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1. Wykaz publikacji stanowiących rozprawę doktorską 

Niniejsza rozprawa doktorska pt.: „Morphological features of the left atrial appendage in 

light of its prothrombogenic and proarrhythmogenic properties”, powstała w oparciu  

o monotematyczny cykl trzech artykułów opublikowanych w międzynarodowych 

czasopismach naukowych indeksowanych w bazie PubMed oraz znajdujących się na liście 

Journal Citation Reports (Thomson Reuters). 

Na pracę doktorską składają się następujące artykuły: 

1. Morphology of the left atrial appendage – introduction of a new simplified shape-
based classification system 
Katarzyna Słodowska, Elżbieta Szczepanek, Damian Dudkiewicz, Jakub Hołda, Filip 
Bolechała, Marcin Strona, Maciej Lis, Jakub Batko, Mateusz Koziej, Mateusz Hołda 
Heart, Lung and Circulation, 2021;30(7):1014-1022, IF= 2,838 

 
2. Thickness of the left atrial wall surrounding the left atrial appendage orifice 

Katarzyna Słodowska, Jakub Hołda, Damian Dudkiewicz, Karolina Malinowska, Filip 
Bolechała, Paweł Kopacz, Mateusz Koziej, Mateusz K. Hołda 
Journal of Cardiovascular Electrophysiology, 2021;32(8):2262-2268, IF= 2,942 

 

3. Morphometrical features of left atrial appendage in the atrial fibrillation patients 
subjected to left atrial appendage closure 
Katarzyna Słodowska, Jakub Batko, Jakub Hołda, Damian Dudkiewicz, Mateusz 
Koziej, Radosław Litwinowicz, Krzysztof Bartuś, Mateusz K. Hołda 
Folia Morphologica, 2022:10.5603/FM.a2022.0080, IF=1,195 

 

Dla wymienionego cyklu publikacji łączna wartość „Impact factor” według Thomson 

Reuters Journal Citation Reports na rok publikacji wynosi 6,975 oraz 240 punktów według 

wykazu czasopism naukowych Ministerstwa Edukacji i Nauki na rok 2021. Teksty 

artykułów wraz z tabelami i rycinami zamieszczone są w niniejszej rozprawie  

w wersjach autorskich, będących w pełni zgodnymi z wersjami ostatecznymi, które ukazały 

się drukiem w czasopismach. 
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2. Omówienie pracy doktorskiej w języku polskim 

Wstęp i uzasadnienie podjętej tematyki 

Uszko lewego przedsionka to struktura serca, która do niedawna była uznawana za 

niepełniącą żadnej istotnej funkcji w organizmie. Ostatnie dziesięciolecia powiązały jednak 

uszko lewego przedsionka z incydentami zatorowo-zakrzepowymi. Zostało ono uznane za 

najczęstsze miejsce powstawania materiału zakrzepowo-zatorowego w kardiogennym udarze 

mózgu.1 Okrycie to spowodowało lawinowy wzrost zainteresowania morfologią oraz funkcją 

uszka lewego przedsionka i doprowadziło do rozwoju technik zabiegowego zamykania uszka 

jako prewencji rozwoju udaru mózgu.2 Ostatnie doniesienia naukowe wskazują także na dużą 

rolę samego uszka w rozwoju i podtrzymywaniu zaburzeń rytmu serca.3  

Dokładna znajomość charakterystyki morfometrycznej uszka lewego przedsionka 

pozwala na optymalizację technik jego zamykania, co za tym idzie ma bezpośredni wpływ na 

wyniki przeprowadzanych interwencji.4 Brak jest niestety dużych badań morfologicznych 

opisujących wszystkie komponenty uszka oraz wzajemne relacje między poszczególnymi 

komponentami uszka. Przeprowadzane w ostatnich latach badania wykazały zależność 

pomiędzy kształtem uszka lewego przedsionka i jego predyspozycją do tworzenia materiału 

zatorowego.5 Do tej pory powstało wiele systemów klasyfikacji uszek lewego przedsionka 

uwzględniających jego budowę, kształt i właściwości morfologiczne. Niestety mnogość 

systemów klasyfikacyjnych dotyczących kształtu samego uszka (od 2 do nawet kilkunastu 

typów w każdej z klasyfikacji) nie pozwala na wiarygodne porównywanie badań i może być 

przyczyną wielu nieporozumień zarówno na płaszczyźnie badań podstawowych, jak  

i w codziennej praktyce klinicznej. Najczęściej używanym systemem klasyfikacji jest 

czteropunktowy podział według Wanga (chicken wing, cactus, windsock, cauliflower), który 

powstał w oparciu o analizę wyglądu uszka w badaniach tomografii komputerowej serca.6 
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Klasyfikacja ta cieszy się dużą popularnością wśród naukowców i klinicystów, jednak ze 

względu na obserwowane duże rozbieżności pomiędzy różnymi badaniami  

w dystrybucji poszczególnych typów zasugerowano, że system ten może nie być powtarzalny 

i dokładny.7 Poddaje to w wątpliwość, czy system klasyfikacji według Wanga jest w stanie 

dokładnie przewidzieć zależność między różnymi typami uszka lewego przedsionka i ryzykiem 

rozwoju udaru lub arytmii. Stąd też istnieje silna potrzeba stworzenia ujednoliconej, prostej 

klasyfikacji morfologii uszka lewego przedsionka na podstawie jego kształtu, bazującej na jego 

charakterystyce morfometrycznej i uwzględniającej protrombogenne właściwości każdego  

z typów, która mogłaby być szeroko używana w praktyce klinicznej.  

Równie ważną kwestią jest relacja uszka lewego przedsionka do sąsiednich struktur 

serca, zwłaszcza naczyń wieńcowych, które mogą zostać uszkodzone podczas zabiegów 

przeprowadzanych w obrębie lub okolicy uszka lewego przedsionka.8 Nie bez znaczenia jest 

także sama struktura ściany przedsionka, która okala ujście uszka. Poznanie dokładnej 

morfologii uszka i otaczających go struktur pozawala na dokładniejsze zaplanowanie zabiegu 

jego zamykania. Co więcej, poznanie różnic w grubości ściany wokół ujścia uszka lewego 

przedsionka oraz wymiarów samego ujścia może pozwolić na bardziej precyzyjne 

wykonywanie procedur w tej okolicy serca, dokładniejsze dobranie urządzenia okluzyjnego  

i tym samym zminimalizowanie ryzyka powikłań zabiegu takich jak perforacja czy resztkowy 

przeciek.9 Wreszcie wciąż sporną kwestią jest jakie parametry morfologiczne samego uszka 

lewego przedsionka przyczyniają się do jego zwiększonego potencjału zakrzepowo-

zatorowego.10,11  
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Cele pracy 

Niniejsza praca doktorska ma na celu: 

1. Poznanie dokładnej anatomii uszka lewego przedsionka, uwzględniając jego 

charakterystykę morfometryczną. 

2. Zaproponowanie nowej, uproszczonej klasyfikacji uszka lewego przedsionka według 

jego kształtu. 

3. Analizę morfometryczną ujścia uszka lewego przedsionka, ze szczególnym 

uwzględnieniem charakterystyki ściany lewego przedsionka w otoczeniu ujścia.  

4. Poznanie różnic w charakterystyce morfometrycznej uszek lewego przedsionka 

pomiędzy pacjentami z migotaniem przedsionków, u których wykonano zabieg 

zamknięcia uszka a pacjentami z rytmem zatokowym. 
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Materiały i metody  

Badanie uzyskało pozytywne opinie Komisji Bioetycznej Uniwersytetu 

Jagiellońskiego. Protokół badania jest zgodny z wytycznymi Deklaracji Helsińskiej z 1975 roku 

wraz z jej późniejszymi poprawkami. 

Materiał badawczy 

Badanie ma charakter obserwacyjny i jest przeprowadzone w oparciu o makroskopową 

ocenę morfologii i morfometrii materiału autopsyjnego oraz pomiary rekonstrukcji uszek 

lewego przedsionka uzyskanych w toku segmentacji badań tomografii komputerowych serca  

z kontrastem bramkowanych EKG.  

Część autopsyjna badania została wykonana w oparciu materiał pośmiertny, pobrany 

podczas rutynowych sekcji sądowo-lekarskich. Do badania włączono 200 serc ludzkich 

zabezpieczonych w 10% wodnym roztworze formaldehydu. Podstawowym kryterium 

włączenia donatorów był wiek powyżej 18 lat. Czynniki wykluczające z badania obejmowały: 

ciężkie wady anatomiczne układu sercowo-naczyniowego, operacje w obrębie serca lub 

przeszczepy serca, urazy serca i makroskopowe oznaki rozkładu zwłok.  

Dodatkowo do badania włączono 101 tomografii komputerowych sera bramkowanych 

EKG z wzmocnieniem kontrastem wykonanych u osób dorosłych. Wyodrębniono dwie grupy 

pacjentów: badaną i kontrolną. Grupę badaną (n=51) stanowili pacjenci z migotaniem 

przedsionków, u których zaplanowano procedurę zamknięcia uszka lewego przedsionka 

systemem LARIAT.12 Grupa kontrolna (n=50) była złożona z losowo wybranych pacjentów,  

u których wykonano tomografię komputerową w celu oceny tętnic wieńcowych, i u których nie 

stwierdzono w przeszłości epizodów udarów mózgu oraz migotania przedsionków. Dodatkowe 

kryteria wykluczające z badania w obu grupach obejmowały: ciężkie wady anatomiczne serca, 
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stan po operacjach kardiochirurgicznych i przeszczepach serca w przeszłości, stan po 

inwazyjnych zabiegach kardiologicznych oraz artefakty badania uniemożliwiające ocenę serca.  

