zatorowy nie ulega resorpcji,

lecz ulega organizacji 1 przeksztalceniu w tkanke wioknistg [1,16].

Doktadny mechanizm tego procesu nie zostal w pelni wyjasniony, jednak badania wskazuja na
szereg czynnikow ryzyka predysponujacych do jego rozwoju, takich jak przewlekte stany zapalne,
przebyta splenektomia, obecnos¢ przeciwcial antyfosfolipidowych lub antykoagulantu
toczniowego, podwyzszone stezenie czynnika VIII, nawrotowa choroba zakrzepowo-zatorowa czy

stosowanie hormonow tarczycy [2,13,17,18].

Utrzymujaca si¢ niedrozno$¢ naczyn ptucnych prowadzi do wzrostu oporu naczyniowego oraz
cisnienia w krazeniu ptucnym. Wzmozony przeptyw przez drozne naczynia wywoluje znaczny
stres $cinajacy (shear stress) [1,19], co inicjuje procesy remodelingu $cian drobnych naczyn
obwodowych 1 rozw¢j wtornej mikroangiopatii. W rezultacie dochodzi do dalszego wzrostu oporu

naczyniowego oraz postepujacej niewydolnosci prawej komory serca.

Opisano rdézne typy remodelingu, obejmujagce m.in. zamknig¢cie malych tetniczek
podsegmentalnych, pogrubienie btony wewnetrznej oraz przerost btony srodkowej, z tworzeniem
zmian typu splotowego w obrgbie tetniczek [1,16,19,20]. Co istotne, zmiany mikroangiopatyczne
obserwuje si¢ rowniez w rejonach ptuc pozbawionych bezposredniego doptywu krwi z tetnic

phlucnych [21]. Sugeruje si¢, ze moze to by¢ zwigzane z przeptywem krwi przez krazenie oboczne,
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gléwnie za posrednictwem przeros$nietych tetnic oskrzelowych. Cho¢ mechanizm ten petni

funkcje kompensacyjng, moze jednoczes$nie sprzyjaé¢ remodelingowi mikrokrazenia [22].

Opisane wyzej procesy prowadzg do dalszego wzrostu oporu PVR oraz poglebiajacej sie
niewydolnos$ci prawej komory serca. Rokowanie u nieleczonych pacjentow z CTEPH jest
niekorzystne — pigcioletni wskaznik przezycia wynosi okoto 30% przy mPAP powyzej 40 mmHg i

jedynie 10% przy mPAP przekraczajacym 50 mmHg [23].

Postgp w zakresie terapii CTEPH znaczaco poprawit rokowanie oraz wyniki leczenia pacjentow
[2,19,20]. Zgodnie z zaleceniami 7. Swiatowego Sympozjum Nadciénienia Phucnego,
endarterektomia ptucna (PEA, ang. pulmonary endarterectomy) stanowi leczenie z wyboru u
pacjentow kwalifikujacych si¢ do zabiegu chirurgicznego. W przypadkach, w ktorych interwencja
operacyjna nie jest mozliwa, skuteczng alternatywg stanowi leczenie farmakologiczne oraz

przezskorna angioplastyka balonowa (BPA, ang. balloon pulmonary angioplasty) [19,20].

Wszyscy pacjenci z rozpoznanym CTEPH powinni zosta¢ ocenieni przez wielodyscyplinarny
zespOl specjalistow w celu ustalenia optymalnej, indywidualnie dostosowanej strategii
terapeutycznej, uwzgledniajacej zardwno stan ogoélny chorego, jak i wspotistniejace choroby.
Wedtug ostatnio publikowanych danych, leczenie chirurgiczne pozwala osiggnaé pigcioletnie
przezycie u okoto 90% pacjentow, podczas gdy leczenie farmakologiczne zapewnia trzyletnie

przezycie na poziomie 70% [2]

Weczesne rozpoznanie CTEPH ma kluczowe znaczenie, poniewaz pacjenci zdiagnozowani na
wczesnym etapie choroby odnoszg najwigksze korzysci z leczenia [24]. Niestety, diagnostyka
CTEPH jest trudna, gléwnie ze wzgledu na bezobjawowy poczatek (tzw. ,,okres miesigca
miodowego” po przebytej zatorowosci ptucnej) [13,16], powolng progresj¢ objawow oraz ich
niespecyficzny charakter. Do najczestszych objawdw naleza duszno$¢ (99,1%), obrzeki konczyn
dolnych (40,5%), zmeczenie (31,5%), bol w klatce piersiowej (15,3%) oraz omdlenia (13,7%) [2,
24, 25]. Objawy te sg jednak malo charakterystyczne i czesto przypisywane innym jednostkom

chorobowym, co utrudnia postawienie wlasciwego rozpoznania.

Dodatkowym problemem w procesie diagnostycznym jest brak udokumentowanej przesztosci
choroby zakrzepowo-zatorowej u cze$ci pacjentdow, co opdOznia ich skierowanie do
wyspecjalizowanych osrodkow [13,16]. Diagnoza CTEPH bywa réwniez op6zniona lub btedna z
powodu niskiego poziomu $wiadomosci klinicznej dotyczacej tej jednostki chorobowej[13,24].
Badania wykazuja, ze S$redni czas od pojawienia si¢ pierwszych objawow do postawienia

rozpoznania wynosi od 14 do 24 miesiecy [26].

Jednym z narzgdzi wspomagajacych proces diagnostyczny jest akronim SCAR (Suspect, Confirm,
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Assess Risk), ktory promuje systematyczne podejscie do rozpoznawania CTEPH, podkreslajac

konieczno$¢ wezesnego podejrzenia choroby, potwierdzenia diagnozy i oceny ryzyka [27].

Zastosowanie wielomodalnych technik obrazowania odgrywa kluczowa role w diagnostyce
CTEPH, umozliwiajac wczesne rozpoznanie choroby, precyzyjne okreslenie lokalizacji i
rozlegtosci zmian, dobdr odpowiedniej strategii terapeutycznej oraz ocen¢ skutecznos$ci leczenia.
Dynamiczny rozwo6j technologii obrazowania pozwala na uzyskiwanie obrazow o wysokiej
rozdzielczo$ci oraz oceng specyficznych parametrow hemodynamicznych, co przeklada si¢ na

wczesniejsze rozpoznanie i bardziej trafne decyzje kliniczne.
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5.2. Miejsce obrazowania w diagnostyce przewleklego zakrzepowo-zatorowego nadcisnienia

plucnego.

Zgodnie z wytycznymi ESC/ERS z 2022 roku, podstawowym badaniem przesiewowym u
pacjentdw z objawami oraz czynnikami ryzyka CTEPH jest przezklatkowa echokardiografia serca
(TTE, ang. transthoracic echocardiography), pozwalajaca na wstgpng oceng obecnosci
nadci$nienia ptucnego . W przypadku niskiego prawdopodobienstwa nadcisnienia ptucnego nalezy
rozwazy¢ inne przyczyny zgtaszanych dolegliwosci [1,27]. Przy posrednim prawdopodobienstwie
wskazane jest wykonanie dodatkowych badan, takich jak oznaczenie stezenia peptydoéw
natriuretycznych (BNP (ang. brain natriuretic peptide) lub NT-proBNP (.ang. N-terminal pro-B-
type natriuretic peptide)) [1,27]. W procesie stratyfikacji ryzyka pomocne sg rowniez narzedzia
diagnostyczne, takie jak kryteria wykluczenia CTEPH wedlug Leiden (taczace EKG i poziom NT-
proBNP) [28] oraz algorytm InShape II, uwzgledniajacy parametry kliniczne, zapis EKG i NT-
proBNP [29]. Oba wykazuja wysoka czutos¢ i swoistos¢ w wykluczaniu CTEPH [27]. U
pacjentow z wysokim prawdopodobienstwem choroby zaleca si¢ wykonanie scyntygrafii
perfuzyjno-wentylacyjnej (V/Q, ang. ventilation/perfusion scan) lub alternatywnych technik
obrazowania w celu oceny zaburzen perfuzji ptucnej [1]. W przypadkach podejrzenia CTEPH
konieczne jest rozszerzenie diagnostyki o badania umozliwiajace szczegdélowa oceng anatomiczna,
potwierdzenie rozpoznania oraz wybor optymalnej strategii terapeutycznej. Naleza do nich CTPA
oraz RHC z cyfrowg angiografig subtrakcyjng tetnic ptucnych (PDSA, ang. pulmonary digital
subtraction angiography) [1]. (Rycina 1)

Wielomodalny algorytm diagnostyczny w
CTEPH

V/Q Scan SPECT/ DECT / MRI

Niezgodny ubytek Alternatywne techniki oceny
perfuzji perfuzii

CTPA
Alternatywna

Dostepnosé i technika oceny
nieinwazyjnos¢ anatomicznej

TTE
Cechy nadci$nienia
ptucnego
DSPA + RHC
Zioty standard przed
PEA/BPA
Niejednoznaczny
cMR wynik CTPA
Alternatywna metoda
oceny serca

Rycina 1. Wielomodalny algorytm diagnostyczny w CTEPH
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W diagnostyce CTEPH kluczowa rolg odgrywa ocena perfuzji ptucnej. Scyntygrafia V/Q
pozostaje ztotym standardem w wykrywaniu zaburzen perfuzji, wykazujac bardzo wysoka czutosé¢
(96-97,4%) oraz swoistos¢ (94—100%) [1,30]. Prawidlowy wynik badania praktycznie wyklucza
CTEPH, osiagajac ujemna warto$¢ predykcyjng bliskg 100% [13,24,31]. W badaniu ocenia si¢
zaroOwno wentylacje, jak i perfuzje ptucng w celu wykrycia charakterystycznych dla CTEPH
niezgodnych ubytkow perfuzji, najczgéciej mnogich, klinowatych, §redniego i duzego stopnia,
przy zachowanej wentylacji [33]. Dodatni wynik wymaga jednak potwierdzenia innymi
technikami obrazowania, gdyz podobne zmiany mogg wystgpowa¢ w innych chorobach naczyn

phlucnych [32].

Tradycyjna dwuwymiarowa scyntygrafie V/Q coraz cze¢sciej zastgpuje obrazowanie
trojwymiarowe z wykorzystaniem tomografii emisyjnej pojedynczego fotonu (SPECT, ang. single
photon emission computed tomography ), ktore cechuje si¢ wyzsza czulo$cia, swoistoscig oraz

wartoscig predykeyjng ujemna [13,34,35].

Alternatywna metoda oceny perfuzji ptucnej jest tomografia komputerowa z podwojng energia
(DECT, ang. dual-energy computed tomogra), pozwalajaca na ilo§ciowg analiz¢ tkanek na
podstawie réznic w pochtanianiu promieniowania [13]. W diagnostyce CTEPH metoda ta
wykazuje wysoka zgodnos¢ ze scyntygrafig V/Q, osiagajac czutos¢ 97-100% i1 swoistos¢ 86—92%
[36,37]. DECT umozliwia ocen¢ objetosci krwi ptucnej (PBV, ang. pulmonary blood volume ), a
takze jako$ciowg analize mikroangiopatii plucnej poprzez identyfikacje obszaréw ostabione;j

perfuzji podoptucnowej (PSP, ang. poor subpleural perfusion) [38,39,40].

Perfuzja plucna moze by¢ rdwniez oceniana za pomocg rezonansu magnetycznego (MRI, ang.
magnetic resonance imaging), ktéry umozliwia kompleksowg oceng jako$ciowg i ilosciowa
przepltywu plucnego [41]. Nowoczesne techniki, takie jak ultra-short echo time, poprawiajg jakos¢
obrazow, skracaja czas akwizycji oraz ograniczajg artefakty [42—45]. MRI pozwala na
automatyczng oceng parametréw hemodynamicznych [41,46] i wykazuje wysoka czutos$¢ (97—
100%) oraz swoistos¢ (90-95%) w wykrywaniu CTEPH — poréwnywalng lub przewyzszajaca
klasyczng scyntygrafi¢ V/Q [47,48]. Ze wzglgdu na brak ekspozycji na promieniowanie MRI
znajduje szczegodlne zastosowanie w monitorowaniu pacjentdow wymagajacych wielokrotnej

kontroli.

Metodg referencyjng w potwierdzaniu rozpoznania CTEPH 1 kwalifikacji do leczenia
chirurgicznego sa RHC z DSPA [1]. W Polsce, zgodnie z danymi rejestru BNP-PL, badanie
DSPA potwierdzito CTEPH u 96,1% pacjentéw, a w pozostatych przypadkach diagnostyka oparta
byta na wynikach badania CTPA [49]. DSPA umozliwia doktadng oceng lokalizacji, rozlegtosci

oraz morfologii przewlektych materiatow zatorowych [50], lecz ze wzglgdu na inwazyjno$¢, nie
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jest stosowana rutynowo [1].

Do nieinwazyjnych metod obrazowania strukturalnego w CTEPH sg CTPA i MRI. Angiografia
rezonansu magnetycznego tetnic plucnych (MRPA, (ang. magnetic resonance pulmonary
angiography), zaréwno z kontrastem gadolinowym, jak i bez niego, umozliwia ocen¢
unaczynienia bez narazenia pacjenta na promieniowanie oraz jodowe $rodki kontrastowe.
Obrazowe cechy CTEPH w MRPA sg pordownywalne z tymi uzyskiwanymi w CTPA 1 obejmuja
zarOWno zmiany naczyniowe, jak i sroédmigzszowe [51-54]. Czutos¢ i swoistos¢ MRPA w
wykrywaniu CTEPH wynosza odpowiednio: dla poziomu ptatowego 83,1% 1 98,6%, a dla
segmentalnego 87,7% i 98,1% [13,55,56].