Obserwacje i pomiary morfometryczne materiału autopsyjnego 

Uszka lewego przedsionka zostały zakwalifikowane według kształtu do jeden z trzech grup: 

- Typ I – kalafior: zwarty korpus uszka o ograniczonej długości ze zmienną liczbą płatów  

i bez wyraźnych zagięć,  

- Typ II – skrzydełko kurczaka: znaczne zagięcie w proksymalnej lub środkowej części 

płata dominującego,  

- Typ III – grot strzały: dominujący płat o istotnej długości, bez wyraźnych zagięć.  

Następnie zanotowano liczbę dodatkowych płatów dla każdego uszka. Zmierzono 

maksymalną długość korpusu uszka (od podstawy do wierzchołka) i szerokość podstawy uszka. 

Pomiary długości uszek, które zostały sklasyfikowane jako typ II - skrzydełko kurczaka były 

podzielone na dwie części – od podstawy do zgięcia oraz od zgięcia do wierzchołka uszka. 

Zmierzono również kąt samego zagięcia uszka dla tego typu.  

Następnie rozcięto lewy przedsionek przy użyciu skalpela w celu uwidocznienia ujścia 

uszka lewego przedsionka oraz tylno-bocznego regionu lewego przedsionka. Zmierzono ujście 

uszka do lewego przedsionka w dwóch wymiarach – równolegle do pierścienia zastawki 

mitralnej (średnica poprzeczna) i prostopadle do pierścienia zastawki mitralnej (średnica 

przednio-tylna). Na podstawie tych pomiarów zaklasyfikowano kształt ujścia jako owalny 

(różnica pomiędzy średnicami większa niż 3 mm) lub okrągły. Na podstawie średnic obliczono 

pole powierzchni ujścia uszka. Objętość uszka oceniono wlewając do niego odmierzoną 

objętość wody. Następnie uszka zostały przecięte wzdłuż od podstawy do wierzchołka. Dla 
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każdego uszka zmierzono grubość 10 reprezentatywnych mięśni grzebieniastych z podziałem 

na mięśnie występujące w podstawie oraz wierzchołku uszka.  

Następnie określono wygląd powierzchni endokardialnej wokół ujścia uszka lewego 

przedsionka. Zanotowano także warianty ujść lewostronnych żył płucnych oraz obecność grani 

lewego przedsionka. Kolejno wyznaczono cztery punkty oddalone o 3 mm od brzegu ujścia 

uszka lewego przedsionka (punkt górny, dolny, przedni i tylny), w których rozcięto jamę 

lewego przedsionka, aby zmierzyć grubość ściany lewego przedsionka w tych miejscach. 

Wszystkie struktury anatomiczne zostały opomiarowane przy użyciu elektronicznych 

suwmiarek z precyzją pomiaru wynoszącą 0.03mm.  

Analiza tomografii komputerowych serca  

Analizy skanów tomografii komputerowych przeprowadzono na dedykowanych 

stacjach roboczych (Dell, USA). Trójwymiarowe (3D) rekonstrukcje struktur serca (uszko 

lewego przedsionka, lewy przedsionek i lewa komora) zostały wykonane przy użyciu technik 

renderowania objętościowego i segmentacji (zarówno w końcoworozkurczowej, jak  

i końcowoskurczowej fazie badania) przy użyciu oprogramowania Mimics Innovation Suite 

(Materialise, Belgia). Zastosowano ręczne i półautomatyczne metody segmentacji. Następnie 

surowe dane i wizualizacje poddano wielokierunkowym analizom morfologicznym  

i morfometrycznym. Pomiary wykonywane były przez dwóch niezależnych badaczy.  

W pierwszej fazie określono przynależność uszka do jednego z trzech typów kształtu. 

Następnie w wykonanych rekonstrukcjach 3D dokonano następujących pomiarów i obserwacji: 

średnica, pole powierzchni, obwód oraz kształt (owalny/okrągły) ujścia uszka lewego 

przedsionka, długość i szerokość uszka, głębokości uszka, kąt zagięcia oraz objętość uszka. 

Zmierzono także objętości oraz wymiary lewego przedsionka oraz lewej komory w fazie 
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skurczowej i rozkurczowej. Następnie obliczono frakcje wyrzutowe przedsionka, komory oraz 

samego uszka lewego przedsionka.  

Opracowanie wyników  

Wszystkie zebrane dane zostały wprowadzone do arkusza kalkulacyjnego Microsoft 

Office Excel (Redmond, WA, USA), a następnie opracowane statystycznie przy użyciu 

programu StatSoft Statistica (Tulsa, OK, USA). Wyniki zostały przedstawione według 

obowiązującego kanonu prezentacji wyników statystycznych przy zastosowaniu protokołu 

EQUATOR (Enhancing the QUAlity and Transparency of Health Research). 

Dokładny opis zastosowanych metod badawczych znajduje się w odpowiednich 

sekcjach poszczególnych artykułów wchodzących w cykl. 
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Podsumowanie wyników i wnioski 

Artykuł 1 - Morphology of the left atrial appendage: introduction of a new simplified 

shape-based classification system  

 W pierwszej publikacji wchodzącej w cykl przedstawiono nową uproszczoną 

klasyfikację uszek lewego przedsionka. Uszka podzielono według kształtu na trzy typy:  

typ I – kalafior, typ II – skrzydełko kurczaka, typ III – grot strzały. W analizowanym materiale 

200 serc typ I stanowił 36,5%, typ II 37,5%, natomiast typ III 26,0% przypadków. Dodatkowe, 

mniejsze płaty towarzyszące głównej strukturze uszka występowały w 55,5% serc. W celu 

walidacji/oceny klinicznego znaczenia uproszczonej klasyfikacji zbadano 50 skanów 

tomografii komputerowych serc uzyskując podobny rozkład częstości występowania 

poszczególnych typów.  

Odnotowano istotne różnice pomiędzy typami uszek w ich długości (skrzydełko 

kurczaka: 35,7 ± 9,8 mm, grot strzały: 30,8 ± 10,1 mm, kalafior: 22,3 ± 9,6 mm, p<0,001) oraz 

grubości mięśni grzebieniastych zlokalizowanych w obrębie wierzchołka uszka (grot strzały: 

1,2 ± 0,7 mm; kalafior: 1,1 ± 0,6 mm; skrzydełko kurczaka: 0,9 ± 0,6 mm, p<0,001). Nie 

wykazano natomiast istotnych różnic pomiędzy grupami w innych mierzonych parametrach,  

w tym w objętości samego uszka, czy też w wielkości jego ujścia do lewego przedsionka. 

Zaobserwowano, że objętość uszka istotnie korelowała z BMI, masą ciała, wzrostem, 

wiekiem i masą samego serca. Powierzchnia ujścia uszka lewego przedsionka oraz całkowita 

długość uszka były dodatnio skorelowane z wiekiem i masą serca. Dawcy z owalnym ujściem 

uszka (45,0%) byli znacznie starsi niż dawcy z okrągłym (55,0%) ujściem (50.2 ± 16,6 vs.  

43.7 ± 20,4 lat, p=0,014) i mieli znacznie cięższe serca. Nie zaobserwowano innych 
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statystycznie istotnych korelacji. Płeć dawcy nie wpływała na żadne wymiary uszka lewego 

przedsionka. 

Podsumowując, w niniejszym badaniu opracowano nowy, prostszy system klasyfikacji 

oparty na typach kształtu uszka lewego przedsionka. Zaproponowano trzy łatwo rozróżnialne 

typy: kalafior (36,5%), skrzydełko kurczaka (37,5%) i grot strzały (26,0%). Podobny rozkład 

częstości występowania zaobserwowano zarówno wśród materiału autopsyjnego jak  

i w badaniach tomografii komputerowych serca, co może świadczyć o klinicznej użyteczności 

stworzonej klasyfikacji. Uszka w poszczególnych typach kształtu nie różniły się znacząco pod 

względem swojej całkowitej objętości i rozmiarów ujść. Wiek istotnie wpływa na wielkość 

uszka lewego przedsionka powodując jego powiększenie i postępującą transformację geometrii 

ujścia uszka z okrągłej na bardziej owalną.  

Artykuł 2 - Thickness of the left atrial wall surrounding the left atrial appendage orifice 

W drugim artykule zaprezentowano wyniki pomiarów grubość ściany lewego 

przedsionka wokół ujścia uszka lewego przedsionka. Pomiary dokonywane były w czterech 

ustalonych wcześniej punktach: punkt górny (na dachu lewego przedsionka), punkt dolny  

(w okolicy bruzdy przedsionkowo-komorowej), punkt przedni (w sąsiedztwie pierścienia 

zastawki mitralnej) i punkt tylny (w okolicy ujść lewostronnych żył płucnych).  

Ściana lewego przedsionka wokół ujścia uszka była najgrubsza w punkcie przednim 

(3,17 ± 1,41 mm, zakres: 1,12–8,91 mm), następnie w punkcie górnym (2,47 ± 1,00 mm, zakres: 

0,34–5,52 mm), punkcie dolnym (2,22 ± 0,80 mm, zakres: 0,83–5,35 mm) i najmniejsza  

w punkcie tylny (2,22 ± 0,83 mm, zakres: 0,61–5,43 mm). Masa serca nie była istotnie 

skorelowana z grubością tkanki w żadnym mierzonym punkcie. Co więcej nie zaobserwowano 
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znaczących różnic w zmierzonych grubościach między płciami. Grubość nie była także 

skorelowana z wiekiem dawców ani innymi cechami antropometrycznymi. 

Istotną różnicę w grubości tkanki w górnym punkcie zaobserwowano między różnymi 

typami uszka, gdzie typ skrzydełka kurczaka był związany z najniższą grubością w porównaniu 

z kształtem kalafiora i grotu strzały (p=0,024). Nie zaobserwowano innych istotnych różnic 

związanych z typem uszek. Średnia objętość samego uszka lewego przedsionka wynosiła  

3,0 ± 2,1 ml i nie była istotnie skorelowana z mierzonymi grubościami.  

Kształt ujścia LAA określono jako okrągły w 55,0% i owalny w 45,0% przypadków.  

W sercach z owalnym ujściem uszka ściana przedsionka była istotnie grubsza we wszystkich 

punktach pomiarowych niż w sercach z okrągłym ujściem (p<0.05). Sama powierzchnia ujścia 

uszka wynosiła 1,4 ± 0,9 cm² i była ujemnie skorelowana z grubością tkanki w punkcie 

przednim i tylnym ujścia. Tożsame, ujemne korelacje zaobserwowano między przednio-tylną 

średnicą ujścia uszka, a grubością tkanki zarówno w punkcie przednim, jak i tylnym. 

Ponadto zaobserwowano istotną różnicę w dystrybucji i częstości występowania 

dodatkowych struktur (takich jak: szczeliny, uchyłki, beleczki lub mostki tkankowe) w okolicy 

ujścia uszka na powierzchni wsierdziowej lewego przedsionka. Sektor dolny był najbardziej 

dotknięty chropowatością powierzchni (obserwowaną w 75,5% serc). Kolejne sektory: przedni 

(17,5%), górny (4,0%) i tylny (1,5%) w przeważającej większości przypadków były gładkie 

(p=0,001). 

Podsumowując, grubość ściany lewego przedsionka wokół ujścia uszka lewego 

przedsionka nie jest stała. Najcieńsza ściana lewego przedsionka znajduje się w punkcie tylnym 

ujścia. Jest to miejsce, w którym potencjalnie najłatwiej może dojść do powikłań zabiegów 

wykonywanych w obrębie uszka, tj. perforacji ściany serca. Zarówno kształt, jak i wielkość 
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ujścia uszka mają wpływ na grubość ściany przedsionka w jego sąsiedztwie. Na powierzchni 

endokardialnej w sektorze dolnym ujścia uszka lewego przedsionka należy spodziewać się 

licznych struktur dodatkowych, które mogą utrudniać przeprowadzanie zabiegów.  

Artykuł 3 - Morphometrical features of left atrial appendage in the atrial fibrillation 

patients subjected to left atrial appendage closure 

 Ostatni artykuł z cyklu przedstawia różnice w morfologii uszka lewego przedsionka  

u pacjentów z migotaniem przedsionków w porównaniu do pacjentów z rytmem zatokowym. 

Kształt skrzydełka kurczaka był najczęstszym typem uszka lewego przedsionka zarówno  

w grupie badanej, jak i kontrolnej (45,1 vs. 46,0%, p=0,93), kolejno obserwowany był grot 

strzały (29,4 vs. 20,0%, p=0,27) oraz kalafior (25,5 vs. 34,0%, p=0,35). Nie stwierdzono 

statystycznie istotnej różnicy w rozkładzie kształtów między grupami, natomiast uszka  

w grupie badanej miały mniejszą liczbę płatów dodatkowych. 

W obu analizowanych grupach ujście uszka lewego przedsionka było głównie owalne 

w swym kształcie (grupa badana: 94,0% vs. grupa kontrolna: 70,4%). W grupie badanej 

stwierdzono znacznie mniej okrągłych ujść niż u pacjentów z grupy kontrolnej (p=0,001). 

Ponadto stwierdzono, że wielkość ujścia była istotna większa u pacjentów z migotaniem 

przedsionków w porównaniu z grupą kontrolną (większe średnice, większa powierzchnia ujścia 

i większy obwód ujścia). 

Przeanalizowano kilka głównych cech morfometrycznych samego uszka (długość, 

szerokość i głębokość). Nie stwierdzono jednak statystycznie istotnych różnic w tych 

parametrach między dwiema grupami (wszystkie p > 0,05). Obliczona frakcja wyrzutowa uszka 

lewego przedsionka była jednak istotnie niższa w grupie badanej w porównaniu z osobami 

zdrowymi (16,4 ± 14,9 vs. 48,2 ± 12,9%, p=0,001). Co więcej, w grupie badanej 
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zaobserwowano istotnie większe wymiary lewego przedsionek w porównaniu z grupą 

kontrolną (większy wymiar przednio-tylny oraz objętości). Nie znaleziono żadnych istotnych 

różnic w zmierzonych wymiarach lewej komory, objętościach i frakcji wyrzutowej pomiędzy 

badanymi grupami (p>0,05).   

Niezależnie od zastosowanej techniki zamknięcia uszka lewego przedsionka, można 

zaobserwować występujące przecieki resztkowe. Nasze badanie pokazuje, że u pacjentów  

z migotaniem przedsionków największe morfologiczne zmiany zachodzą nie w strukturze 

samego uszka, lecz w obrębie ujścia uszka lewego przedsionka - kluczowym miejscu dla 

wszystkich procedur zamykania uszka. Operatorzy powinni być świadomy tej zmiany  

w morfologii ujścia uszka lewego przedsionka i wybrać odpowiednie narzędzie oraz technikę 

zabiegu dostosowaną do anatomii danego pacjenta.  
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Introduction  

The left atrial appendage (LAA) is an embryonic remnant of the primitive atrium 

originating from the postero-lateral aspect of the left atrium. The LAA contains stretch-sensitive 

receptors that can influence heart rate and is an important place of natriuretic peptides secretion 

in response to change in atrial pressure. Moreover, the LAA acts as a reservoir during left 

ventricular systole, a conduit for blood transiting from the pulmonary veins to the left ventricle 

during early diastole, an active contractile chamber that augments left ventricular filling in late 

diastole, and a suction source that refills itself in early systole.1 It also plays an important role 

in cardiac thrombogenesis and arrhythmogenesis.2 Many thrombi originate in the LAA due to 

its specific predisposing factors. This frequently multi-lobular structure has many 

trabeculations, a relatively small orifice, a narrow neck and turbulent blood flow which increase 

the risk for cardioembolic events.3 Prothrombogenic properties of the LAA are exponentiated 

by atrial tachyarrhythmias.4 Thrombi created within the LAA account for 91% of strokes in 

nonvalvular atrial fibrillation and 15-38% of strokes in non-atrial fibrillation patients with  

a cardiomyopathy.2 Procedures aiming exclusion of the LAA are commonly performed 

however it has not been clearly proven by any randomized study that the LAA isolation or 

resection is a beneficial procedure and thus should be performed based on narrow indications.5 

On the other hand, it is suggested that instead being beneficial, the LAA exclusion may be  

a cause of heart failure deterioration.6 Moreover, many studies indicate that the LAA acts as  

an important arrhythmogenic substrate in atrial and ventricular arrhythmias.7 It is estimated that 

the LAA may be the electrical trigger in as many as a third of patients developing recurrent 

atrial fibrillation/tachycardia after undergoing ablation procedures.8 The LAA’s role in 

pathophysiological processes has led to the development of new surgical and percutaneous 

techniques to functionally and electrically isolate the LAA.5,8 



21 
 

Due to its clinical significance, it is imperative to understand the morphology of  

LAA. Not all LAAs are made equal - there are considerable differences in its size, shape, and 

the types of spatial relationships which it has with adjacent cardiac and extracardiac 

structures.9,10 These variations have implications on the pathogenicity of the LAA, on imaging 

accuracy and on the types of interventional procedures which can be used within this anatomical 

region.11 Thrombogenic potential has been closely linked to the shape of the LAA body.  

As per such, several classification systems have been put in place to categorize this structure 

based either on post-mortem studies10,12 or imaging data.13–17 The most commonly used system 

remains the one outlined by Wang et al., which was designed off of computed tomography 

findings.17 However, due to the large discrepancies in distribution types observed in both 

cadaveric and imaging studies and the high interobserver and intraobserver variations, it has 

been suggested that this classification system may not be replicable and exact. This has cast 

doubt on whether this classification system is capable of accurately predicting the correlation 

between different LAA types and their associated risks for stroke or arrhythmia.9,18–24 

The aim of this study was to investigate and document the detailed anatomy of the LAA. 

It also sought to devise a simple classification system of the shape of the LAA which would 

allow to estimate the different thrombogenic properties associated with each type.  

The secondary aim of current study was to find correlations between different LAA features 

and anthropometric parameters.  

Material and methods  

This study was conducted at the Department of Anatomy, at the Jagiellonian University 

Medical College and was approved by the Bioethical Committee of the Jagiellonian University 

in Cracow, Poland. The study was conducted according to the principles expressed in the 1975 
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Declaration of Helsinki. The methods were carried out in accordance with the approved 

guidelines.  