W zwiazku z powyzszym, rola radiologa w interdyscyplinarnym zespole zajmujacym si¢
diagnostyka i leczeniem CTEPH jest kluczowa. Wymaga ona przy tym nieustannego
aktualizowania wiedzy o mozliwos$ciach poszczegolnych metod obrazowych oraz ich prawidtowe;j

interpretacji.

Doniesienia zawarte w artykule przegladowym stanowigcym rozdziat 7.1 niniejszej rozprawy
doktorskiej prezentuja jedno z najbardziej kompleksowych opracowan dotyczacych zastosowania

technik obrazowania w diagnostyce CTEPH dostepnych w aktualnej literaturze.

5.3 Angiografia tomografii komputerowej w przewleklym zakrzepowo-zatorowym

nadcisnieniu plucnym.

CTPA stanowi istotne narzedzie w CTEPH oraz w ocenie kwalifikacji pacjentoéw do leczenia
operacyjnego. Badania wykazuja wysoka czutos¢ i swoistos¢ tej metody w wykrywaniu
charakterystycznych cech CTEPH: czulo$¢ na poziomie platowym wynosi 89—-100%, a
segmentalnym 84-91%; swoistos¢ odpowiednio 96—100% i 92—-99% [57-59].

Zgodnie z obowigzujacymi wytycznymi, ujemny wynik CTPA nie wyklucza obecnosci CTEPH,
poniewaz zmiany w dystalnych odcinkach naczyn plucnych moga pozosta¢ niewidoczne [60].
Mimo tego CTPA dostarcza kluczowych informacji dotyczacych lokalizacji i morfologii materiatu

zatorowego, niezbednych do planowania leczenia chirurgicznego lub interwencyjnego.

CTPA jest powszechnie dostepna i stanowi badanie pierwszego rzutu w APE, umozliwiajac
jednoczesnie identyfikacje cech sugerujacych wspotistnienie przewlektych zmian zakrzepowo-
zatorowych [32]. Dodatkowo umozliwia wykrycie wspotistniejacych patologii migzszu plucnego i

struktur §rodpiersia, a takze wspomaga réznicowanie z innymi chorobami naczyn ptucnych [2].
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Typowe cechy obrazowe CTEPH w CTPA obejmuja zmiany naczyniowe charakterystyczne dla
przewlektej zatorowosci, takie jak czgsciowe zamknigcie Swiatta naczynia, skrzepliny (takze
zwapniate), przegrody wewnatrznaczyniowe, pasma i przegrody. Widoczne sg rowniez objawy
nadci$nienia ptucnego — poszerzenie pnia oraz tetnic ptucnych oraz tetnic oskrzelowych i
piersiowych wewnetrznych [61,62]. Obrazowanie pozwala takze oceni¢ zmiany migzszowe (np.
blizny wiokniste, mozaikowa perfuzj¢ migzszu ptucnego, anomalie oskrzeli) oraz objawy
przeciazenia prawej komory serca, takie jak jej przerost i powiekszenie prawej komory [61,62].
Wyglad radiologiczny moze si¢ r6zni¢ w zaleznos$ci od stopnia zaawansowania choroby,

rozleglosci zmian naczyniowych i nasilenia nadcisnienia plucnego [63].

Wysoka dostgpno$¢, nieinwazyjnos¢, mozliwos¢ diagnostyki roznicowej oraz jednoczesna ocena
zmian naczyniowych, migzszowych i1 sercowych czyniag CTPA metoda o wyjatkowym znaczeniu
w diagnostyce CTEPH. Nalezy jednak podkresli¢, ze skuteczno$¢ diagnostyczna metody, a
zwlaszcza jej czuto$¢ zalezy w duzej mierze od doswiadczenia osoby interpretujacej wyniki.
Wazna jest przy tym odpowiednia jakos¢ techniczna ocenianych obrazéw. Dodatkowo obrazowe
cechy CTEPH nie sa specyficzne wyltacznie dla tej jednostki chorobowej wymagajac
odpowiedniej analizy w kontekscie klinicznym. Podnoszenie kompetencji w zakresie uzyskiwania
wysokiej jakosci technicznej 1 interpretacji CTPA moze przyczynic¢ si¢ do poprawy
wykrywalnosci CTEPH, zmniejszenia konieczno$ci dalszej diagnostyki, skrocenia czasu do

rozpoznania oraz optymalizacji wynikéw leczenia.

Ze wzgledu na ograniczong liczbg dostepnych doniesien naukowych analizujacych czestos¢
wystepowania oraz warto$¢ predykcyjna cech radiologicznych charakterystycznych dla CTEPH w
badaniu CTPA, przeprowadzitem kompleksowa oceng czestosci wystgpowania tych cech w
badaniu CTPA. Porownatem uzyskane wyniki z obrazem radiologicznym jednostek chorobowych
najczesciej uwzglednianych w diagnostyce roznicowej CTEPH, takich jak przewlekta
zakrzepowo-zatorowa choroba (CTED, ang. chronic thromboembolic disease), tetnicze
nadci$nienie ptucne (PAH, ang. pulmonary arterial hypertension) oraz APE. Na podstawie
przeprowadzonej analizy dokonatem oceny wartosci diagnostycznej tych cech w rozpoznaniu
CTEPH. Szczegotowe wyniki badania przedstawiono w rozdziale 7.2 niniejszej rozprawy
doktorskiej.
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6. CELE PRACY

1. Ocena czestoSci wystgpowania cech radiologicznych charakterystycznych dla CTEPH w
CTPA, z uwzglgdnieniem trzech kategorii zmian: przewlektej zatorowos$ci ptucnej, nadcis$nienia
ptucnego oraz przecigzenia prawej komory serca , u chorych z potwierdzonym rozpoznaniem

CTEPH.

2. Porownanie czgstosci wystgpowania wybranych cech obrazowych charakterystycznych dla
CTEPH z ich obecnoscig w chorobach naczyn ptucnych (CTED, APE oraz PAH) o zblizonej

symptomatologii klinicznej i podobnych cechach radiologicznych

3. Ocena przydatno$ci diagnostycznej wybranych cech radiologicznych w réznicowaniu
pacjentow z CTEPH, z wykorzystaniem parametrow takich jak: wskaznik AUC, czulo$é,
swoistos¢, wartos¢ predykcyjna dodatnia, warto$¢ predykeyjna ujemna oraz trafno$¢

diagnostyczna,

4. Przedstawienie miejsca CTPA wsrod innych metod obrazowania CTEPH
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7. PRACE TWORZACE CYKL PUBLIKACJI
Rozdziaty 7.1. — 7. 2. stanowig cykl publikacji wchodzacych w sktad

prezentowanej rozprawy doktorskie;j.
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Abstract

Chronic thromboembolic pulmonary hypertension (CTEPH) is a potentially life-threatening
condition, classified as group 4 pulmonary hypertension (PH), caused by stenosis or occlusion
of the pulmonary arteries due to unresolved thromboembolic material. The prognosis for

untreated CTEPH patients is poor because it leads to elevated pulmonary artery pressure and
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right heart failure. Early and accurate diagnosis of CTEPH is crucial because it remains the
only form of PH that is potentially curable. However, diagnosing CTEPH is often challenging
and frequently delayed or misdiagnosed. This review discusses the current role of multimodal
imaging in diagnosing CTEPH, guiding clinical decision-making, and monitoring post-
treatment outcomes. The characteristic findings, strengths, and limitations of various imaging
modalities, such as computed tomography, ventilation-perfusion lung scintigraphy, digital
subtraction pulmonary angiography, and magnetic resonance imaging, are evaluated.
Additionally, the role of artificial intelligence in improving the diagnosis and treatment
outcomes of CTEPH is explored. Optimal patient assessment and therapeutic decision-making
should ideally be conducted in specialized centers by a multidisciplinary team, utilizing data

from imaging, pulmonary hemodynamics, and patient comorbidities.

Keywords: chronic thromboembolic pulmonary hypertension, computed tomography

angiography, dual-energy CT, V/Q scintigraphy, magnetic resonance imaging

Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is a potentially life-threatening
condition classified as group 4 pulmonary hypertension (PH) according to the European
Society of Cardiology (ESC) and European Respiratory Society (ERS) guidelines (i.e., PH
secondary to pulmonary artery obstruction). It represents a form of precapillary PH [1, 2].
CTEPH is caused by stenosis or occlusion of the subsegmental, segmental, and main branches
of the pulmonary arteries (PA) due to incomplete resolution of pulmonary thromboembolic

material and formation of chronic, flow-limiting, organized thrombi [1, 2].

In Poland, since the establishment of the national pulmonary hypertension registry (BNP-PL)
in 2018, a total of 876 CTEPH patients have been recorded, including 550 newly diagnosed
cases, with an average incidence rate of approximately 8.3 new cases per month [3 ]. The
diagnosis of CTEPH is confirmed by right heart catheterization (RHC) and pulmonary
vascular imaging. The diagnostic criteria for PH are a mean pulmonary artery pressure
(mPAP) greater than 20 mmHg, a pulmonary vascular resistance (PVR) of 2 or more Wood
units (WU), and a pulmonary artery wedge pressure (PAWP) of 15 mmHg or less and

mismatched perfusion defects on lung scan and specific diagnostic signs for CTEPH seen by
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multidetector computed tomography pulmonary angiography (CTPA). At least three months

of effective anticoagulation is required before diagnostic workup [2, 4, 5].

CTEPH is a rare complication of acute pulmonary embolism (APE), although one in four
patients with CTEPH has not had a previously diagnosed episode of venous
thromboembolism. The incidence of CTEPH is not well defined, but prospective
observational studies estimate the range from 0.5% to 9% after APE [2, 6-8]. This wide range
is due to different study designs and screening methods. From a clinical perspective, it is
believed that about 3—5% of APE cases lead to CTEPH due to incomplete clot resolution, with
an incidence of 3 to 5 cases per 100,000 people per year [1, 9]. Notably, it has been
demonstrated that in 22% of patients with APE, at least one radiological feature suggestive of
chronic thromboembolic disease was present on CTPA, and its presence increased the
likelihood of developing CTEPH nearly eightfold. However, the current ESC guidelines for
the management of APE do not recommend testing for CTEPH in all patients after an acute
episode, but specifically in those who, despite at least three months of effective
anticoagulation therapy, continue to experience exertional dyspnea or reduced physical

capacity compared to their condition prior to the event [10].

However, not all patients with CTEPH have a documented history of APE. Some studies
indicate that only about 60% of CTEPH patients have a confirmed history of venous
thromboembolism [11], while others show that 74.8% had APE and 56.1% had deep vein

thrombosis [12].

Although CTEPH is caused by obstructions in the pulmonary arteries, its pathophysiology is
complex and not yet fully understood [2, 13]. In most patients with PE, endogenous
thrombolytic mechanisms are effective, resulting in complete thrombus resolution and the
restoration of normal blood flow [13, 14]. However, in a subset of patients, the embolism fails
to resolve and instead progresses to fibrous tissue formation [2, 15]. The exact mechanism of
this process remains unclear, but study results have shown several risk factors, including
chronic inflammatory processes, splenectomy, the presence of circulating antiphospholipid
antibodies or lupus anticoagulants, elevated factor VIII levels, and recurrent venous

thromboembolism or thyroid replacement therapy. [1, 2, 16, 17].

Persistent occlusion of pulmonary blood flow due to non-absorbed material raises resistance
and pressure. The increased flow in the unobstructed vessels, leading to considerable “shear

stress” [2, 5]. This stress triggers remodeling of the walls of small distal vessels with a
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secondary microvasculopathy, which leads to increased pulmonary vascular resistance and

progressive right heart failure.

Different types of remodeling have been observed, including obstruction of small
subsegmental arteries, thickening of the intima, and hypertrophy of the media with plexiform

lesions in the arterioles [2, 5, 15, 18].

The natural progression of CTEPH results in elevated PVR and worsening right ventricular
(RV) failure. The prognosis for untreated CTEPH patients is poor, with a five-year survival
rate of 30% for those with mPAP exceeding 40 mmHg and only 10% for those with mPAP
over 50 mmHg [19]. The development of therapeutic options for patients with CTEPH,
including pulmonary endarterectomy (PEA), pulmonary hypertension-targeted medical
therapy, and balloon pulmonary angioplasty (BPA), has significantly improved patient
outcomes [2, 5, 18]. Following the recommendations of the 7th World Symposium on
Pulmonary Hypertension, PEA is the preferred treatment for operable CTEPH patients. For
those who are inoperable, targeted medical therapy and balloon pulmonary angioplasty are
promising alternative treatments [5, 18]. Surgical treatment has been shown to achieve a five-

year survival rate of 90%, whereas medical therapy has a three-year survival rate of 70% [2].

Early diagnosis of CTEPH is crucial because patients diagnosed at an early stage are likely to
benefit the most from treatment [20]. However, diagnosing CTEPH remains challenging and
is frequently delayed or misdiagnosed [1, 20]. On average, it takes approximately 14-24
months from the onset of symptoms to reach a diagnosis in expert centers [21]. Misdiagnosis
and delayed diagnosis of CTEPH can be attributed to several factors. Diagnostic difficulties
are determined by the silent onset (asymptomatic period after APE so-called “honeymoon
period”) [1, 15], slow progression of symptoms, and nonspecific clinical presentation
including symptoms such as shortness of breath, edema, fatigue, asthenia, chest pain, and
syncope [2, 20]. Furthermore, insufficient awareness of CTEPH among many physicians and
the absence of a documented history of thromboembolic disease contribute to delays in
referring patients to specialized centers [1, 15]. The complex diagnostic workup, which
involves evaluating clinical and physical signs, extensive imaging studies, as well as

hemodynamic evaluation, requires expert centers with multidisciplinary teams [1, 15].

The role of radiologists in a multidisciplinary team is indispensable because imaging is
pivotal not only in the initial assessment but also in identifying alternative diagnoses,

delineating the extent and topography of lesions, and detecting additional abnormalities.
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Radiologists face significant challenges in diagnosing CTEPH. Studies indicate that only 26%
of radiologists accurately diagnosed CTEPH in original routine CT scans, in contrast to
experts who identified all cases correctly [22]. The inability to effectively utilize and interpret
various imaging modalities contributes substantially to delays in the diagnosis and treatment

of CTEPH [23].

In this article we discuss the current role of multimodal imaging in the diagnosis of CTEPH,
emphasizing the characteristic findings associated with each imaging modality (Table 1).

(Central illustration).

Accurate knowledge of the role of multimodal imaging in CTEPH is essential for the precise
interpretation of results, enabling early diagnosis, the selection of appropriate treatment

strategies, and the evaluation of treatment efficacy
Chest radiography

Chest radiography is often performed as a part of baseline evaluation, but for the detection of
CTEPH it is of limited value. In the early stages of disease, it may be normal. In advanced
cases, chest radiography can depict findings related to PH and thromboembolic disease.
Among the most commonly observed findings in studies are cardiomegaly, oligemia, right
descending pulmonary artery dilatation, and pleural effusion and thickening [24]. Chest
radiography may show differential areas of hypoperfusion, hyperperfusion, and parenchymal
scarring. It is vital to pay attention to radiological clues in a patient with clinical symptoms,

which should alert to the possible presence of PH [18, 25, 26].
Ventilation-perfusion lung scintigraphy

Ventilation-perfusion lung scintigraphy (ventilation/perfusion scan -V/Q scan) according to
the guidelines is a first-line imaging technique for the diagnosis of CTEPH [27]. V/Q
scanning is highly sensitive, ranging from 96% to 97.4%, and highly specific, ranging from

94 to 100%, in identifying perfusion abnormalities.

While a normal V/Q scan effectively rules out the diagnosis of CTEPH, with a negative
predictive value approaching 100% [1, 20, 28], a positive result cannot be used as a
standalone tool for clinical decision-making. It always requires confirmation through
additional diagnostic imaging because other pulmonary vascular diseases can cause

unmatched perfusion defects [29].
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The V/Q scan comprises both ventilation and perfusion assessments to detect the mismatched
perfusion defect characteristic of CTEPH. During the ventilation phase, the patient inhales an
aerosol containing diethylenetriaminepentaacetic acid labeled with technetium-99m (99mTc),
which allows the aerosol particles to reach the distal segments of the respiratory tract. In the
perfusion phase, technetium-99m-labeled microaggregated albumin (MAA) is administered
via a peripheral vein, where it becomes lodged in the precapillary arterioles [27, 30]. The
most characteristic findings in CTEPH are multiple, moderate to large, wedge-shaped
perfusion defects, while ventilation remains intact (Figure 1 A, B) [31]. These defects
correspond to the size of the lobar, segmental, or subsegmental regions of the lung, which
correspond to the thrombotic occlusion of a specific artery [1, 23, 32]. However, it is
important to remember that various other pathological conditions can result in similar patterns
of vascular obstruction in a V/Q scan. These include vasculitis, pulmonary artery sarcoma,
external vascular compression due to bronchial carcinoma, mediastinal adenocarcinoma,
fibrosis, or congenital abnormalities of the pulmonary vasculature [1, 25]. Therefore,
additional imaging is necessary following an abnormal V/Q scan to assess disease
morphology, evaluate lung parenchymal abnormalities, and establish a differential diagnosis.
It should be noted that the extent of perfusion defects does not correlate with the severity of
CTEPH [33], and there is a possibility of underestimating the degree of obstruction because
radioisotope-labeled particles can pass through partially occluded vessels [25]. Conventional
V/Q scan imaging involves two-dimensional planar acquisition using a gamma camera. In
clinical practice, there is an increasing trend to replace traditional 2D V/Q scintigraphic
imaging, especially for perfusion scans (where segmental defects may be overlooked or
underestimated due to segment overlap and adjacent lung masking in a specific camera
position), with 3D V/Q lung imaging using single-photon emission computed tomography
(SPECT). This method can overcome the aforementioned limitations providing images with

higher sensitivity, specificity, and negative predictive value [1, 27, 34, 35].
Right heart catheterization with pulmonary angiography

Right Heart Catheterization (RHC) with digital subtraction pulmonary angiography (DSPA) is
the reference standard for the assessment of CTEPH and evaluating surgical eligibility [2]. In
Poland, based on data from the study by Kopec et al., derived from the BNP-PL registry and
covering the period between March 2018 and August 2019, CTEPH was confirmed by
pulmonary artery angiography in most patients (96.1%), while in 3.9% of cases the diagnosis

was confirmed using CTPA [36].
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If CTEPH is suspected on the basis of clinical and imaging findings, the patient should be
referred to a pulmonary hypertension center for confirmation of pre-capillary PH. The
hemodynamic characteristics of pre-capillary PH, including CTEPH, are described earlier in

this paper [31].

Although DSPA has traditionally been the standard for diagnosing and confirming CTEPH, it
is now primarily used for diagnosing and evaluating treatment options when CTPA results are
inconclusive [37]. Multiplanar imaging in DSPA allows precise visualization of lobar and
segmental branches, with the lateral view being helpful in overcoming the limitations of
overlapping vessels [25]. DSPA enables the assessment of the extent, location, and
morphology of chronic emboli, distinguishing them from the well-defined filling defects
observed during APE [25]. Angiographic findings consistent with CTEPH include lucent
intravascular lines (webs and bands), irregular vessel wall contour, stenoses and post-stenotic
dilatation, angular narrowing, and complete obstructions — so called “pouch defects” (Figure
2) [18, 31, 38]. The latter is caused by a complex restructuring process involving organization,
recanalization, and clot retraction, which leads to a concave configuration in obstructing
thrombi [25, 38]. DSPA also enables the exclusion of increased PVR secondary to distal
vascular disease, arteriopathy, or pulmonary venous hypertension [39, 40]. However, as
previously noted, DSPA is not routinely used for the diagnosis of CTEPH in all patients due to
its invasiveness, the limitations of two-dimensional projection images, and the benefits
offered by non-invasive imaging modalities [1]. The latter, such as advanced computed
tomography technologies (including dual-energy CT, electrocardiogram gated area detector
CT) offer greater resolution and detailed assessment, particularly in distal vessels, compared
to DSPA. This enhanced imaging capability is especially significant in the context of rapidly
evolving treatment modalities, such as TPE and BPA [40, 41].

Computed tomography pulmonary angiography

According to ECG guidelines, (CTPA) is recommended and widely used for diagnosing
CTEPH and evaluating operability. Although CTPA may not be the initial test for the
evaluation of CTEPH, it is important in the next steps of diagnostics and for treatment
decision-making. Moreover, CTPA is easily available and is the initial imaging test of choice

for APE, which enables the detection of features suggestive of pre-existing CTEPH [29].

However, the guidelines also note that a negative CTPA result does not rule out CTEPH

because distal disease might be missed [37]. The results of studies describe the high
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sensitivity and specificity of CTPA in detecting features of CTEPH: sensitivity (lobar 89—
100%; segmental 84-91%) and specificity (lobar 96—100%; segmental 92—-99%) [42—44].

CTPA provides detailed anatomical assessment of the pulmonary vasculature, revealing
endovascular thrombi, complete obstructions, vascular wall thickening, intimal irregularities,
abrupt stenosis, webs, bands, and bronchial artery collaterals (Figure 3) [1, 25]. This enables
both qualitative and quantitative evaluation of vascular changes typical for CTEPH, such as
distal vessel pruning and increased arterial tortuosity [45]. Importantly, CTPA can
differentiate APE from chronic thromboembolic lesions [25]. Detection of CTEPH features

during an APE suggests an acute-on-chronic presentation [4].

Mosaic perfusion, seen in over 94% of CTEPH cases [27, 46], reflects vascular redistribution
and is more frequent than in other PH types [47], supporting the diagnosis when distal
occlusion is uncertain. In severe forms, hyperperfused areas with dilated arteries and
increased density may appear [27, 48]. Pulmonary infarctions—present in 10—15% of cases—
manifest as subpleural opacities, fibrotic scars, or cavitations, depending on chronicity [25].
Bronchiectasis is also more prevalent in CTEPH than in other forms of thromboembolic PH

[38, 49].

Additional CT signs of PH include main pulmonary artery dilatation and calcification, right
ventricular hypertrophy, septal flattening, right atrial enlargement, and pericardial effusion

[37, 47].

CTPA also offers the advantage of providing structural and differentiating information about
potential underlying lung and mediastinal diseases. This capability helps distinguish between
CTEPH mimics that present with perfusion defects on a V/Q scan, such as pulmonary artery
sarcoma, large vessel vasculitis, fibrosing mediastinitis, and congenital pulmonary vascular
abnormalities [27, 47]. While CTPA is considered less effective than DSA in identifying
subsegmental lesions, advancements in CT imaging technology, such as electrocardiogram-
gated scans, are expected to address this limitation [1, 50, 51]. Electrocardiogram-gated
computed tomography (ECG-gated CT), which improves resolution and reduces artifacts
caused by cardiac motion, is a very promising diagnostic technique for CTEPH [27]. Studies
have shown higher sensitivity of ECG-gated CT angiography in assessing pulmonary arteries
for signs of CTEPH compared to contrast-enhanced magnetic resonance angiography (MRA)

and DSPA [53]. ECG-gated CT allows for accurate evaluation of segmental and subsegmental
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vessels, lung parenchyma, as well as anatomical and functional parameters of the heart [20,

27].
Dual-energy computed tomography

Dual-energy computed tomography (DECT) has recently emerged as a CT technique for
quantitative analysis of tissues and materials based on the different absorption characteristics
of the materials [1]. Lung DECT is an effective technology for mapping the distribution of
iodine in the lung after administration of an iodine-based contrast agent [52]. This method
uses low- and high-tube-voltage X-rays to simultaneously capture two different datasets. The
spatial distribution of the iodine in the lung parenchyma reflects pulmonary perfusion [53].
The results of studies demonstrate a strong correlation between DECT perfusion imaging and
V/Q scintigraphy with DECT sensitivity ranging from 97% to 100% and a specificity ranging
from 86% to 92% in diagnosing CTEPH [54, 55]. The significant advantage of DECT is the
ability to evaluate quantitative lung perfusion using the lung perfusion blood volume (PBV)
score. The PBV parameter is calculated as the sum of the iodine density scores in each lung
segment (Figure 1. C, D) [53]. It has been shown that PBV correlates with the qualitative and
quantitative perfusion assessment data provided by multiplanar scintigraphy and SPECT-CT
[55, 56]. Furthermore, DECT results in patients with CTEPH correlates with hemodynamic
parameters [57, 58]. Several studies have demonstrated that DECT allows for the qualitative
evaluation of microvasculopathy through a sensitive analysis of poor subpleural perfusion
(PSP) [53, 59]. DECT, in addition to functional assessment, enables simultaneous evaluation
of cardiac, vascular, and pulmonary morphology within a single examination, making it a one-
stop-shop modality. Furthermore, the radiation doses required for DECT are significantly
lower compared to V/Q-SPECT [60]. However, unlike perfusion SPECT, it should be noted
that in DECT, late-phase lung PBV reflects perfusion from both the pulmonary arteries and
systemic collaterals, which may affect the interpretation of results [61]. In addition,
knowledge of focal iodine defects unrelated to pulmonary embolism that occur in DECT
scans mainly due to beam-hardening artifacts or artifacts due to motion may help to interpret
the scans more accurately [62]. Other limitations of this method include its high cost and the

limited availability of scanners equipped with this technique [1].
Magnetic resonance imaging

Magnetic resonance imaging (MRI) is playing an increasingly important role in the diagnosis

of CTEPH. MR angiography (MRA) techniques provide morphological evaluation of the
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pulmonary vasculature, while MR perfusion techniques provide information of the pulmonary
tissue perfusion at the capillary level. MR pulmonary angiography (MRPA) either with or
without the use of gadolinium-based contrast is the only method that can assess
vascularization without exposure to ionizing radiation and iodine contrast agents. Contrast-
enhanced MRA can be performed at high spatial resolution using 3D, T1-weighted, spoiled
gradient echo sequence or at high temporal resolution (up to one second) using time-resolved
techniques (like TWIST — time-resolved imaging with stochastic trajectories [Siemens
Healthcare, Erlangen, Deutschland], or TRICKS — time-resolved imaging of contrast kinetics
[General Electric Healthcare, Milwaukee, WI, USA]) [63]. Non-contrast MRA techniques
include 3D steady-state free precession, 3D partial Fourier Fast spin echo (FSE), arterial spin
labelling (ASL), or phase contrast sequences [63]. CTEPH features observed in MRPA are
comparable to those seen on CTA and encompass both non-occlusive and occlusive symptoms
[26, 64—66]. The sensitivity and specificity of MRPA in detecting CTEPH at the lobar level
were reported to be 83.1% and 98.6%, respectively, while at the segmental level they were
87.7% and 98.1%, respectively [1, 67]. Studies comparing the diagnostic performance of
MRPA with CTPA indicate that both methods are equally effective in detecting CTEPH at the
lobar and segmental level of pulmonary artery obstruction. However, CTPA is superior to
MRPA in imaging sub-segmental artery obstructions due to its higher spatial resolution, better
contrast-to-noise ratio, and shorter imaging time, which facilitates better breath-hold [25, 38,

66].

Another application of MR in CTEPH is the evaluation of perfusion defects. Pulmonary
perfusion MRI is a valuable tool in the differential diagnosis of PH, including CTEPH,
offering both qualitative and quantitative assessment [68, 69]. Challenges in lung MRI
imaging arise from magnetic susceptibility differences between air and tissue, leading to
image noise. This is mitigated by advanced techniques such as ultra-short echo time, zero
echo time acquisitions, and simultaneous multi-slice balanced steady-state free precession
(SMS b-SSFP) imaging, which improve resolution and anatomical coverage, and reduce scan

times [68, 70—73].