Study population  

A total of 200 randomly selected autopsied human hearts (Caucasian) of both sexes 

(25.0% females) with a mean age of 46.6 ± 19.1 years and an average measured body mass 

index (BMI) of 26.5 ± 4.8 kg/m2 were included and prospectively investigated. Hearts were 

collected during routine forensic medical autopsies performed at the Department of Forensic 

Medicine of the Jagiellonian University Medical College in Cracow, Poland from December 

2016 to June 2019. Hearts which had past cardiac surgery, heart grafts, previous heart trauma, 

evident severe macroscopic pathologies, vascular or cardiac anatomical defects  

and macroscopic signs of cadaver decomposition were excluded from this study. There were 

no donors with either a history of persistent atrial fibrillation or a thrombus identified in the left 

atrial appendage during autopsy among studied cases.  

Dissection and measurements  

Each heart, along with parts of its accompanying great vessels, was dissected from  

the chest cavity in routine manner. All specimens were then briefly inspected, washed out of 

excess blood, weighed, and then placed in a 10% paraformaldehyde buffered solution until  

the time of the next observations and measurements. Based on its external and internal 

appearance, the shape of the LAA body was determined using modified classifications 

previously described in literature, dividing the LAA into three types (see also Figure 1):  

- Type I – the cauliflower shape: In this type, the body of the LAA is without obvious bends, it 

is compact with a relatively limited length, and has a variable number of lobes (Figure 1A, B);  
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- Type II – the chicken wing shape: In this type, the body of the LAA has a substantial bend  

in the proximal or middle part of the dominant lobe (the bend is larger than 90°), and it may 

present with secondary lobes (Figure 1C). Among chicken wing LAAs a reverse chicken wing 

subtype may be further distinguished (the tip of the wing is directed posteriorly and more 

laterally) (Figure 1D);  

- Type III – the arrowhead type: In this type, the body of the LAA is without obvious bends,  

it has one dominant lobe of substantial length and there are also secondary lobes extending from 

the base of the LAA in any direction (Figure 1E, F).  

Shape assessment was performed independently by two researchers. In case of  

a disagreement, a third researcher was asked to also examine the specimen – all observers were 

then required to reach a consensus by discussing the most appropriate category in which the 

LAA belonged to.  

Several other defining features and measurements were taken afterwards.  

The researchers noted the number of secondary to main lobes. The maximum length of the LAA 

(from base to apex) and the width of the LAA base were measured. The LAAs which were 

classified as having a chicken wing shape had their length measurement divided into two parts 

– one measurement was taken from the base to the bend, and another was taken from the bend 

to the apex of the appendage. The angle of the bend was also measured. Moreover,  

any variations in the left-sided pulmonary vein ostia and/or variations in the relative position  

of the LAA in relation to the pulmonary veins were noted.  

Next, in order to expose the postero-lateral region of the left atrium and the orifice  

of the LAA the anterior wall of the left atrium was dissected. The transverse diameter (D1, 

parallel to the mitral valve annulus) and the antero-posterior diameter (D2, perpendicular to the 
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mitral valve annulus) of the LAA orifice were measured. If the difference between these two 

diameters was > 3 mm, the shape of the orifice was classified as oval, otherwise it was classified 

as a round. The area (A) of the LAA orifice was calculated using the following formula: A = π 

× ½ D1 × ½ D2. The volume of the LAA was determined by filling its body with a known 

volume of water. Lastly, the LAA was cut longitudinally from its base to the apex. The 

thickness of 10 representative pectinate muscles in both the base and apex of the LAA were 

measured for each appendage.  

All linear measurements were conducted with a 0.03-mm precision electronic caliper 

(YATO, YT–7201, Poland). Angle measurements were taken using a 1° precision circle 

protractor. In order to reduce human bias, all measurements were recorded by two independent 

researchers. If results between the two observers varied by more than 10%, both measurements 

were repeated. The mean of the 2 new values was calculated and reported as the final length.  

3D visualizations of LAA body  

To proof new classification system of the LAA in the clinical environment a separate 

set of randomly selected fifty patients was retrospectively investigated (Caucasian, 50% 

females, mean age of 49.7 ± 12.4 years old). The standard contrast-enhanced 

electrocardiogram-gated multislice computed tomography was performed at the John Paul II 

Hospital in Cracow as a part of the coronary artery disease diagnostic process. Detailed cardiac 

computed tomography protocol was described in our previous study 25. The DICOM files were 

implemented to the 3D reconstruction and visualization software (Mimics Innovation Suite 22, 

Materialise). The LAA body was identified in all patients and 3D reconstructed to identify  

its shape (Figure 2).  
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Statistical analysis  

The data from this study is presented as mean values with corresponding standard 

deviations or determined percentages. Shapiro-Wilk tests were used to determine if  

the quantitative data was normally distributed. Levene’s test was performed to verify a relative 

homogeneity of variance. Student’s t-tests and the Mann-Whitney U tests were used for 

statistical comparisons. The analysis of variance (ANOVA) or non-parametric Kruskal Wallis 

test were used to compare values between different groups. Detailed comparisons were 

performed using Tukey’s post hoc analyses. Qualitative variables were compared using  

χ2 (chi-squared) tests of proportions with Bonferroni corrections to account for the multiple 

comparisons. Correlation coefficients were calculated to assess whether there was a statistical 

dependence between the measured parameters. Especially the correlations between the LAA 

features, anthropometric parameters of the donors and heart parameters were investigated.  

To detect a simple correlation (r = 0.25) with 80% power and a 5% significance level (two-

tailed; α = 0.05; β = 0.2), the required minimal sample size was set at approximately 123 cases. 

A p-value lower than 0.05 was considered statistically significant. Statistical analyses  

were performed using StatSoft STATISTICA 13.1 software for Windows (StatSoft Inc., Tulsa, 

OK, USA).  

Results  

Three different LAA body types were distinguished: type I - cauliflower (36.5%) 

(Figure 1A, B); type II - chicken wing (37.5% [reverse chicken wing in 2.5%]) (Figure 1C) and 

type III – arrowhead (26.0%) (Figure 1E, F). Interobserver agreement for the assessment of  

the 3 different LAA types was excellent: 95.9% for the cauliflower, 96.0% for the chicken wing 

and 92.3% for the arrowhead type. The sex and age of donors did not affect the LAA type. 

Using the original LAA classification by Wang et al. the prevalence of the cactus and the 
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windsock LAA types (that are now combined into arrowhead type) would be 15.5 and 10.5%, 

respectively. In the set of analyzed cardiac computed tomographic data the LAA body types 

were identified as follows: cauliflower in 38.0% (Supplementary Figure 1), chicken wing  

in 40.0% (Supplementary Figure 2) and arrowhead in 22.0% (Supplementary Figure 3), which 

proves clinical reliable of the proposed new classification system. At least one or more 

additional accessory lobes were present in 55.5% of all examined specimens. The number of 

secondary lobes varied based on the type of LAA body shape (Table 1) (p<0.001).  

Table 2 shows the measured parameters divided by LAA type. The total length of the 

body of the LAA was longest in the chicken wing type (35.7 ± 9.8 mm) and shortest in  

the cauliflower type (22.3 ± 9.6 mm) (p<0.001). In 27.0% of all cases the length of the LAA 

was less than twice the LAA orifice diameter. The thickness of the pectinate muscles at  

the LAA apex was significantly thinner in the chicken wing type than in the cauliflower  

and arrowhead types (0.9 ± 0.6 vs. 1.1 ± 0.6 vs. 1.2 ± 0.7 mm, respectively, p<0.001).  

Also, irrespective of body type, pectinate muscles located within the LAA base were 

significantly thicker than those located within the LAA apex (Table 2, p<0.001). Interestingly, 

LAA volume and orifice size did not vary with the type of LAA shape. Moreover, the shape of 

the orifice of the LAA was not influenced by the LAA body type. The orifice was oval in 50.7% 

of cauliflower types, in 40.0% of chicken wing types and in 44.2% of arrowhead types – the 

remainder of specimens had round orifices (p=0.422). Also, appendages with numerous lobes 

did not differ in their volume capacity (p>0.05).  

Due to its unique architecture, the chicken wing type had additional morphometric 

parameters assessed. Therefore, the angle of the bend of the main lobe (134.5 ± 21.0 °), the 

length of the LAA body from the base to the bend (20.0 ± 6.2 mm), and the length form the 

bend to the apex (16.5 ± 7.4 mm) are included in Table 2.  
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Other trends and correlations were noticed, which were independent of the LAA body 

type. The LAA volume correlated with BMI (r=0.27, p=0.02), body weight (r=0.29, p=0.004), 

body height (r=0.20, p=0.04), age (r=0.29, p=0.005, growth rate: 0.02 ml/year) and heart weight 

(r=0.32, p<0.001). Moreover, the total length of the LAA increased with age (r=0.26, p=0.012, 

growth rate: 0.12 mm/year) and cardiac weight (r=0.28, p=0.003). The area of the orifice of  

the LAA was also positively correlated with age (r=0.36, p<0.001, growth rate: 0.02 cm2/year) 

and heart weight (r=0.26, p<0.001). Donors with an oval LAA orifice (45.0%) were 

significantly older than those with a round (55.0%) orifice (50.2 ± 16.6 vs. 43.7 ± 20.4 years, 

p=0.014) and they had significantly heavier hearts (458.2 ± 104.8 vs. 409.6 ± 114.1 g, p=0.002). 

No other statistically significant correlations were observed. The sex of the donor did not affect 

any LAA dimensions.  

Most of the examined hearts (91.5%) had a classical pattern of left‐sided pulmonary 

venous drainage (i.e., with one inferior and one superior pulmonary vein ostium), while the 

remaining 8.5% had a single common left pulmonary vein ostium. No differences in LAA 

dimensions were observed between these two groups (p>0.05). The orifice of the LAA was 

located at the level of left inferior pulmonary vein in 48.5% of hearts and at the level of the left 

superior pulmonary vein in 51.5% of hearts.  