Dynamic MRI enables real-time visualization of pulmonary perfusion: areas with normal
perfusion show uniform enhancement, while obstructed segments exhibit delayed or reduced
contrast flow, often appearing as wedge-shaped or mottled defects in CTEPH [68, 63,74].

Post-processing allows user-independent quantification of pulmonary blood volume (PBV),
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flow (PBF), mean transit time (MTT), and time to peak (TTP) at multiple anatomical levels
[68, 74].

Perfusion MRI has demonstrated high sensitivity (97—100%) and specificity (90-95%) in
CTEPH detection, comparable or superior to V/Q scans [75-77]. Quantitative perfusion
parameters have also shown strong correlation with pulmonary function tests and Doppler
echocardiography, reflecting disease severity and treatment response [78—81]. Improvements
in perfusion following endarterectomy further support its role in disease monitoring, with the
added advantage of no radiation exposure [82]. Limitations include limited availability, the
need for expert interpretation, specialized software, and susceptibility to motion artifacts [63,

68]

Evaluation of cardiac structure and function in CTEPH

While CTEPH results from disruption of the pulmonary vascular bed, RV function and
anatomical changes are crucial in determining patient symptoms and prognosis. Right heart
catheterization (RHC) remains the gold standard for diagnosing PH and is essential for
confirming CTEPH. RHC provides direct measurements of pressures in the pulmonary artery
and right atrium (RAP), as well as cardiac output (CO) and RV volumes. These measurements
are used to calculate additional parameters such as PVR, cardiac index (CI), stroke volume
(SV), pulmonary vascular compliance (PVC), and pulmonary artery impedance [83—85].
Transthoracic echocardiography (TTE) is the most important non-invasive tool for diagnosing
CTEPH and assessing the impact of CTEPH treatment on right heart function due to its wide
availability, low cost, and safety [1, 83]. TTE estimates systolic pulmonary arterial pressure
(sPAP) based on the velocity of tricuspid regurgitation [86]. It also detects signs of RV
overload, such as thickening of the RV free wall, RV dilation, and flattening of the
interventricular septum. Advanced disease symptoms may include dilation of the right atrium
and inferior vena cava, as well as pericardial effusion [1, 83, 87, 88]. Cardiac magnetic
resonance (cMR) is a valuable method for assessing RV morphology and function in the
diagnosis and monitoring of CTEPH [1, 83, 89]. cMR cine images provide precise
information on RV volumetric parameters, RV mass, and wall motion. Additionally, cMR
offers a non-invasive evaluation of blood flow, including SV, CO, and pulmonary artery

distensibility [83, 89]. Interestingly, cMR can demonstrate regional myocardial fibrosis,
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helping to differentiate various cardiomyopathies [90], and it can assess subtle changes in the

myocardial substrate, identifying myocardial injury (Figure 4) [1, 91].
The role of CTEPH imaging in clinical decision-making and post-treatment follow-up

Assessment of operability is often influenced by many factors, such as anatomic findings,
patient history, age, condition, and degree of hemodynamic impairment. A multidisciplinary
team approach, including a PEA surgeon, BPA interventionist, PH specialist, and thoracic
radiologist, is often required when making clinical decisions. If hemodynamic parameters do
not correlate (PVR is disproportionately elevated) with anatomic imaging findings,
microvascular arteriopathy may be advanced [38]. Studies show that accurate radiological
evaluation helps to estimate the stage of disease in patients with CTEPH, predict surgical
findings and the level of disease, and predict hemodynamic changes after surgery [92, 93]. In
addition, evaluation of other lung and mediastinal changes as well as coronary alterations is
particularly important for assessing the risks and contraindications for the treatment
procedures. Post-operative imaging evaluation is also essential. Various imaging methods are
being used to monitor patients to assess response to treatment. Echocardiography is the easiest
readily available test demonstrating improved right ventricular contractility and systolic
pressures with right and left ventricular post-therapy remodeling [26, 38]. MR1 is also a
noninvasive, extremely helpful tool in assessing functional recovery [94,]. V/Q scan and
DECT are used to assess improvements in perfusion in treated areas [38]. However, the
primary role of postoperative imaging is the assessment of complications. Perioperative
complications after PEA may include reperfusion pulmonary edema, which manifests as
asymmetric parenchymal opacities in treated areas [26, 38]. Airway hemorrhage can appear
on CT as hazy ground-glass opacities with ill-defined margins [26]. Pulmonary artery steal
syndrome, observed in approximately 70% of patients after PEA, results from the
redistribution of perfusion from previously normal vessels to endarterectomized arteries,
leading to impaired gas exchange and manifesting as mismatch on V/Q scan [26, 38, 95].
Residual PH, occurring in between 16% and 51% of patients, is caused by inoperable
macrovascular subsegmental lesions or from the presence of microvascular disease [95, 96].
Previously difficult to detect, these complications are now observable with advanced

technologies such as lung perfusion MRI and ECG-CTPA [96].

The role of artificial intelligence in CTEPH diagnosis
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Currently, there are limited data on the use of artificial intelligence (AI) in characterizing
CTEPH imaging. To date, only a few studies using Al in this disease have been published.
Vainio et al. and Bird et al. evaluated hypoperfusion areas affected by CTEPH specifically on
CTPA images using a DL model [97, 98]. The studies by Joshua Gawlitza et al. and Sumer
Shikhare et al. describe the development of a supervised machine learning (ML) model
trained on various quantitative and qualitative CT imaging features for noninvasive
preoperative baseline risk stratification of preoperative patients [99, 100]. In contrast, Kogan
et al. developed a ML model to identify patients with likely PH, using a large patient-level,
US-based electronic health record database. The above-mentioned studies highlight possible
potential expansion in the field of Al in the interpretation of medical images. In the future,
automated interpretation of imaging results using Al tools may have the potential to improve
diagnostic accuracy, reducing delays in diagnosis and providing new information about

CTEPH.
Conclusions

CTEPH is relatively rare, but it has poor outcomes if untreated. The diagnosis of CTEPH is
often inaccurate and delayed, resulting in treatment delays and a worsening prognosis.
Assessment of each patient and therapeutic decision-making should ideally be conducted in
specialized reference centers by a multidisciplinary team, based on data from comorbidities,
imaging, and pulmonary hemodynamics. Imaging plays a pivotal role in the diagnosis of
CTEPH, preoperative assessment, and treatment monitoring. Radiologists thus play a crucial
role in the care of patients with CTEPH. Understanding the usefulness and limitations of
different imaging modalities, being aware of the imaging characteristics of CTEPH and
conditions that can mimic it, as well as identifying complications, is essential in radiological
assessment. Rapidly advancing imaging techniques provide superior image quality and
evaluation of specific parameters, enabling earlier diagnosis and accurate clinical decision-
making. Therefore, it is imperative to continuously update our knowledge about the role of

each method, the appropriate use of imaging, and the accurate interpretation of results.
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Figure legend

Figure 1. Pulmonary perfusion evaluation in CTEPH. A, B: Ventilation-perfusion
scintigraphy (V/Q scan) in 55-year-old man diagnosed with CTEPH. A) After inhalation of
gaseous radionuclides, scintigraphic images obtained in the posterior projection showing
ventilation to lungs. B) After intravenous injection of Technetium-99m macroaggregated
albumin, scintigraphic images were obtained, shown here in the posterior projection. This
view shows perfusion defects in the apicoposterior segment of the left upper lobe and lingula
(blue arrows) corresponding with normally ventilated areas (yellow arrows) on ventilation

scan (A) - V/Q mismatch. C, D: Dual-energy computed tomography (DECT) in 65-year-old
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woman with CTEPH. DECT left lung (C) and right lung (D) pulmonary angiography sagittal

views showing the peripheral perfusion defects (red arrows)
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Figure 2. Conventional pulmonary angiography (CPA) in a 77-year-old woman with CTEPH.

Anteroposterior view showing post-contrast visualization of right lung pulmonary arteries
(A). Lateral view showing post-contrast visualization of left lung pulmonary arteries (B).
Both views showing stenoses (white arrows) with post-stenotic dilatations, dilatation of main

pulmonary artery (blue arrow), and tortuosity of segmental-level vessels (yellow arrow)

A B

Figure 3. Computed tomography pulmonary angiography (CTPA) in an 83-year-old woman

with CTEPH. A. CTPA axial plane image showing dilated lower lobes arteries with narrowing
of its lumen due to eccentric emboli (blue arrows); B. CTPA sagittal plane left pulmonary

arteries image showing variability in the size of lower lobe and segmental-level vessels,
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tortuosity, vessel narrowing, and intimal irregularities (red arrow)

Figure 4. Cardiac magnetic resonance (cMR) in a 58-year-old man with CTEPH. A. Cine

cMR image in the short-axis view showing the dilated right heart (red arrow) and leftward
bowing of the interventricular septum (blue arrow); B. Gradient echo (GRE) inversion
recovery image showing delayed enhancement at right ventricular septal insertions (white

arrows) consistent with chronic pulmonary hypertension
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Central illustration
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Multimodal Diagnostic Pathway for CTEPH

VviQ Scan
Mismatched

Availability and
non-invasiveness

Enlarged RV/
reduced RV function
DSPA +RHC
Gold standard before
PEA/BPA
Inconclusive CTPA

Multimodal diagnostic pathway for CTEPH

CTEPH — chronic thromboembolic pulmonary hypertension; BPA — balloon pulmonary
angioplasty; cMR — cardiac magnetic resonance; CTPA — computed tomography
pulmonary angiography; DECT — dual-energy computed tomography; DSPA — digital
subtraction pulmonary angiography; MRI — magnetic resonance imaging; PEA —
pulmonary endarterectomy; RHC — right heart catheterization; RV — right ventricle; SPECT
— single-photon emission computed tomography; TTE — transthoracic echocardiography;

V/Q scan — ventilation/perfusion scan

Table 1. Multimodal imaging in CTEPH diagnosis
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Modality Pros Cons Special use Patient-
specific
considerations

TTE Non-invasive, Suggestive but | Initial screening | May be less
widely available; not diagnostic; | for PH; helps reliable in
useful for initial limited by guide further patients with
detection of PH operator diagnostics. obesity, lung
and RV overload; | dependency; disease.
evaluates cardiac limited by poor
function and acoustic
anatomy windows

V/Q scan Recommended Cannot First-line Safe in patients
first-line screening | confirm screening in with renal
tool; high CTEPH symptomatic insufficiency.
sensitivity for diagnosis; non- | patients; useful
perfusion defects; | specific; for ruling out
negative result underestimates | CTEPH.
effectively rules severity.
out CTEPH; no
contrast needed.

SPECT Provides 3D Limited Precise Same as
visualization of availability; localization of V/Q scan.
perfusion defects; | higher perfusion
higher sensitivity radiation abnormalities.
and spatial dose than
resolution than planar V/Q

planar V/Q scan.

scan; longer
acquisition
time than
planar V/Q
scan; may
require
additional

expertise.
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CTPA Widely available; | Lower Initial imaging Use caution in
reveals sensitivity for | for APE; patients with
characteristic signs | peripheral differentiates renal
of chronic lesions; CTEPH from impairment or
thromboembolism, | requires expert | mimics; assesses | contrast
PH and RV interpretation; | chronic vs. acute | allergy.
overload; high uses iodinated | thrombi.
spatial and contrast | contrast.
resolution; allows
differential
diagnosis.

DECT Combines Limited Quantitative Avoid in
anatomical and availability; perfusion patients with
functional requires mapping; useful | renal
imaging; enhanced | advanced for visualizing dysfunction or
vascular imaging equipment and | distal perfusion | iodine allergy.
with iodine experience; mismatch.
perfusion maps; uses iodinated
correlates with contrast;
disease severity; expensive;
high diagnostic artifact-prone.
accuracy.

MRI No radiation; Requires Monitoring of Avoid in
effective for specialized CTEP; patients with
evaluating RV software and alternative for non-
function; detects expertise; long | patients with compatible
perfusion defects; | scan times; renal dysfunction | implants or
provides soft tissue | limited or contrast severe
detail; suitable for | availability; contraindication; | claustrophobia.
follow-up. motion and useful in patients

reconstruction | where radiation
challenges. is

contraindicated;

useful for
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fibrosis

evaluation.
Pulmonary | Gold standard for | Invasive; not Final anatomical | Requires stable
angiography | evaluating suitable in confirmation clinical
pulmonary unstable before PEA or condition;
vascular anatomy | patients; may | BPA; performed in
essential for underestimate expert centers.
surgical peripheral
/interventional disease
planning. requires
specialized
expertise

APE — Acute pulmonary embolism; BPA — balloon pulmonary angioplasty; CTEPH —
chronic thromboembolic pulmonary hypertension; CTPA — computed tomography
pulmonary angiography; DECT — dual-energy computed tomography; MRI — magnetic
resonance imaging; PEA — pulmonary endarterectomy; PH — pulmonary hypertension; RV
— right ventricle; TTE — transthoracic echocardiography; V/Q Scan — ventilation/perfusion

scan
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Abstract

Purpose: Chronic thromboembolic pulmonary hypertension (CTEPH) is a life-threatening but curable form of pul-
monary hypertension. Early diagnosis is crucial for effective management and improved outcomes. Computed to-
mography pulmonary angiography (CTPA), characterised by high sensitivity and specificity, is integral to diagnosing
CTEPH by identifying thrombi and associated pulmonary and mediastinal abnormalities. However, radiological
features often overlap with other diseases, and their detection depends on radiologist expertise. This study aims
to assess the frequency of characteristic radiological features in CTEPH, compare their prevalence with chronic
thromboembolic disease (CTED), pulmonary arterial hypertension (PAH), and acute pulmonary embolism (APE),
and evaluate their diagnostic predictive value.