Discussion  

Currently, the most frequently used classification system is the one developed by Wang 

et al., which distinguishes between 4 types of LAA body shapes: chicken wing, cauliflower, 

cactus, and windsock.17,26 Some shapes are less pathogenetic than others. For instance, patients 

with a chicken wing LAA morphology are significantly less likely to suffer from 

thromboembolic events than patients with other LAA shapes.18,26 Meanwhile, cauliflower LAA 

body types are an independent predictor for stroke, even in patients with a low CHADS2 score 
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16. Nevertheless, studies by Wu et al. and Khurram et al. have raised concerns about the 

unreliability of the classification model, and about the limitations pertaining to the 

interpretation of the relationship between the morphology of the LAA and its associated stroke 

potential.19,24 One of the main problems concerns the very broad ranges which cover  

the prevalence of each LAA type. For instance, it was reported that the chicken wing type had 

an incidence between 13-52%, the cauliflower type occurred in between 3-40% hearts, the 

cactus type occurred in 5-38% of hearts and the windsock prevailed in 10-37% of hearts.26  

Such wide spectrums were also reported in an analysis of comparable study groups. 

Furthermore, huge inconsistencies were also present when came time to compare the 

distribution of LAA types in cadaveric studies versus imaging studies.  

In a study on autopsied hearts, the distribution of LAA types was as follows: chicken 

wings represented 12% of all specimens, cauliflowers represented 26% of all specimens, 

cactuses represented 24% of all specimens and windsocks represented 38% of all 

specimens.9 Several factors are responsible for the major discrepancies in prevalence 

distribution. First, the LAA body has a complex, three-dimensional structure which is often 

assessed in a two-dimensional plane. Stöllberger et al. showed that the imaging plane influenced 

the appearance of the overall shape, and it could also affect the number of lobes detected.27 

Secondly, Wang et al. did not use quantitative morphometric data to qualify each subtype – 

they provided subjective descriptions of each category type, which could lead to confusion 

about certain specimens.17 Thirdly, the shape of the LAA can be viewed using 2 separate 

techniques. Its form can be determined by examining the LAA wall (this technique is known as 

the myocardial model) or by exploring its cavity (this technique is referred to as the blood pool 

model). Since the cauliflower and arrowhead types are also difficult to distinguish in the two-

dimensional visualization techniques, three-dimensional imaging should always be the 
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preferred approach for adequate LAA visualization in order to minimize any confusion  

(Figure 2, Supplementary Figures 1-3).  

With all the above issues around proper LAA categorization, we found it necessary  

to design a simpler classification system. One of the main issues in the old classification system 

was differentiating between the cactus and the windsock LAA types. Both types were very 

similar to each other – each type had one dominant lobe of sufficient length without any visible 

bends.17 They did differ in their number and location of secondary lobes. According to the 

original LAA classification by Wang et al. the prevalence of the cactus and the windsock LAA 

types in our study population would be 15.5 and 10.5%, respectively. However, since those 

little features were very hard to detect in both cadaveric and imaging studies, we opted to merge 

these two types of categories – the arrowhead type. This reasoning was further justified by 

previous clinical studies which did not report any significant clinical differences between these 

two types of LAA shapes.28  

The chicken wing and the cauliflower LAA types have many clinical associations,  

so it is important to be able to distinguish between these types. Fortunately, this is quite easy 

due to two distinguishing characteristics: presence of a bend and the distribution of 

trabeculations within the LAA body. The cauliflower LAA type is characterized by extensive 

thick trabeculations (a potential cause of stasis and thrombus generation), especially when 

compared to the chicken wing type.19,29 A study by Khurram et al. revealed that small LAA 

orifices and extensive trabeculations were independent risk factors for thromboembolic events 

in patients with atrial fibrillation.19 There were other less noteworthy differences between the 

two LAA body shapes. The length of the LAA was highest in the chicken wing type and the 

thickness of the pectinate muscles at the LAA apex was thinner in the chicken wing type (Table 

2). No other significant morphometric differences were noted in our study.  
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Hemodynamic properties of different LAA shapes may play a crucial role in 

thrombogenicity. Flow velocity within the LAA has been shown to be highest in patients with 

a chicken wing LAA type as opposed to nonchicken-wing morphology, which could explain 

lower occurrence of ischemic stroke within this LAA morphology.22 On the other hand, a recent 

experimental computational fluid dynamics study demonstrated that besides the overall shape 

of the LAA, other geometric characteristics (e.g. length, tortuosity, position and orientation) 

also have an impact on the hemodynamic pattern within the LAA.30 Lastly, the number of 

accessory lobes, which can range from none to five, may also play a significant role in the 

pathogenicity of the LAA.10,31 This would imply that the cauliflower type (which possesses 

several accessory lobes) would be associated with a higher thrombogenic potential.  

Our study indicates that volume of the LAA and its orifice size have not differed 

between LAA types, which indicates the uniformity of the LAA orifice and overall size 

regardless the shape of the LAA body. Furthermore, this study investigated the impact of age 

on the geometry of the LAA. Older donors had larger LAA volumes (0.02 ml/year increase was 

noted), larger total LAA lengths (0.12 mm/year increase was noted), larger orifice areas (0.02 

cm2/year increase was noted). Increase of the LAA size with the age may be an additional 

argument against LAA occlusion by devices, since the orifice of the LAA might increase over 

time, thus favoring development of late leaks after initially successful LAA occlusion. 

Additionally, age affected the geometric shape of the orifice – older patients had more oval-

shaped openings. Veinot et al. also concluded that age played a role in LAA length, width,  

and orifice size and that these differences were most evident during the first two decades  

of life.10 Age-related changes have several implications for different cardiac pathologies. 

Increased occurrence of atrial fibrillation has been linked to older age and left atrial 

remodeling.32 Changes in LAA structure could be a contributing factor – they could potentially 

increase the amount of electrical activity and trigger atrial tachycardias.7,33 In addition,  
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the transformation in the shape of the LAA orifice from a round to a more irregular opening 

could have implications for interventions. For instance, irregular orifices may complicate 

transcatheter LAA closure procedures, since there may be a device mismatch and peri-device 

residual leaks even where the device was appropriately oversized.34 There is the possibility that 

the more oval shape of the LAA orifice in the elderly may be linked to higher laxity of aging 

heart tissue. We also proved that BMI and heart weight (that translates into the size of the heart 

cavities) positively correlate with the LAA size. This will possibly have two implications: first 

may allow for easier manipulation of the sheath and device in the left atrium and lower the risk 

of injury to the atrium and perforation of the LAA, second may force the implantation of larger 

and non-standard devices and therefore lead to peri-device residual leaks.35 

This study also explored the relationships between the LAA and the left-sided 

pulmonary veins. These associations are becoming increasingly more important due to the 

growing amount of linear ablations and electrical isolations involving the LAA.7 Knowing  

the exact location of the LAA within the left atrial wall could significantly improve outcomes 

in electrophysiological procedures. The study by Yorgun et al. found that when compared  

to traditional cryoballoon pulmonary vein isolation, additional LAA isolation improved 1-year 

outcomes in patients with persistent atrial fibrillation.36 Moreover, Heeger et al. have 

demonstrated that LAA electric isolation in addition to pulmonary vein isolation improves 

clinical success of patients with atrial fibrillation not responding to pulmonary vein isolation, 

however a high incidence of thromboembolic events and LAA thrombus was observed despite 

sufficient oral anticoagulation.37 Lastly, it is important to remember that despite the proximity 

between the LAA and the left-sided pulmonary veins, 59.5% of examined hearts are separated 

by a prominent fold of tissue (the left atrial ridge), which can be a significant obstacle in ablation 

procedures.25 
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The current study had several limitations. Firstly, all measurements were taken from 

formaldehyde preserved autopsied heart specimens, which could have minimally affected the 

size and shape of the tissue. However, a previous study has shown that the use of 10% 

paraformaldehyde in cardiac tissue preservation did not cause significant changes in atrial tissue 

shape and dimensions.38 Second, since this study was performed postmortem, it may not 

entirely represent the morphological properties of the tissues in vivo and it cannot infer much 

about the natural behavior or the dimensional changes within the cardiac cycle. Moreover,  

no donors with atrial fibrillation were studied. Furthermore, patients with atrial fibrillation are 

typically elderly patients, while the mean age of our population was 46.6 ± 19.1 years.  

At the same time this limitation reminds us that we cannot forget about younger patients with 

LAA in a daily clinical practice and the possible complications resulting from this structure in 

those cases. Additionally, only structurally unchanged hearts were investigated, but it may be 

possible that cardiac diseases such as heart failure, coronary artery disease or long-standing 

arterial hypertension may affect morphology of the LAA. No correlation was obtained between 

autopsy findings and imaging studies of the LAA. Lastly, only Caucasian subjects were studied 

and therefore no inter-racial differences were studied. Despite these limitations, it is believed 

that they do not interfere with our morphometrical analysis of the LAA nor with the findings 

about the relationships between individual heart structures and their relative dimensions. Newly 

created LAA classification system should be further tested and validated on imaging studies 

including echocardiography, computed tomography, and cardiac magnetic resonance imaging. 

Our simplified shape-based classification system will have to prove its relevance in future 

studies investigating the stroke risk of these now defined three LAA types.  
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Conclusion  

The LAA comes in many shapes and sizes and classifying its morphology based on 

imaging data may pose several challenges in obtaining an accurate appraisal. The present study 

designed a new simple classification system based on the type of LAA body shape. Three easily 

distinguished types of LAA were observed: the cauliflower type (36.5%), the chicken wing type 

(37.5%) and the arrowhead type (26.0%). These categories did not differ in their total LAA 

volume and orifice sizes. Additionally, LAA accessory lobes were present in 55.5% of LAAs. 

Age significantly affected the size of the LAA, causing LAA enlargement and a progressive 

transformation of the LAA orifice geometry into a more oval-shaped opening. Variations  

in left-sided pulmonary venous drainage had no influence on LAA morphometric features.  
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Figure 1 – Photographs of cadaveric heart specimens showing different types of left atrial 

appendage shapes. (A, B) Cauliflower type. (C) Chicken wing type. (D) Reverse chicken wing 

type. (E, F) Arrowhead type. 
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Figure 2 – Representative for each LAA type 3D reconstructions segmented from contrast 

enhanced computed tomography of the heart with corresponding axial, coronal and sagittal 

section images (Mimics Innovation Suite 22, Materialise). (A) Cauliflower type. (B) Chicken 

wing type. (C) Arrowhead type.  
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Supplementary Figure 1 - Representative for cauliflower type 3D reconstructions segmented 

from contrast enhanced computed tomography of the heart with corresponding axial, coronal 

and sagittal section images (Mimics Innovation Suite 22, Materialise).  
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Supplementary Figure 2 - Representative for chicken wing type 3D reconstructions segmented 

from contrast enhanced computed tomography of the heart with corresponding axial, coronal 

and sagittal section images (Mimics Innovation Suite 22, Materialise).  
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Supplementary Figure 3 - Representative for arrowhead type 3D reconstructions segmented 

from contrast enhanced computed tomography of the heart with corresponding axial, coronal 

and sagittal section images (Mimics Innovation Suite 22, Materialise). 
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Table 1 – Prevalence and basic characteristic of the left atrial appendage (LAA) according to its shape (mean ± SD).  

 

 

 

 

  

 

 

 

Parameter 
LAA shape 

Cauliflower Chicken wing Arrowhead 

N (%) 73 (36.5%) 
75 (37.5%) 

including reverse chicken wing: 5 
(2.5%) 

52 (26.0%) 
according to previous classification: cactus: 31 

(15.5%) and windsock: 21 (10.5%) 

No additional lobes (% of cases) 23.3% 46.7% 71.1% 

One additional lobe (% of cases) 46.6% 49.3% 13.5% 

Two or more additional lobes (% of cases) 30.1% 4.0% 15.4% 
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Table 2 – The morphometric characteristic of the left atrial appendage (LAA) (mean ± SD).  

 

 

 

 

 

Parameter 
All 

N=200 
(100%) 

LAA shape 

p-value 
ANOVA* 

Pairwise comparisons 

Cauliflow
er 

N=73 
(36.5%) 

Chicken wing 
N=75 (37.5%) 

Arrowhea
d 

N=52 
(26.0%) 

p-value 
cauliflow

er vs.  
chicken 

wing 

p-value 
cauliflow

er vs. 
arrowhe

ad 

p-value  
chicken 

wing 
vs. 

arrowhe
ad 

Length of the LAA [mm] 32.1 ± 
10.2 22.3 ± 9.6 

Total: 35.7 ± 9.8 
Base to bend: 20.0 

± 6.2 
Bend to apex: 16.5 

± 7.4 

30.8 ± 
10.1 <0.001 <0.001 <0.001 0.006 

Width of the LAA base [mm] 19.0 ± 6.5 19.2 ± 7.1 19.5 ± 6.9 18.1 ± 5.0 0.689 ns ns ns 

Antero-posterior LAA ostium 
diameter [mm] 

12.1 ± 4.6 
(range: 

3.4-29.1) 

12.5 ± 4.6 
(range: 

5.5-29.1) 

11.3 ± 4.0 
(range: 3.9-20.83) 

12.6 ± 5.2 
(range: 

3.4-26.5) 
0.349 ns ns ns 

Transverse LAA ostium diameter 
[mm] 

13.0 ± 4.7 
(range: 

2.6-31.3) 

13.6 ± 4.7 
(range: 

4.2-31.3) 

12.4 ± 4.4 
(range: 2.6-21.5) 

12.9 ± 4.8 
(range: 

3.1-26.1) 
0.396 ns ns ns 

LAA orifice area [cm2] 1.3 ± 0.9 1.4 ± 1.1 1.2 ± 0.7 1.4 ± 0.9 0.379 ns ns ns 

LAA volume [ml] 3.1 ± 2.0 3.2 ± 2.0 3.0 ± 2.0 3.2 ± 2.0 
 

0.801 
 

ns 
 

ns 
 

ns 

Pectinate muscles thickness at the 
LAA base [mm] 1.7 ± 0.8 1.8 ± 0.8 1.6 ± 0.7 1.8 ± 0.9 0.257 ns ns ns 

Pectinate muscles thickness at the 
LAA apex [mm] 1.2 ± 0.6 1.1 ± 0.6 0.9 ± 0.6 1.2 ± 0.7 <0.001 0.011 1.000 0.012 
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Introduction  

The left atrial appendage (LAA) is the irregular and highly trabeculated vestige of the 

primal embryonic left atrium that develops during early gestation.1–3 The LAA is connected to 

the left atrium via a relatively narrow orifice.4 These features of the LAA, together with the 

disturbed blood flow that may occur in patients with atrial fibrillation, predispose to 

thrombogenesis within the LAA and consequent cardioembolic stroke.5 Approximately 90% of 

thrombi in patients with nonvalvular atrial fibrillation derive from LAA.6 One of the well-

recognized stroke prevention strategies is LAA mechanical exclusion.7 However, as with any 

intravascular intervention, LAA occlusion is burdened with some complications. The most 

severe include perforation, pericardial effusion, device thrombus, and even procedure-related 

strokes.8 Various LAA properties, including the body type (shape and size) and LAA orifice 

geometry, are related not only to the increased thrombogenicity of the appendage but also to 

the success rate and durability of procedures targeted to the LAA.9,10  

The LAA has been progressively recognized in the initiation and maintenance of atrial 

tachyarrhythmias.11–13 Several LAA features might predispose to its arrhythmogenicity.  

First, the trabeculated muscle network within the LAA body generates areas of slow 

conduction, conduction block, and can initiate re-entrant circuits.14 Second, the LAA orifice 

interferes with the left atrial musculature, disturbing it and thus producing significant tissue 

anisotropy that results in electrophysiological non-heterogeneity.12 Moreover, the LAA orifice 

is entwined by Bachmann bundle final fibers, and this connection with the LAA has been 

recognized in the initiation and maintenance of atrial fibrillation.15 In the last decade, the linear 

ablations at the base of the LAA or within the LAA or circumferential isolation of the LAA 

orifice are gaining popularity.12,13,16 Although the LAA electrical isolation is considered 

relatively safe, it may be challenging. The procedure is difficult and requires a complex 
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mapping with the main concerns related to the LAA perforation during ablation. Nevertheless, 

no definite data exist on the optimal ablation energy and strategy to minimize this risk. 17 

Both the LAA mechanical exclusion and electrical isolation procedures affect not only 

the body of the LAA but also the surrounding rim of the left atrial wall. Therefore, in this study, 

we have aimed to evaluate the thickness of the left atrial wall surrounding the LAA orifice  

and to find associations between wall morphometric characteristics and the LAA type, presence 

of left lateral ridge, as well as the left-sided pulmonary venous drainage configuration. 

Providing such data will increase the anatomical knowledge and thus contribute to increased 

safety and efficiency of percutaneous procedures targeted to the LAA.  

Material and methods  

This current study was conducted at the Department of Anatomy at the Jagiellonian 

University Medical College. The study was conducted according to the principles expressed in 

the 1975 Declaration of Helsinki and was approved by the Bioethical Committee of the 

Jagiellonian University in Cracow, Poland (No. 1072.6120.4.2020).  

Study population  

We have investigated 200 randomly selected autopsied human hearts (Caucasian) of 

both sexes (25.0% females). The mean age of donors was 46.6 ± 19.1 years, mean body weight 

and body heigh were 78.3 ± 14.1 kg and 1.71 ± 0.1 m, respectively and the mean body mass 

index (BMI) was 26.5 ± 4.8 kg/m2. Hearts were collected during routine forensic medical 

autopsies executed at the Department of Forensic Medicine, Jagiellonian University Medical 

College in Cracow, Poland. Study exclusion criteria comprise past cardiac surgery, heart grafts, 

previous heart trauma, evident severe macroscopic pathologies revealed during an autopsy, 

vascular or cardiac anatomical defects, and macroscopic signs of cadaver decomposition. There 
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were no donors with either a history of persistent atrial fibrillation or a thrombus identified in 

the left atrial appendage during autopsy among studied cases.  

Dissection, observations, and measurements  

Hearts were dissected from the chest cavity in a routine manner. Then, all samples were 

inspected, washed out of excess blood, weighed, and afterward fixed in a 10% 

paraformaldehyde buffered solution until the time of the next observations and measurements. 