Material and methods: This retrospective study analysed 115 patients divided into CTEPH (1 = 35), CTED (n = 20),
PAH (n = 24), and APE (n = 36) groups, matched by age and sex. CTPA scans were reviewed for signs of chronic
embolism, pulmonary hypertension, and right heart overload. Sensitivity, specificity, accuracy, and predictive values
were assessed using ROC analysis, expressed as the area under the curve (AUC).

Results: CTEPH patients exhibited vessel narrowing, intimal irregularities, bands, and webs in all cases (100%), with
the highest diagnostic value at the segmental level (AUC = 0.906). Mosaic perfusion and variability in vessel size
demonstrated moderate predictive value (AUC = 0.740 and AUC = 0.788, respectively).

Condusions: CTPA is essential for differentiating CTEPH from other pulmonary vascular conditions. While no single

feature achieves 100% predictive value, a comprehensive approach integrating vascular, parenchymal, and cardiac
findings is critical for accurate diagnosis.

Key words: chronic thromboembolic pulmonary hypertension, tomography pulmonary angiography, pulmonary
arteries, chronic thromboembolic disease, acute pulmonary embolism.

Introduction
Categorised as group 4 WHO pulmonary hypertension

Chronic thromboembolic pulmonary hypertension (CTEPH) ~ (PH), CTEPH is the only potentially curable form of PH [2].
is a potentially life-threatening condition and a rare compli- ~ The pathogenesis of CTEPH remains poorly understood.
cation of acute pulmonary embolism (APE), affecting an  Inaffected patients, pulmonary emboli fail to resolve com-
estimated 0.5-9% of patients following an embolic event [1].  pletely, leading to increased pulmonary vascular resistance,
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pulmonary hypertension, and subsequent right heart fail-
ure [2,3].

Early diagnosis is challenging because CTEPH often
presents with nonspecific symptoms such as dyspnoea,
fatigue, and chest pain [2]. Furthermore, a variety of dia-
gnostic approaches, delays in referring patients to specia-
list centres, and insufficient awareness of this condition
among radiologists contribute to diagnostic downtime [4].
On average, it takes 14-24 months to establish a correct
diagnosis [5]. Imaging plays a central role in the multidis-
ciplinary management of CTEPH. It is crucial for diagno-
sis, assessing the extent of the disease, planning treatment,
and monitoring post-treatment outcomes. Computed
tomography pulmonary angiography (CTPA) imaging is
a key component of the diagnostic workup for CTEPH,
with a sensitivity and specificity of 94-95% [6]. Although
a normal CTPA result does not exclude CTEPH, because
distal disease can be missed, CTPA provides vital informa-
tion on the location and morphology of thrombi, which
is critical for surgical or interventional planning [7]. Ad-
ditionally, computed tomography (CT) scanning identifies
underlying parenchymal lung and mediastinal diseases
and aids in detecting other pulmonary vessel disorders [2].

Typical CTPA features of CTEPH include vascular
signs of chronic embolism (such as partial obstruction,
eccentric thrombus, calcified thrombus, bands, slits, and
webs) and signs of pulmonary hypertension (such as en-
largement of the main pulmonary arteries and enlarge-
ment of bronchial arteries) [8,9]. Furthermore, CTPA can
assess parenchymal signs, such as scars, mosaic perfu-
sion patterns, and bronchial anomalies, as well as signs of
right heart overload, including right ventricular enlarge-
ment and hypertrophy [8,9]. CT findings in patients with
CTEPH can differ according to the disease’s severity, the
extent of vascular blockage, and the degree of PH [10].

However, imaging features are not exclusive only to
CTEPH and overlap with other disease entities. Moreover,
studies suggest that the sensitivity of CTPA for detecting
CTEPH depends on the experience of the readers and dif-
fers between non-specialist centres and high-expertise in-
stitutions [11]. Therefore, expertise in interpreting CTPA
imaging results and improving the sensitivity of CTEPH
detection with CTPA is crucial because it could reduce the
need for additional diagnostic tests, accelerate diagnosis,
and improve therapeutic outcomes.

The CTPA imaging features in patients with CTEPH
have been described in several previous reviews [4,6,8,
9,12,13]. However, there are currently few publications
investigating the frequencies of CTEPH-related signs and
abnormalities on CTPA, as well as their predictive value
[3,14,15].

The aims of our study are as follows: firstly, to assess
the frequency of characteristic radiological features in
CTEPH, categorised as signs of chronic pulmonary em-
bolism (PE), pulmonary hypertension, and right heart
overload; and secondly, to compare the prevalence of

these features with other pulmonary vascular conditions,
such as chronic thromboembolic disease (CTED), APE,
and pulmonary arterial hypertension (PAH), which share
many imaging similarities with CTEPH and must be con-
sidered in the differential diagnosis in clinical practice [2].
These conditions are frequently evaluated using CTPA as
the first-line diagnostic test.

Finally, based on our findings, we aim to determine
the sensitivity, specificity, and predictive value of these ra-
diological features in diagnosing CTEPH. This approach
could significantly contribute to achieving earlier and
more accurate diagnoses of CTEPH.

To the best of our knowledge, this is one of the first
studies to comprehensively evaluate the predictive value
of radiological features in CTEPH compared with selected
pulmonary vascular conditions.

Material and methods

The present study is a retrospective cross-sectional study,
conducted at the referral centre of the Medical University
of Warsaw. The local Bioethics Committee approved the
study protocol (approval number: AKBE/290/2024). All
investigations were carried out in accordance with the
principles of the Helsinki Declaration. Informed consent
from the patients was not required for this study.

Patients

Thirty-five patients with a diagnosis of CTEPH, estab-
lished according to current guidelines [2], confirmed by
right heart catheterisation (RHC) and a corresponding
CTPA, were recruited for the study.

Three control groups were matched by age and sex to
the CTEPH cohort with diagnoses made in accordance
with current guidelines [2]. The first group (n = 20) includ-
ed patients with CTED, while the second group (n = 26)
comprised individuals with PAH.

For these groups, the most recent CTPA examination
closest in time to the RHC was selected for the analysis.
Relevant RHC data, including mean pulmonary arte-
rial pressure (mPAP) and pulmonary vascular resistance
(PVR), were extracted from medical records.

The third control group consisted of 36 consecutive
patients with APE, diagnosed in accordance with current
guidelines and undergoing CTPA.

(T protocols

Computed tomography scans were obtained using a 64-slice
multidetector computed tomography (64-MDCT) scanner
with electrocardiographic gating, with a slice thickness of
0.625 mm and rotation time of 0.5 sec. The injection pro-
tocol included administering 80 ml of a nonionic contrast
agent (Iohexol, Omnipaque 350, GE Healthcare), followed
by 100 ml of 0.9% NaCl solution. Automatic bolus tracking
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was applied, with the ROI positioned at the level of the
pulmonary trunk and the threshold for triggering data
acquisition set at 100 HU. The whole chest was scanned
during a single breath-hold.

Image analysis

The anonymised CTPA images were assessed by consen-
sus statement of chest radiologists in a random order for
the presence of CTEPH features, which were categorised

Figure 1. Electrocardiographically-gated computer tomography pulmonary
angiography in a 65-year-old female patient diagnosed with chronic throm-
boembolic pulmonary hypertension. Multiplanar reconstruction view shows
right lower lobe pulmonary artery with band-like filling defects (red arrow)
and eccentric vessel narrowing (yellow arrow)

Figure 3. Electrocardiographically-gated computer tomography pulmo-
nary angiography in a 67-year-old female patient diagnosed with chronic
thromboembolic pulmonary hypertension. Multiplanar reconstruction coro-
nal view shows areas of lower and higher lung attenuation (green arrows)
corresponding to mosaic attenuation of the lung parenchyma

© Pol J Radiol 2025; 90: e267-e278
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into signs of chronic PE, signs of PH, and signs of right
heart overload. Signs of chronic PE included vessel nar-
rowing, intimal irregularities, bands, and webs (Figure 1),
which were analysed at the central, lobar, and segmental
levels; variability in the size of lobar and segmental arter-
ies (Figure 2), defined by a vessel size ratio exceeding 1,
determined by comparing segmental diameters of pulmo-
nary arteries at corresponding levels in the right and left
lobes; mosaic perfusion (Figure 3); complete vessel ob-
struction (Figure 4), analysed at the central, lobar, and

Figure 2. Electrocardiographically-gated computer tomography pulmonary
angiography in a 57-year-old male patient diagnosed with chronic throm-
boembolic pulmonary hypertension. Multiplanar reconstruction coronal
view shows prominent variability in the size of the right lower lobe (red
arrow) and segmental-level artery (yellow arrow)

Figure 4. Electrocardiographically-gated computer tomography pulmonary
angiography in a 69-year-old male patient diagnosed with chronic throm-
boembolic pulmonary hypertension. Multiplanar reconstruction sagittal
view shows chronic occlusion of the left lower lobe basal segment artery
with vessel retraction (red arrow)
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Figure 5. Electrocardiographically-gated computer tomography pulmo-
nary angiography in a 62-year-old male patient diagnosed with chronic
thromboembolic pulmonary hypertension. Pulmonary window axial view
shows pulmonary scars and infarction on the periphery of the left upper
lobe (yellow marking)

Figure 7. Electrocardiographically-gated computer tomography pulmonary
angiography in a 55-year-old female patient diagnosed with chronic thrombo-
embolic pulmonary hypertension. Axial plane view shows pulmonary trunk/
aorta diameter index > 1. Dilated pulmonary trunk and left pulmonary artery

segmental levels; scars and pulmonary infarctions(Figure 5);
and pulmonary artery calcifications (Figure 6). Signs of PH
included a pulmonary trunk to aorta diameter ratio above
1 (PT/AO index > 1) (Figure 7); enlarged bronchial arter-
ies (Figure 8), measured as a diameter > 2 mm; enlarged or
calcified lymph nodes, measured as 10 mm or more in the
short axis; and pericardial effusion or pericardial thicken-
ing, measured as > 4 mm. Signs of right heart overload
included a right ventricular to left ventricular diameter
ratio above 1 (RV/LV ratio > 1) (Figure 9); reflux of con-
trast material into the inferior vena cava or hepatic veins
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Figure 6. Computer tomography pulmonary angiography in a 57-year-old
male patient diagnosed with chronic thromboembolic pulmonary hyper-
tension. Axial plane view shows calcifications in the wall of the right pul-
monary artery (yellow markings)

Figure 8. Electrocardiographically-gated computer tomography coronary
arteries angiography in a 59-year-old female patient diagnosed with
chronic thromboembolic pulmonary hypertension. Axial plane view shows
dilated, tortuous right bronchial artery (yellow marking)

(Figure 10); flattening or bowing of the interventricular
septum (Figure 9); and right ventricular wall hypertrophy
(Figure 9), measured as free wall thickness > 5 mm.

Statistical analysis

Numeric variables are presented as mean + standard de-
viation due to normal distributions. Categorical variables
are presented as n (%). Distribution normality was as-
sessed with the Shapiro-Wilk test, skewness, and kurto-
sis. Variance homogeneity was assessed with Leven€’s test.
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Figure 9. Electrocardiographically-gated computer tomography pulmonary
angiography in a 73-year-old male patient diagnosed with chronic throm-
boembolic pulmonary hypertension. Multiplanar reconstruction 4-chamber
sagittal view shows enlargement of the right ventricle with increased right
ventricle/left ventricle ratio > 1; leftward flap of the interventricular septum

Comparisons of CTEPH group with other groups were
performed with t-Student test, -Welch test, Pearson’s
%> test or Fisher’s exact test, as appropriate. All p-values
were further adjusted using Bonferroni correction to con-
trol for multiple comparisons. Predictive qualities of radio-
logical parameters to classify patients between CTEPH and
non-CTEPH were assessed with receiver operating charac-
teristics (ROC) analysis. Area under the curve (AUC) was
used as the primary measure of prognostic effectiveness,
along with 95% confidence intervals (CI). High or very
high effectiveness was considered if AUC > 0.8, moderate
effectiveness was considered if AUC > 0.7. Positive like-
lihood ratio was calculated as sensitivity/(1-specificity).
Negative likelihood ratio was calculated as (1-sensitivity)/
specificity. All outcomes were considered significant if p <
0.05. Calculations were performed in R software (R 4.1.2).

F ” :
Figure 10. Electrocardiographically-gated computertomography pulmonary
angiography in a 61-year-old female patient diagnosed with chronic throm-
boembolic pulmonary hypertension. Multiplanar reconstruction sagittal view
shows reflux of contrast to the inferior vena cava (yellow oval marking)

Results

Demographics

In total, the study cohort comprised 115 patients, cate-
gorised into 4 groups: CTEPH (n = 35, 30.4%), CTED
(n =20, 17.4%), PAH (n = 24, 20.9%), and APE (n = 36,
31.3%). Table 1 provides an overview of the demographic
characteristics for each group. No significant differences
in age or sex distribution were observed across the groups.
Right heart catheterisation was performed in all patients
except those in the APE group. Patients with CTEPH
demonstrated significantly elevated mPAP and PVR com-
pared to those with CTED (mPAP: 38.00 + 12.25 mmHg

Table 1. Comparison of demographic characteristics and catheterisation parameters between analysed groups

Variable CTEPH CTEPD PAH APE
(n =35, 30.4%) (n=20,17.4%) (n=24,20.9%) (n=136,31.3%)

Statistic Statistic ] | Statistic ‘ P | Statistic I s
Age (years) 63.23+15.99 64.12+16.17 >0.999 69.29+11.98 0.602 71.44 £16.78 0.192
Sex, female 17 (48.6) 10 (50.0) >0.999 17(70.8) 0.761 19(52.8) >0.999
(atheterisation 35(100.0) 20 (100.0) >0.999 24(100.0) 0.999 0(0.0) <0.001
mPAP (mmHg) 38.00+12.25 16.91+1.92 <0001 | 3692+10.13 >0.999 - -
PVR (WU) 513+291 1.81+0.63 0.001 6.67 +3.70 0.746 - -

Data presented with mean = standard deviation for continuous variables and n (%) for categorical varlables.
CTEPH— chronic thromboembolic pulmonary hypertension, CTEPD — chronic thromboembolic pulmonary disease, PAH- pulmonary arterlal hypertension, APE — acute pulmonary embolism,

mPAP —mean pulmonary artery pressure, PVR —pulmonary vascular resistance

Py — comparison between CTEPH and CTED group; p, — comparison between CTEPH and PAH group; p; — comparison between CTEPH and APE group. Comparisons performed with t-Student
test or t-Welch test for continuous variables and Pearson’s ” test or Fisher's exact test for categorical variables, as appropriate. Bonferroni correction was used for all p values.
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vs.16.91 + 1.92 mmHg, p <0.001; PVR: 5.13 £ 2.91 WU vs.
1.81 £0.63 WU, p = 0.001).

Radiological features of chronic thromboembolic
pulmonary hypertension

Table 2 and Figure 11 summarise the radiological findings
in patients with CTEPH.

Radiological signs of chronic pulmonary embolism

Among signs of chronic PE, vessel narrowing, intimal irre-
gularities, bands, and webs were observed in all 35 patients
(100.0%), with localisation at the central level in 35 pa-
tients (100.0%), at the lobar level in 23 patients (65.7%),
and at the segmental level in 14 patients (40.0%). Variabil-
ity in the size of lobar and segmental arteries was found

Table 2. Radiological findings in patients with chronic thromboembolic pulmonary hypertension (CTEPH) (N = 35)

Variable | Patients with CTEPH, n (%)
Vessel narrowing, intimal irregularities, bands, and webs 35(100.0)
Segmental vessel narrowing, intimal irregularities, bands, and webs 35(100.0)
RV/LV ratio > 1 30(85.7)
Variability in the size of lobar and segmental-level vessels 25(71.4)
Lobar vessel narrowing, intimal irregularities, bands, and webs 23(65.7)
Reflux of contrast toVCl 20(57.1)
Pulmonary trunk/aortaindex > 1 19(54.3)
Mosaic perfusion 19(543)
Vessel occlusion 16(45.7)
Pulmonary infarctions and scars 16 (45.7)
Flattening/flap of IV septum 15(42.9)
Segmental vessel occlusion 14(40.0)
Dilated bronchial arteries 13(37.1)
Central vessel narrowing, intimal irreqularities, bands, and webs 13(37.1)
Enlarged/calcified mediastinal lymph nodes 10(28.6)
Pericardial effusion /pericardial thickening 7(20.0)
Pulmonary artery wall calcifications 6(17.1)
RV wall hypertrophy 5(14.3)
Lobar vessel occlusion 3(8.6)
Central vessel occlusion 2(5.7)

Vessel narrowing, intimal irregularities, bands, and webs |~

Segmental vessel narrowing, intimal irreqularities, bands, and webs
RV/LVratio = 1

Variability in the size of lobar and segmental-level vessels [=——

Lobar vessel narrowing, intimal irreqularities, bands, and webs
Reflux of contrast to VCI |

Pulmonary trunk/aortaindex > 1 [

Mosaic perfusion

Vessel occlusion |

Pulmonary infarctions and sars

Flattening/flap of IV septum

Segmental vessel occlusion |

Dilated bronchial arteries > 2 mm, intercostal arteries or arterial tortuosity |
Central vessel narrowing, intimal irregularities, bands, and webs |
Enlarged/calcified mediastinal lymph nodes |-

Pericardial effusion/pericardial thickening >4 mm

Pulmonary artery wall calcifications |-

RV wall hypertrophy, free wall thickness > 5 mm

Lobar vessel occlusio

Central vessel occlusion |

Figure 11. Incidence of radiological traits among patients with chronic thromboembolic pulmonary hypertension (%)
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in 25 patients (71.4%). Mosaic perfusion was identified in
19 patients (54.3%). Complete vessel obstruction was docu-
mented in 16 patients (45.7%), including 2 patients (5.7%) at
the central level, 3 patients (8.6%) at the lobar level, and 14
patients (40.0%) at the segmental level. Scars and pulmonary
infarctions were seen in 16 patients (45.7%), while pulmo-
nary artery calcifications were noted in 6 patients (17.1%).

Radiological signs of pulmonary hypertension

Indicators of pulmonary hypertension included a pul-
monary trunk to aortic (PT/AO) ratio > 1 in 19 patients
(54.3%). Dilated bronchial arteries were found in 13 pa-
tients (37.1%). Enlarged or calcified mediastinal lymph
nodes were observed in 10 patients (28.6%). Pericardial
effusion or pericardial thickening was identified in 7 pa-
tients (20.0%).

Radiological signs of right heart failure

Markers of right heart failure included an RV/LV ratio > 1
in 30 patients (85.7%). Reflux of contrast material into the

inferior vena cava or hepatic veins was present in 20 pa-
tients (57.1%). Flattening or bowing of the interventricular
septum was observed in 15 patients (42.9%), and right ven-
tricular wall hypertrophy was noted in 5 patients (14.3%).

Comparison of the occurrence of radiological features
between the groups

Table 3 presents a comparison of the frequency of radio-
logical features between the groups.

Comparison of radiological features between CTEPH
and CTED

Pulmonary trunk to aorta index = 1 was significantly more
frequent in CTEPH compared to CTED (54.3% vs. 10.0%,
p = 0.015). Flattening or bowing of the interventricular sep-
tum was also observed more often in CTEPH (42.9% vs.
5.0%, p = 0.038). Segmental vessel narrowing, intimal irre-
gularities, bands, and webs occurred in 100.0% of CTEPH
cases and 75.0% of CTED cases, with a significant difference
(p = 0.022). Variability in the size of lobar and segmental

Table 3. Comparison of the frequency of radiological features between the groups

Variable » ‘

| Statistics | Statistics Statistics \ p | Statistics
Pulmonary trunk/aorta index > 1 19(543) | 2(10.0) | 0.015 |10(41.7) | >0.999 | 4(11.1) 0.001
Dilated bronchial arteries > 2 mm, intercostal arteries 13(37.1) | 2(10.0) | 0315 | 1(4.2) 0.045 1(2.8) 0.004
orarterial tortuosity
Enlarged/calcified mediastinal lymph nodes 10(28.6) | 1(5.0) | 0.210 |11(45.8) | >0.999 | 2(5.6) 0.116
Pericardial effusion/pericardial thickening > 4 mm 7(2000 | 1(5.0) | >0999 | 4(16.7) | >0999 | 3(83) | >0.999
Flattening/flap of IV septum 15(42.9) | 1(5.0) | 0.038 | 9(375) | >0.999 | 5(13.9) 0.072
RV/LV ratio > 1 30(85.7) | 11(55.0) | 0.141 |18(75.0) | >0.999 | 17(47.2) 0.007
RV wall hypertrophy, free wall thickness > 5 mm 5(143) | 0(0.0) | 0.733 | 4(16.7) | >0.999 0(0.0) 0.125
Reflux of contrast to V(I 20(57.1) | 11(55.0) | >0.999 | 17(70.8) | >0.999 | 17(47.2) | >0.999
Vessel occlusion 16(45.7) | 6(30.0) | >0.999 | 0(0.0) | 0.002 | 36(100.0) | <0.001
Central vessel occlusion 2(5.7) 1(5.0) | >0999 | 0(0.00 | >0.999 | 10(27.8) 0.153
Lobar vessel occlusion 3(8.6) 1(5.00 | >0999 | 0(0.0) | >0.999 | 21(58.3) | <0.001
Segmental vessel occlusion 14(40.0) | 4(20.0) | >0.999 | 0(0.0) | 0.006 | 36(100.0) | <0.001
Pulmonary arteries wall calcifications 6(17.1) 1(5.00 | >0.999 | 0(0.0) 0.360 0(0.0) 0.057
Vessel narrowing, intimal irreqularities, bands, and webs 35(100.0) | 17(85.0) | 0.217 | 0(0.0) | <0.001 | 0(0.00 | <0.001
Central vessel narrowing, intimal irregularities, bands, 13(37.1) | 1(5.00 | 0.104 | 0(0.0) 0.011 0(0.0) 0.001
and webs
Lobar vessel narrowing, intimal irreqularities, bands, and webs | 23(65.7) | 7(35.0) | 0.275 | 0(0.0) | <0.001 0(0.0) <0.001
Segmental vessel narrowing, intimal irregularities, bands, 35(100.0) | 15(75.0) | 0.022 | 0(0.0) | <0.001 | 0(0.00 | <0.001
and webs
Variability in the size of lobar and segmental-level vessels 25(71.4) | 6(30.0) | 0.035 | 3(12.5) | <0.001 2(5.6) <0.001
Mosaic perfusion 19(543) | 1(5.0) | 0.004 | 0(0.0) | <0.001 | 4(11.1) 0.001
Scars and pulmonary infarctions 16(45.7) | 6(30.0) | >0.999 | 4(16.7) | 0.209 11(30.6) | >0.999

Data presented with n (%). p — comparison between CTEPH and respective control group. Comparisons performed with Pearson's  test or Fisher’s exact test, as appropriate. Bonferroni correction

was used forall p-values.
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vessels was more frequent in CTEPH (71.4% vs. 30.0%,
P = 0.035). Mosaic perfusion was observed more frequen-
tly in CTEPH than in CTED (54.3% vs. 5.0%, p = 0.004).

Comparison of radiological features between CTEPH and PAH

Dilated bronchial arteries were more common in CTEPH
than in PAH (37.1% vs. 4.2%, p = 0.045). Both general and
segmental vessel occlusions were observed exclusively in
CTEPH (45.7% and 40.0%, respectively) and were absent in
PAH, with significant differences (p = 0.002 and p = 0.006).
Vessel narrowing, intimal irregularities, bands, and webs
were universally present in CTEPH but absent in PAH,
with significant differences (p < 0.001 for general, lobar, and
segmental locations; p = 0.011 for central). Variability in
the size of lobar and segmental vessels was significantly
more frequent in CTEPH (71.4% vs. 12.5%, p < 0.001). Mo-
saic perfusion was exclusive to CTEPH (54.3%, p < 0.001).

Comparison of radiological features between CTEPH and APE

The PT/AO index > 1 was more frequent in CTEPH
compared to APE (54.3% vs. 11.1%, p = 0.001). Dilated
bronchial arteries were also more common in CTEPH
(37.1% vs. 2.8%, p = 0.004). RV/LV ratio > 1 was sig-
nificantly more frequent in CTEPH (85.7% vs. 47.2%,
p =0.007). General, lobar, and segmental vessel occlu-
sions were significantly less frequent in CTEPH than
in APE (45.7% vs. 100.0%, 8.6% vs. 58.3%, and 40.0%
vs. 100.0%, respectively; p < 0.001 for all). Vessel nar-
rowing, intimal irregularities, bands, and webs occurred
universally in CTEPH but were absent in APE, with sig-
nificant differences (p < 0.001). Variability in the size of
lobar and segmental vessels was significantly more fre-
quent in CTEPH (71.4% vs. 5.6%, p < 0.001). Mosaic per-
fusion was significantly more frequent in CTEPH (54.3%
vs. 11.1%, p = 0.001).

Table 4. Radiological parameters as diagnostic tests for chronic thromboembolic pulmonary hypertension (CTEPH) vs. non-CTEPH

Variable

| AUC(95% (1) |Sensitivity| Speciﬁcity‘ PPV ‘ NPV |A(curacy! LR+ ‘ LR- ‘ p

Segmental vessel narrowing, intimal 0.906 (0.863-0.950) |  1.00 0.81 0.70 | 1.00 | 0.87 | 5.26 | 0.00 | <0.001
irreqularities, bands, and webs

Vessel narrowing, intimal irreqularities, 0.894 (0.850-0.938) 1.00 0.79 0.67 | 1.00| 085 | 476 |0.00| <0.001
bands, and webs

Variability in the size of lobar 0.788 (0.703-0.871) 0.71 0.86 0.69 | 0.87 | 0.82 |05.07 (034 | <0.001
and segmental-level vessels

Lobar vessel narrowing, intimal irreqularities, | 0.785 (0.699-0.864) |  0.66 091 |077|086| 083 |733|037| <0.001
bands, and webs

Mosaic perfusion 0.740 (0.654-0.824) |  0.54 094 |079/082| 082 | 9.00  049| <0.001
Central vessel narrowing, intimal irregularities, | 0.679 (0.600-0.759) |  0.37 099 |093]078| 080 |37.00|0.64| <0.001
bands, and webs

Pulmonary trunk/aorta index > 1 0.671(0.575-0.762) 0.54 0.80 054 |080| 072 | 270|058 | <0.001
Dilated bronchial arteries 0.661 (0.580-0.746) 0.37 0.95 0.76 | 0.78 | 077 | 7.40 | 0.66 | <0.001
RV/LV ratio > 1 0.641 (0.559-0.720) | 0.86 042 |039|087| 056 | 148 |033| 0.002
Flattening/flap of IV septum 0.621(0.526-0.715) |  0.43 0.81 0.50 | 0.76 | 0.70 | 2.26 | 0.70 | 0.008
Pulmonary infarctions and scars 0.597 (0.499-0.689) 0.46 0.74 043076 | 065 | 177 [073| 0.043
Paa wall calcifications 0.579 (0.518-0.645) |  0.17 099 |086|073| 074 |17.00|0.84| 0.002
Enlarged/calcified mediastinal lymph nodes | 0.555 (0.471-0.637) |  0.29 082 |042]073| 066 | 161 |087| 0.188
Pericardial effusion/pericardial thickening 0.550 (0.479-0.626) |  0.20 090 | 047 (072| 069 | 200  089| 0156
Segmental vessel occlusion 0.550 (0.451-0.646) |  0.60 050 | 034/074| 053 | 120 080| 0321
RV wall hypertrophy 0.546 (0.491-0.610) 0.14 0.95 056 | 072 | 070 | 2.80 (091 | 0.103
Vessel occlusion 0.534(0.433-0.632) |  0.54 052 [033]072| 053 | 113|088 | 0.503
Dilated pulmonary trunk > 29 mm 0.528 (0.428-0.627) 0.54 0.51 033072 052 | 110 (090 | 0.585
Reflux of contrast to V(I 0.504 (0.408-0.605) |  0.57 044 |031]070| 048 |01.02|098| 0929
Central vessel occlusion™ - - - - | - - - | - -

Lobar vessel occlusion® - - - - | - - - | - -

p—significance of difference between AUC for given parameters and AUC= 0.5 (equal to random classifier).