After sample preservation, the shape of the LAA was classified according to the previously 

established three-type classification system (Type I - the cauliflower: compact LAA body with 

a limited length, a variable number of lobes and without obvious bends, Type II - the chicken 

wing: a substantial bend in the proximal or middle part of the dominant lobe, Type III - the 

arrowhead: dominant lobe of substantial length, LAA body without obvious bends) (Figure 1) 

18. Next, the left atrium was opened to expose the postero-lateral region of the left atrium and 

the LAA orifice to execute further observations and measurements. Both the transverse 

diameter (parallel to the mitral valve annulus) and the anteroposterior diameter (perpendicular 

to the mitral valve annulus) of the LAA orifice were measured. The shape of the LAA orifice 

was classified as oval or round, and the LAA orifice area was calculated as described before.18 

The occurrence of any additional structures (crevices, diverticula, trabeculae, or tissue bridges) 

around the LAA orifice was documented. The presence of the left atrial ridge (defined as  

a prominent fold of tissue located between the left‐sided pulmonary vein ostia and the LAA 

orifice) was also noted.19 We also investigated variations in the left‐sided pulmonary vein ostia. 

Finally, the left atrial wall around the LAA orifice has been cut (3 mm from the LAA orifice 

edge) at four points (Figure 2) to obtain a cross-section which allowed us to measure the total 

wall thickness of the left atrium (endocardium, myocardium, and epicardium with adipose 

tissue):  
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- superior point – at the left atrium roof,  

- inferior point – at the atrio-ventricular sulcus,  

- anterior point – at the mitral valve annulus,  

- posterior point – at the left-sided pulmonary vein ostia (Figure 2).  

All linear measurements were conducted with 0.03-mm precision electronic calipers 

(YATO, YT–7201, Poland). To reduce human bias, all measurements were recorded by two 

independent investigators. If results between the two researchers varied by more than 10%, both 

measurements were repeated. The mean of the two new values was calculated and reported as 

the final value.  

Statistical analysis  

Data are shown as mean values with corresponding standard deviations (± SD) or 

determining percentages. To determine if the quantitative data were normally distributed, the 

Shapiro-Wilk test was used. Levene’s test was performed to verify a relative homogeneity of 

variance. Student’s t-tests, Wilcoxon signed-rank tests, and the Mann-Whitney U tests with 

Bonferroni corrections were used for statistical comparisons. The non-parametric Kruskal 

Wallis test was used to compare values between different groups. Correlation coefficients were 

calculated to assess whether there was a statistical dependence between the measured 

parameters. We have calculated that to detect a simple correlation (r = 0.25) with 80% power 

and a 5% significance level (two-tailed; α = 0.05; β = 0.2), the required minimal sample size is 

approximately 123 cases. A p-value lower than 0.05 was considered statistically significant. 

Statistical analyses were performed using StatSoft STATISTICA 13.1 software for Windows 

(StatSoft Inc., Tulsa, OK, USA).  
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Results  

The left atrial wall around the LAA orifice was the thickest at the anterior point  

(3.17 ± 1.41 mm, range: 1.12–8.91 mm), followed by the superior point (2.47 ± 1.00 mm, range: 

0.34–5.52 mm), inferior point (2.22 ± 0.80 mm, range: 0.83–5.35 mm), and posterior point 

(2.22 ± 0.83 mm, range: 0.61–5.43 mm) (Figure 3). The mean heart weight was 440.2 ± 97.4 g 

and was not significantly correlated with the tissue thickness in any measured point  

(all r < 0.2 and p > 0.05). There were no notable differences in measured thicknesses between 

sexes (p > 0.05). The thickness was not correlated with the donors’ age or anthropometric 

features (weight, height, BMI) (all r < 0.2 and p > 0.05).  

The most common LAA body shape was chicken wing (37.5%), followed by 

cauliflower (36.5%) and arrowhead (26.0%). A significant difference in the tissue thickness at 

the superior point was observed between different LAA types, where the chicken wing type 

was associated with the lowest thickness compared to the cauliflower and arrowhead shapes 

(Table 1, p = 0.024). No other significant differences connected with the LAA body type were 

observed (Table 1). The average LAA volume was 3.0 ± 2.1 ml and was not significantly 

correlated with the measured thicknesses (all r < 0.2 and p > 0.05).  

The LAA orifice shape was described as round in 55.0% and oval in 45.0% of cases.  

In hearts with the oval LAA orifice, the atrial wall thickness was significantly thicker in all 

measured points than in specimens with round LAA orifice (Table 1). The calculated LAA 

orifice surface area was 1.4 ± 0.9 cm² and was negatively correlated with the tissue thickness 

in the anterior (r = -0.23, p = 0.001) and posterior point (r = -0.28, p = 0.005). The same negative 

correlations were observed between the LAA orifice anteroposterior diameter and the tissue 

thickness in both anterior and posterior points (r = - 0.22, p = 0.004 and r = -0.24, p = 0.001, 

respectively).  
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The left lateral ridge was present in 58.0% of investigated hearts, and it did not affect 

the thickness of the wall around the LAA orifice (Table 1, p > 0.05). In only 8.5% of examined 

hearts, a variant in the left-sided pulmonary venous drainage was observed (i.e., single common 

left pulmonary vein ostium). The presence of common left pulmonary vein ostium also did not 

affect the thickness at the measured points (Table 1, p > 0.05).  

A significant difference in the prevalence of additional structures on the endocardial 

surface (crevices, diverticula, trabeculae, or tissue bridges) was observed in different sectors 

around the LAA orifice. The inferior sector was the most affected by surface roughness 

(observed in 75.5% of hearts), followed by anterior (17.5%), superior (4.0%), and  

posterior sectors (1.5%) (p = 0.001); in the remaining cases, the endocardial surface was smooth 

(Figure 4).  

Discussion  

Although the current study is the first to investigate in detail the wall thickness around 

the LAA orifice, many previous studies have investigated atrial tissue thickness in different left 

atrium regions. Previous studies have shown that significant and clinically important variations 

exist for left atrial wall thickness at its different regions, which are commonly targeted during 

transcatheter ablation procedures.20–22 A great heterogeneity may be observed in tissue 

thickness with the values ranging from below 1 mm to 12 mm (mean 1 – 4 mm).23 Nevertheless, 

there is no consensus regarding the general trends in the wall dimensions (anterior vs. posterior 

vs. roof vs. septal). The current study also showed diverse wall thickness around the LAA 

orifice, and the obtained values did not seem to differ significantly from measurements 

performed by other authors in different areas of the left atrium. Therefore, the tissue thickness 

in the proximity to the LAA orifice should be considered as a safe place for interventions,  

not differing significantly from other left atrial regions.  
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Electrophysiological conditions seem to change with wall thickness profile.24  

The general trend may be observed that patients predisposed to atrial arrhythmias have thicker 

tissue. Moreover, it was shown that thick and heterogeneous left atrial wall promotes atrial 

fibrillation recurrence after ablation.23 The structure of the atrial wall influences the possibility 

of the creation of the transmural block and durable lesion; thus, it is an of arrhythmia recurrence 

after ablation.25 Therefore, the atrial wall thickness might be an essential determinant  

of pathological tissue remodeling in patients with atrial arrhythmias and further a marker  

of response to ablation.23 Finally, tissue thickness is a key factor responsible for procedural 

safety and the risk of perforation during the left atrial invasive procedures.23  

The current study shows that the thickest tissue might be observed at the anterior 

circumference of the LAA orifice. This might be explained by the anticipated presence of 

Bachmann’s bundle fibers in this region.26 Furthermore, we detected a significant association 

between the tissue thickness and the shape of the LAA orifice. The oval orifice is related to 

thicker tissue all around the LAA orifice. This might be important during LAA occlusion device 

implantation, where both oval shape and reduced surrounding tissue susceptibility to 

deformation may adversely affect the results of the procedure.9 On the other hand, bigger LAA 

orifices are correlated with the decreased tissue thickness in the anteroposterior axis. Another 

significant but difficult to explain observation of the current study is a significant narrowing of 

the tissue near the atrial roof in hearts with the chicken wing type LAA. Interestingly, despite 

its regional diversity, the tissue thickness around the LAA orifice in the respective points is  

a constant parameter that is not affected by sex, age, or anthropometric parameters. Moreover, 

even the presence of the left lateral ridge or variants in the left-sided pulmonary veinous 

drainage pattern does not influence the thickness around the LAA orifice. The knowledge we 

provide in this regard is a valuable hint for clinicians performing procedures within the LAA 

orifice area.  
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In the current study, endocardial surface roughness was observed around the LAA 

orifice. These structures should be identified as the embryological remnants of the pectinate 

muscles that extended from the LAA.27 Such abrupt changes in myocardial thickness and fibers 

direction that are produced by the presence of the additional structures might act as  

an arrhythmogenic substrate.23,28 Moreover, the presence of additional crevices, recesses, and 

muscle bands can have a significant impact on transcatheter procedures within this region, as 

the unwanted structures might entrap the tip of a catheter and thus hinder the procedure. Also, 

energy adjustment might be necessary to reach the electrical block. An ablation index, that is  

a novel marker incorporating contact force, time, and power in a weighted formula to accurately 

estimate ablation lesion depth may be used for ablations within the left atrium, also within  

the LAA orifice area to achieve better lesion quality.29,30 However, operators should be aware, 

that endocardial surface roughness may decrease contact force being at the same time the sites 

of the reduced wall thickness.  