*AUC<0.5.

AUC—area under curve, (I - confidence Interval, LR+ — positive ikelihood ratio, LR— - negative likelihood ratio, NPV — negative predictive value, PPV — positive predictive value
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Radiological parameters as diagnostic tests for CTEPH
vs. non-CTEPH conditions

Table 4 summarizes the predictive value of radiological
features in ROC analysis, expressed as AUC, sensitivity,
specificity, accuracy, PPV, and NPV.

Segmental and general vessel narrowing, intimal ir-
regularities, bands, and webs demonstrated high prognos-
tic properties for predicting CTEPH, with AUC values of
0.906 (95% CI: 0.863-0.950, p < 0.001) and 0.894 (95% CI:
0.850-0.938, p < 0.001), respectively (Figure 12). Moderate
predictive value was observed for variability in the size of
lobar and segmental vessels, lobar vessel narrowing, in-
timal irregularities, bands, and webs, as well as mosaic
perfusion. These features showed AUC values of 0.788
(95% CI: 0.703-0.871, p < 0.001), 0.785 (95% CI: 0.699-
0.864, p < 0.001), and 0.740 (95% CI: 0.654-0.824,
p <0.001), respectively (Figure 13). Other radiological
parameters had either lower prognostic properties (AUC
< 0.7) or yielded insignificant outcomes (p > 0.05).

The highest sensitivity was observed for segmental and
general vessel narrowing, intimal irregularities, bands,
and webs (1.00 for both) and for RV/LV ratio > 1 (0.86).
High specificity (> 0.90) was noted for central vessel nar-
rowing, intimal irregularities, bands, and webs (0.99); pul-
monary artery wall calcifications (0.99); dilated bronchial
arteries, intercostal arteries, or arterial tortuosity (0.95);
mosaic perfusion (0.94); and lobar vessel narrowing, inti-
mal irregularities, bands, and webs (0.91).
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Vessel narrowing, intimal ireqularities, bands and webs
= General (AUC=0.894, 95% (I:0.850-0.938)
—= (Central (AUC=0.679, 95% CI: 0.600-0.759)
—~ Lobar (AUC=0.785,95% CI:0.699-0.864)
——Segmental (AUC=0.906,95% CI: 0.863-0.950)

Figure 12. ROC curve of vessel narrowing, intimal irregularities, bands,
and webs by location as predictors of chronic thromboembolic pulmonary
hypertension

Discussion

This retrospective study provides a comprehensive analy-
sis of the frequency and diagnostic utility of CTPA signs
in patients with documented CTEPH, compared with
groups with confirmed CTED, APE, and PAH. By evalu-
ating the sensitivity, specificity, and predictive value of
these signs through ROC analysis, our findings highlight
key imaging characteristics that may aid in differentiating
CTEPH from other pulmonary vascular disorders.

The results of our study showed that the most com-
mon radiologic features, observed in all patients (100%)
with CTEPH, were vessel narrowing, intimal irregulari-
ties, bands, and webs. These findings were most frequently
located at the segmental level (100% of patients), where
they were significantly less common in CTED, PAH, and
APE, demonstrating the highest prognostic value in the
ROC analysis for distinguishing CTEPH from these non-
CTEPH conditions, with an AUC of 0.906. These features
were less frequently observed at the lobar level (65.7%)
and were rarest at the central level (37.1%), where they did
not differ statistically from CTED. At the lobar and cen-
tral levels, these features demonstrated moderate (AUC
of 0.785) and low (AUC of 0.679) prognostic value in
the ROC analysis, respectively. These findings align with
the chronic nature of CTEPH, which results from partial
filling defects caused by organized thrombus or recanali-
zation within a large thrombus [9]. Our findings are con-
sistent with those of Fathala ef al. [3], who reported that

104
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Specificity
= Variability in the size of lobar and segmental-level vessels

(AUC=0.788, 95% CI: 0.703-0.871)
—— Mosaic perfusion (AUC= 0.740, 95% CI: 0.654-0.824)

Figure 13. ROC curve of variability in the size of lobar and segmental-level
vessels and mosaic perfusion as predictors of chronic thromboembolic pul-
monary hypertension
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the most frequent CTPA findings in central pulmonary
arteries and peripheral arteries were thrombotic mate-
rial and abnormal vessel narrowing. Additionally, our
results confirm the observations by Grosse et al. [14],
whose study identified direct vascular signs of chronic PE
- including abrupt vessel cutoffs, wall-adherent thrombi,
intraluminal webs or bands, stenoses, and wall irregu-
larities - as significantly more common in patients with
CTEPH than in those with non-thromboembolic PH.
These features were critical for differentiating CTEPH from
other causes of PH. Moreover, the InShape III study, which
evaluated the diagnostic accuracy of dedicated CTPA
readings in cases of suspected acute PE, demonstrated
that the presence of intravascular webs serves as an inde-
pendent predictor for a future diagnosis of CTEPH [16].
In our study, these signs were most frequently observed
at the segmental and lobar levels, consistent with previ-
ous findings [8,17]. Identifying changes, particularly at
the segmental level, is crucial for accurate pre-operative
classification because this enables optimal surgical plan-
ning. Misdiagnosis in such cases can lead to challenging
post-operative management due to residual PH [18].

A moderate prognostic ratio was established for vari-
ability in the size of lobar and segmental arteries and
mosaic perfusion (AUC of 0.789 and 0.740, respectively)
for predicting CTEPH. Both features were also signifi-
cantly less common in the CTED, PAH, and APE groups.
Although variability in the size of lobar and segmental
arteries was observed more frequently (71.4) than mosaic
perfusion (54.3) in patients with CTEPH, the latter had
higher specificity (0.94 vs. 0.86). Both of these radiological
features are indirect signs of chronic thromboembolism
and serve as useful indicators for identifying the locations
of direct vascular abnormalities [12] reflecting an irregu-
lar distribution of emboli within the pulmonary lobes
[14] or indicating regional hypoperfusion [19]. Our find-
ings point to similar conclusions as previous studies that
highlighted the importance of these radiological features
in differentiating CTEPH from other conditions. In the
study by Capone et al. [15], mosaic attenuation was sig-
nificantly less common in patients with CTED compared
to those with CTEPH. Furthermore, patients with CTED
exhibited significantly smaller perfusion defect extents
oniodine maps, which, as the authors suggested, strongly
indicates that the absence of peripheral disease (i.e. small
vessel remodeling) may explain the lack of pulmonary
hypertension in CTED patients compared to those with
CTEPH. Moreover, similarly to the studies by Bergin et al.
[20] and Grosse et al. [14], our study demonstrates equi-
valent results confirming that the combination of segmen-
tal vessel size variability and mosaic perfusion are highly
specific for CTEPH [20] and occur at significantly higher
frequencies in patients with CTEPH than in those with
PAH and other forms of non-thromboembolic PH [14].

Another radiological sign demonstrating moderate
diagnostic accuracy in our study was enlarged bronchial

arteries, which were observed in 37.1% of patients with
CTEPH, whereas they were significantly less frequent in
patients with CTED, PAH, and APE, with a high specifi-
city of 95% and an AUC of 0.661 (95% CI: 0.580-0.746).
Bronchial arterial flow increases in response to chronic
obstruction of the pulmonary arteries, compensating
reduced pulmonary artery circulation [8]. Normally,
bronchial arterial blood flow constitutes approximately
1-2% of cardiac output and primarily serves a nutritional
function. However, in patients with CTEPH, bronchial
arterial flow can account for up to 30% of systemic blood
flow and contributes to oxygenation [21,22]. Although
dilated bronchial arteries are not specific to CTEPH and
can also occur in other forms of pulmonary hypertension
[16], our findings showed a higher frequency of abnor-
mally enlarged bronchial arteries in CTEPH compared
with PAH, leading to similar results as seen in previous
studies. For example, in the study by Grosse et al. [14],
69% of patients with CTEPH and 21% of those with PAH
had enlarged bronchial arteries; moreover, the study by
Remy-Jardin et al. [23] demonstrated a higher prevalence
of abnormally enlarged bronchial arteries, as well as non-
bronchial systemic arteries, in patients with CTEPH com-
pared with those with primary pulmonary hypertension.
Furthermore, unilateral or bilateral bronchial dilation
without bronchial wall thickening was identified as the
most specific finding to distinguish CTEPH from non-
thromboembolic pulmonary hypertension, with a speci-
ficity of 97.1%.

Complete vessel obstruction was observed in 45.7%
of CTEPH cases, predominantly at the segmental level
(40%), and significantly less frequently at the lobar (8.6%)
and central (5.7%) levels. Although this sign was absent
in PAH, it is common in both CTEPH and APE, show-
ing moderate specificity (50%) and limited effectiveness
(AUC 0.550) as an isolated predictor of CTEPH. However,
it gains diagnostic value when evaluated alongside other
radiologic signs. A key distinguishing feature is the shape
of the obstruction. In APE, complete obstruction typically
shows a concave contour within the contrast material due
to the trailing edge of the thrombus. Conversely, chronic
PE (as seen in CTEPH) is characterised by a convex mar-
gin relative to the contrast material, creating a ‘pouch’
defect. This difference arises from thrombus contraction
in chronic PE. Additionally, a decrease in the diameter of
the vessel distal to the complete obstruction is often visi-
ble on CTPA [24,25]. Our findings align with those of Ca-
pone et al. [15], who demonstrated that the vascular ob-
struction burden in CTED was similar to that in CTEPH.
However, unlike our study, Capone et al. reported that
proximal arterial obstruction was more frequently ob-
served in CTED patients compared to those with CTEPH.
This discrepancy warrants further investigation to better
understand its implications.

Signs of right heart overload are commonly observed
in CTEPH, resulting from increased pulmonary artery
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pressure [8,9]. In our study, cardiac radiological signs —
including RV/LV ratio > 1, septal flattening, contrast reflux
into the inferior vena cava, and RV hypertrophy - demon-
strated low predictive value in ROC analysis, with AUC
values of 0.641, 0.621, 0.504, and 0.546, respectively. These
findings reflect the general manifestation of elevated right
ventricular afterload rather than disease specificity [8].
The most frequent cardiac sign, and the second most com-
mon feature identified in CTEPH cases, was an RV/LV
ratio > 1 (observed in 85.7%), indicative of right heart
chamber enlargement. This feature is a marker of advanced
disease and is suggestive of CTEPH [3,26]. Our results
overlap with those of Fathala’s study, which also identified
an RV/LV ratio > 1 as the most common cardiac feature
(69%) in patients with CTEPH [2]. Although not exclu-
sive to CTEPH, this feature - when combined with evi-
dence of right ventricular hypertrophy (14.3%) and septal
flattening (42.9%) - enhances the diagnostic specificity
of CTEPH, aiding in its differentiation from CTED [15].
Despite the fact that in cases of APE, CTPA signs of right
ventricular overload are frequently present [24], these find-
ings in some cases may indicate that CTEPH was already
present at the time of the initial PE diagnosis and remained
unrecognised due to a lack of targeted evaluation. Which
supports the concept of an “acute-on-chronic” diagnosis [16].
Furthermore, these parameters may serve as potential in-
dicators of an increased risk of developing CTEPH in the
future, emphasising the need for careful follow-up in such
patients [16].

Pulmonary scars and infarctions, detected in 45.7% of
CTEPH cases, were less common across CTED (30.0%;
P >0.999), PAH (16.7%; p = 0.209), and APE (26.2%;
p = 0.330), but these differences were not statistically
significant. Although less specific than other features,
and demonstrating low predictive value (AUC = 0.597),
these findings likely reflect a history of prior pulmonary
ischaemic events, consistent with the chronic nature of
CTEPH [8]. Pulmonary scars are commonly found in
areas of reduced lung attenuation. They are typically
multiple, predominantly located in the lower lung lobes,
and often associated with pleural thickening [23].

Pulmonary artery calcifications are a rare finding asso-
ciated with chronic organising thrombi [27]. We obtained
got similar results in our study, where calcifications were
observed only in 17.1% of CTEPH cases and 5% of CTED
cases, and they were absent in the APE and PAH groups.
Although their presence markedly enhances diagnos-
tic specificity (specificity in CTEPH of 99%), indicating
a chronic embolic process, they do not allow differentia-
tion between CTEPH and CTED, resulting in a low pre-
dictive value (AUC = 0.579).

Pulmonary trunk enlargement and PT/AO diameter
ratio > 1 were present in 54.3% of CTEPH cases. While
these features serve as general markers of pulmonary
hypertension [19], they lacked specificity for CTEPH, with
AUC values of 0.528 and 0.671, respectively. However, the
higher prevalence of the PT/AO ratio in CTEPH compared
to APE (11.1%) and CTED (10%) may aid in differential
diagnosis, particularly when other CTEPH-specific chang-
es are identified. Additionally, central pulmonary arteries
in patients with CTEPH are often asymmetric in size, in
contrast to the symmetric pulmonary artery enlargement
observed in non-thromboembolic pulmonary artery hy-
pertension [25,28].

Other features, such as enlarged or calcified mediasti-
nal lymph nodes (28.6% of CTEPH cases) and pericardial
effusion or thickening (20%) showed no significant dif-
ferences compared to CTED, PH, and APE. Individually,
these features demonstrated lower specificity, with AUC
values of 0.555 and 0.550, respectively. However, the pres-
ence of pericardial effusion may indicate severe pulmo-
nary hypertension [29] and is associated with a worse
prognosis [30].

Conclusions

Our retrospective study showed the utility of CTPA as
a comprehensive diagnostic tool for identifying CTEPH
and differentiating it from other conditions affecting pul-
monary arteries. Among the most significant findings
observed in patients with CTEPH were vessel narrowing,
intimal irregularities, bands, and webs demonstrating
the highest predictive value for CTEPH, particularly at
the segmental level. Variability in the size of lobar and
segmental arteries, mosaic perfusion, and complete ves-
sel obstruction also exhibited moderate predictive value.
Notably, no single finding provided 100% predictive
value, underscoring the importance of a multifaceted ap-
proach to diagnosis. Radiologists must be familiar with
this limitation and recognise that the most reliable way
to diagnose CTEPH is by integrating multiple vascular,
parenchymal, and cardiac findings.
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8. PODSUMOWANIE I WNIOSKI
W niniejszej pracy dokonano kompleksowego przegladu aktualnych danych dotyczacych
zastosowania technik obrazowych w diagnostyce, leczeniu oraz monitorowaniu CTEPH. Analiza
dostepnej literatury podkreslita istotng role badania CTPA w praktyce klinicznej jako szeroko
dostepnego, czesto wykonywanego i1 nieinwazyjnego narzedzia diagnostycznego, ktore umozliwia
jednoczesna ocene wielu parametréw morfologicznych, a takze skuteczne réznicowanie CTEPH z
innymi jednostkami chorobowymi. Charakteryzuje si¢ wysokg czuto$cig i swoisto$cig, jednak nie
pozwala na wykluczenie CTEPH. Jego skuteczno$¢ w duzym stopniu zalezy od jakosci i techniki
badania oraz do§wiadczenia i kompetencji oceniajacego radiologa.
W celu poprawy rozpoznawalnosci CTEPH oraz okreslenia wartosci diagnostycznej wybranych
cech radiologicznych w CTPA, przeprowadzono retrospektywne badanie obserwacyjne w
wyspecjalizowanym o$rodku referencyjnym w Warszawie. Do analizy wtaczono 35 pacjentow z
rozpoznanym CTEPH, potwierdzonym zgodnie z aktualnymi wytycznymi za RHC, u ktérych
wykonano rowniez badanie CTPA.
W ramach badania przeprowadzono jakosciowg analiz¢ obecnosci cech radiologicznych typowych
dla CTEPH, sklasyfikowanych w trzech kategoriach:

1. Cechy przewlektej zatorowosci ptucne;:

o Zwezenie naczyn, nieregularno$ci blony wewnetrznej oraz obecno$¢ pasm i
przegrod naczyniowych (bands and webs) — analizowane na poziomie centralnym,
ptatowym i segmentalnym.

o Zmienno$¢ Srednicy naczyn ptatowych 1 segmentalnych.

o Mozaikowa perfuzja migzszu plucnego.

o Catkowita niedrozno$¢ naczynia.

o Obecnos¢ zawatdéw 1 blizn ptucnych.

o Zwapnienia $cian tetnic plucnych.

2. Cechy nadci$nienia plucnego:

o Stosunek srednicy pnia plucnego do aorty (PT/Ao) > 1.

o Poszerzenie naczyn oskrzelowych (§rednica > 2 mm).

o Powigkszone lub zwapniate wezly chtonne $rddpiersia (> 10 mm w osi krotkiej).

o Obecnos¢ ptynu osierdziowego lub pogrubienie osierdzia (> 4 mm).

3. Cechy przecigzenia prawej komory serca:
o Stosunek RV/LV > 1.
o Refluks srodka kontrastowego do zyly gtownej dolnej lub zyt watrobowych.

o Splaszczenie lub uwypuklenie przegrody miedzdwochykomorowej.
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o Przerost §ciany prawej komory (grubos¢ > 5 mm).
Badania obrazowe przeprowadzono z wykorzystaniem 64-MDCT z bramkowaniem EKG, przy
grubosci warstwy 0,625 mm i czasie obrotu 0,5 sekundy. Obrazy CTPA oceniano anonimowo, w
losowej kolejnosci, na podstawie konsensusu dwoch specjalistow radiologow. Kazda cecha byta
oceniana jako$ciowo jako obecna lub nieobecna, zgodnie z wczesniej zdefiniowanymi kryteriami.
Oceniane cechy porownano z trzema grupami pacjentow: z CTED (n =20), z PAH (n = 26) oraz z
APE (n = 36). Diagnozy w kazdej z grup kontrolnych ustalano zgodnie z obowigzujagcymi
wytycznymi klinicznymi. W przypadku grupy CTEPH, CTED oraz PAH do analizy wigczono te
badania CTPA, ktéore wykonano najblizej czasowo w stosunku do RHC. Z dokumentacji
medycznej pozyskano dane hemodynamiczne, w tym mPAP oraz PVR. Wszystkie grupy nie
wykazywaty istotnych réznic pod wzglgdem wieku i plci.
Na podstawie uzyskanych wynikéw przeprowadzono analiz¢ statystycznga, obejmujaca oceng
czutosdci, swoistosci, warto$ci predykcyjnej dodatniej (PPV) i1 ujemnej (NPV), a takze wartosci
prognostycznej badanych cech, wyrazonej jako pole pod krzywa ROC (AUC) wraz z 95%
przedziatem ufnosci (CI).
W analizowanej grupie pacjentoéw z CTEPH najczeSciej obserwowanymi zmianami byly zwezenia
naczyn, nieregularno$ci blony wewnetrznej oraz pasma i1 przegrody naczyniowe, obecne u
wszystkich badanych (100%). Zmiany te najczeéciej wystepowaly na poziomie segmentalnym,
gdzie cechowaly si¢ najwyzszg wartoscig diagnostyczng (AUC = 0,906). Na poziomie platowym i
centralnym skuteczno$¢ diagnostyczna byla odpowiednio umiarkowana (AUC = 0,785) 1 niska
(AUC = 0,679). Opisane zmiany s3 zgodne z przewlektym charakterem CTEPH, wynikajacym z
obecnosci zorganizowanych skrzeplin lub rekanaalizacji w obrgbie skrzeplin. Nasze wyniki sg
zgodne z wczesniejszymi doniesieniami, ktore rowniez identyfikujg te cechy jako najczesciej
wystepujace oraz skuteczne w réznicowaniu CTEPH od innych typow nadci$nienia ptucnego
[64,65]. Ponadto, obecnos¢ tych zmian moze mie¢ znaczenie prognostyczne dla rozwoju CTEPH
po APE [66]. Identyfikacja tych zmian, szczegdlnie na poziomie segmentalnym, jest kluczowa dla
dokladnej przedoperacyjnej klasyfikacji. Pominigcie takich zmian moze skutkowaé
utrzymywaniem si¢ resztkowego nadcisnienia plucnego po operacji [67].
Umiarkowang warto$¢ predykcyjna wykazaty rowniez zmienno$¢ $rednicy naczyn ptatowych i
segmentalnych (AUC = 0,788) oraz mozaikowy wzor perfuzji (AUC = 0,740), ktore istotnie
czgscie] wystepowaly w grupie pacjentow z CTEPH niz w grupach kontrolnych. Chociaz
zmiennos$¢ $rednicy naczyn platowych i segmentalnych byta obserwowana czgséciej (71,4%) niz
mozaikowy wzor perfuzji (54,3%) u pacjentéw z CTEPH, to jednak mozaikowy wzor perfuzji
charakteryzowal si¢ wyzszg swoistoscig diagnostyczng (0,94 vs. 0,86). Obie te cechy

radiologiczne sg uznawane za posrednie wskazniki przewlektej zatorowosci plucnej 1 mogg by¢
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pomocne w identyfikacji lokalizacji bezposrednich nieprawidlowosci naczyniowych,
odzwierciedlajac nieregularng dystrybucj¢ zatorow w obrgbie ptatoéw ptucnych lub wskazujac na
regionalng hipoperfuzje [65,68].

Catkowita niedrozno$¢ naczynia zaobserwowana zostala u 45,7% pacjentow z CTEPH, gtownie
na poziomie segmentalnym (40%), rzadziej na poziomie ptatowym (8,6%) i centralnym (5,7%).
Ze wzgledu na obecno$¢ tego objawu zaréwno w CTEPH, jak i APE, izolowana warto$¢
diagnostyczna tego parametru byta ograniczona (AUC = 0,550).

Zwapnienia tetnic ptucnych, bedace rzadkim objawem zwigzanym z przewlekle organizujgcymi
si¢ skrzeplinami (AUC = 0,579), mimo wysokiej swoistosci (99%), rowniez nie osiaggnely istotnej
wartosci diagnostycznej, poniewaz nie pozwalaja na skuteczne réznicowanie CTEPH od CTED.
Blizny i zawaly plucne, mimo ze stwierdzane u 45,7% pacjentow z CTEPH, wykazuja
ograniczong warto$¢ roznicujaca (AUC = 0,597). Ich obecno$é¢ byta rzadsza w grupach CTED
(30,0%), PAH (16,7%) oraz APE (26,2%), jednak roznice te nie osiagnety istotnos$ci statystyczne;.
Zmiany te odzwierciedlaja przebyty epizod niedokrwienia ptucnego, zgodny z przewleklym
charakterem CTEPH.

Kolejng analizowana grupa stanowity wskazniki przecigzenia prawej komory serca, takie jak
stosunek RV/LV > 1 (AUC = 0,641), sptaszczenie przegrody miedzykomorowej (AUC = 0,621),
refluks kontrastu do zyly gléwnej dolnej (AUC = 0,504) oraz przerost $ciany prawej komory
(AUC = 0,546). Pomimo stosunkowo czgstego wystepowania, na przyktad stosunku RV/LV > 1
odnotowanego u 85,7% pacjentow z CTEPH, wskazniki te cechowatly si¢ ograniczong swoisto$cia
oraz niska wartoscig roznicujaca. Ograniczona przydatno$¢ diagnostyczna tych parametrow
wynika z ich niespecyficznosci — sg one obserwowane w roznych postaciach nadci$nienia
ptucnego, co odzwierciedla ogolne zwigkszenie obcigzenia nastepczego prawej komory.

Podobnie, wskazniki sugerujace obecno$¢ nadci$nienia ptucnego, takie jak stosunek $rednicy pnia
ptucnego do aorty (PT/Ao > 1; AUC = 0,671), powigkszone wezty chlonne $rodpiersia (AUC =
0,555) oraz obecnos$¢ ptynu osierdziowego (AUC = 0,550), wykazywaty ograniczong warto$¢
diagnostyczng w roznicowaniu CTEPH od innych jednostek chorobowych. Cho¢ zmiany te nie sg
specyficzne, ich obecno$¢ moze wskazywaé na zaawansowane stadium choroby oraz przewlekly
charakter procesu patologicznego [69].

Wsrod analizowanych cech na szczegdlng uwage zasluguje poszerzenie naczyn oskrzelowych,
ktore stwierdzono u 37,1% pacjentow z CTEPH. Pomimo umiarkowanej warto$ci diagnostyczne;j
(AUC = 0,661), cecha ta charakteryzowala si¢ wysoka swoisto$cig (95%). Zmiany te wystepowaty
istotnie rzadziej w grupach kontrolnych — CTED, PAH i APE — co sugeruje ich wicksza
przydatnos¢ diagnostyczng w kontekScie CTEPH. Poszerzenie naczyn oskrzelowych

interpretowane jest jako mechanizm kompensacyjny rozwijajacy si¢ w odpowiedzi na przewlekte
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zamknigcie tetnic plucnych i1 towarzyszgce mu zmniejszenie przeplywu w krazeniu ptucnym.
Cho¢ zmiany te mogg wystgpowaé réwniez w innych postaciach nadci$nienia plucnego, w
przeprowadzonym badaniu obserwowano ich wyraznie wyzszg cz¢stos¢ w CTEPH w poréwnaniu
z PAH. Zgodnie z doniesieniami literaturowymi, jednostronne lub obustronne poszerzenie naczyn
oskrzelowych bez pogrubienia ich $cian zostalo uznane za cech¢ o najwyzszej swoistosci w
odroznianiu CTEPH od niezakrzepowych postaci nadcisnienia ptucnego, osiggajac warto$¢

swoistosci na poziomie 97,1% [70] .

Na podstawie wynikéw badania mozna sformutowac nastepujace wnioski:

1. CTPA jest skuteczng metoda diagnostyczng w rozpoznawaniu CTEPH i r6znicowaniu jej z

innymi chorobami naczyn ptucnych.

2. Zwezenia naczyn, nieregularno$ci ich blony wewnetrznej, pasma oraz przegrody
naczyniowe to cechy o najwyzszej wartosci predykcyjnej dla CTEPH w CTPA (AUC =
0,906; 95% CI: 0,863-0,950).

3. Zadna pojedyncza cecha CTEPH nie ma stuprocentowej wartoéci diagnostycznej - zawsze

konieczna jest wieloparametryczna analiza obrazow CTPA.
4. Znajomos¢ zalet i ograniczen wspolczesnych metod obrazowania zaréwno o klinicystow

jak i radiologobw ma kluczowe znaczenie dla trafnej diagnozy, wyboru odpowiedniego

leczenia i poprawy rokowania.
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