Using imaging modalities that could analyze atrial tissue thickness and localize areas of 

increased as well as decreased wall thickness may improve the safety and effectiveness of 

ablation procedures.23 Several available techniques can be used for this purpose. One of the 

available modalities is cardiac magnetic resonance imaging; nevertheless, while this technique 

is suitable for atrial tissue characterization (e.g., fibrosis, scars, lesions, tissue remodeling),  

the spatial resolution of currently available magnetic resonance scanners is too low to precisely 

evaluate the thickness of the atrial tissue.31 Furthermore, transesophageal echocardiography and 

intracardiac echocardiography can be used to describe the wall of the left atrium; however, due 

to their invasive nature, they are mainly limited to the peri-procedural period.32,33 On the other 

hand, transthoracic echocardiography that is widely used in clinical practice, does not provide 

adequate spatial resolution to allow the assessment of atrial tissue thickness.23 Finally, cardiac 

computed tomography is considered the most optimal and accessible technique for assessing 
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the structure of the left atrial wall that allows reconstructing the whole atrium with the fine 

resolution.34 Almost all anatomical information about the LAA may be provided by high-

resolution and high-quality contrast enhanced electrocardiographically-gated cardiac computed 

tomography. The LAA shape and size may be easily assessed using standard imaging and  

3D reconstructions.4 Moreover the left atrial wall thickness may also be easily measured using 

computed tomography imaging that largely reflects the real anatomy of this region.35 Therefore, 

the computed tomography plays a key role in the peri-procedural planning and post-procedural 

evaluation during the LAA device implantations and wide range of interventions  

targeted to LAA.36  

There are several limitations to this study that should be noticed. The major one is that 

this study was performed on autopsied material preserved in paraformaldehyde solution. 

Therefore, slight changes to the size and shape of the studied specimens due to the fixation 

process may occur. However, our previous studies have proved that a paraformaldehyde 

solution did not cause significant changes in cardiac dimensions.37 Also, because the post-

mortem tissue was investigated, we were unable to evaluate the behavior and dimensional 

changes of left atrial wall components during the cardiac cycle. Furthermore, only hearts from 

healthy donors were investigated. Hence our results might not fully reflect the morphology 

attributed to patients with structural heart diseases and arrhythmias. As left atrial wall structural 

remodeling occurs with prolonged episodes of atrial fibrillation, further studies on specimens 

with a history of arrhythmias should be conducted. Moreover, measurements were performed 

only in four selected points that may not fully cover the structure of the left atrial wall around 

the entire LAA orifice circumference. Finally, only the whole atrial wall tissue was measured 

with no further subdivision to tissue layers. Despite these limitations, we believe that this study 

has provided significant insight into the morphometrical characteristics of the left atrium and 

the LAA.  
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Conclusions  

Significant heterogeneity in the left atrial wall thickness around the LAA orifice is 

observed, with the thickest wall observed at the mitral valve annulus point. At its thinnest point, 

the wall around the LAA orifice can measure below 0.5 mm. When considering the respective 

points, the tissue thickness around the LAA orifice is a quite conservative parameter that is not 

affected by sex, age, or anthropometric parameters, as well as the presence of the left lateral 

ridge and left-sided pulmonary veins variants. Similarly, the LAA body shape has no major 

impact on the tissue around the LAA orifice, except for the superior point, for which the chicken 

wing type was associated with the lowest thickness. Both the LAA orifice shape (oval vs. round) 

and size (dimension and area) have a significant impact on the tissue thickness around  

the LAA orifice. Endocardial surface roughness is commonly present in the inferior pole of the 

LAA orifice (75% of cases), while they are much less prevalent in other sectors  

around the orifice.  
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Figure 1. Photographs of cadaveric heart specimens showing different types of the left atrial 

appendage (LAA): A – cauliflower, B – chicken wing, C – arrowhead.  
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Figure 2. Photograph of a cadaveric heart specimen showing left atrial appendage (LAA) orifice 

with marked points of the cross-section, which allowed us to measure left atrial wall thickness. 

SupP - superior point (at the left atrium roof); InfP - inferior point (at the atrio-ventricular 

sulcus); AntP - anterior point (at the mitral valve [MV] annulus); PostP - posterior point (at the 

left-sided pulmonary vein ostia). LSPV – left superior pulmonary vein.  
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Figure 3. Box-and-Whiskers plot of median values for the wall thickness in different points 

around the left atrial appendage orifice. Wilcoxon signed-rank test with Bonferroni correction 

(significant p-value level at 0.008).  
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Figure 4. Photographs of cadaveric heart specimens showing left atrial appendage orifice with 

present additional structures on the endocardial surface (crevices, diverticula, trabeculae, or 

tissue bridges) located in different sectors around the orifice (red arrows) 
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Introduction  

The left atrial appendage (LAA) is a small, irregular shape structure, outpouching from the left 

atrium of the heart.21 LAA is a remanent of the primitive atrium developed in early gestation. It is proven 

that LAA takes part in the regulation of volume homeostasis through its mechanical function and 

neurohormonal secretion.10 Moreover, the LAA is a well-established source of cardiac thrombogenesis 

and arrhythmogenesis.18 For more than half of a century, the LAA is considered a primary source of 

cardioembolic events in patients with atrial tachycardia (atrial fibrillation).25 Numerous morphological 

features of the LAA, which include multilobular and trabeculated structure and small orifice with  

a narrow neck, predispose to turbulent blood flow and local blood stasis, thereby increasing the risk for 

thrombosis.18,19 Nevertheless, no consensus was reached as to which specific LAA morphometric 

features increased the risk of thrombogenicity.    

Anticoagulation therapy is a standard of care to prevent cardioembolic stroke in patients with 

atrial fibrillation.12 In patients with a high risk of bleeding, contraindications to anticoagulants, 

intolerance, or low patient compliance the LAA closure was proposed as an alternative approach to 

eliminate cardioembolic stroke risk.9 This led to the development of several surgical and percutaneous 

approaches to close/exclude the LAA based on three concepts: plug, pacifier principle, and ligation.3 

Among the ligation techniques, the LARIAT (SentreHEART, Inc., Redwood City, CA, USA) procedure 

is a distinguished percutaneous adaptation of the surgical exclusion of LAA with a suture, used as an 

alternative to open-heart surgery.1 Although the LARIAT procedure can be performed effectively with 

acceptably low complications, some short- and long-term complications of the intervention may occur.14 

The frequency of peri- and post-procedural complications can be lowered by adequate patients selection 

thanks to computed tomography (CT) evaluation of the LAA shape and size and detailed pre-procedural 

planning.23 Morphology of the LAA can significantly affect pathophysiological properties of the LAA, 

choice of closure technique, the course of the procedure, its results, and complications.3,21 The present 

study aims to compare the LAA morphometrical features between patients with atrial fibrillation 

subjected to left atrial appendage percutaneous closure using LARIAT device and sinus rhythm patients 

using cardiac CT.  



69 
 

Materials and methods  

The current study was conducted at the Department of Anatomy and the Department of 

Cardiovascular Surgery and Transplantology at the Jagiellonian University Medical College, 

Cracow, Poland. The study was conducted according to the principles expressed in the 1975 

Declaration of Helsinki and was approved by the Bioethical Committee of the Jagiellonian 

University in Cracow, Poland (No. 1072.6120.4.2020).  

Study population  

The study evaluated 101 contrast-enhanced electrocardiograms (ECG) gated CT scans of hearts 

of which 51 were of consecutive adult patients with atrial fibrillation and who underwent percutaneous 

closure of the LAA with the LARIAT device (41.2% females, mean age of 61.0 ± 10.35 years) (study 

group). The CT scans were performed prior to the LARIAT procedure. The remaining 50 scans (control 

group) were of randomly selected adult patients subjected to non-invasive coronary arteries evaluation 

(50% females, mean age of 57.8 ± 14.45 years) of which inclusion criteria were: no history of ischemic 

stroke, no atrial fibrillation, and absence of any significant structural heart defects. All sample patients 

gave written informed consent. The medical history of all included patients was reviewed, and  

the following data were extracted: sex, age, body mass index, existing comorbidities (i.e., hypertension, 

hyperlipidemia, chronic heart failure, coronary artery disease, chronic obstructive pulmonary disease, 

diabetes mellitus, history of stroke, and history of myocardial infarction), heart rhythm status, and the 

medication's usage. The following scores were calculated: Canadian Cardiovascular Society (CCS) 

grading of angina pectoris and New York Heart Association (NYHA) Functional Classification and 

CHA₂DS₂-VASc Score for Atrial Fibrillation Stroke Risk.   

Cardiac computed tomography 

Every patient underwent a per-protocol contrast-enhanced ECG gated CT scan. All scans were 

performed in sinus rhythm. If the patient`s heart rate was over 70 bpm before the cardiac  

CT examination, the patient was administered 10 or 40 mg of propranolol or 40 mg of verapamil, 
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depending on the physician’s recommendation. The examination was performed using a 64-row dual-

source scanner (Siemens, Erlangen, Germany). The image acquisitions were collected during a deep 

inspiration breath-hold. The imaging parameters for dual-source CT were a tube voltage of 100–120kV 

and an effective tube current of 350–400 mA. The collimation and temporal resolution were  

2 × 32 × 0.6 mm and 165ms, respectively. The time of arrival of the contrast agent to the ascending 

aorta was determined at the level of the tracheal bifurcation and achieved with the test bolus method. 

Then, the 15 ml of contrast agent was infused, which was followed by 20 ml of saline. The contrast 

agent was injected at a dose of 1.0ml/kg at a rate of 5.5ml/s followed by a 40 ml saline chaser with the 

same infusion rate. In the test bolus, the acquisitions delay was the time of maximum density of the 

ascending aorta with an additional 6 s of delay. Images were reconstructed with a B26f and B46f kernel 

and an image matrix of 512 × 512 pixels. A multiphase reconstruction (from 10% to 100%) was done. 

Moreover, 30% (left ventricle end-systole) and 70% (left ventricle end-diastole) image reconstructions 

were evaluated. Then, the initial quality check was performed using multiplanar reconstructions. 

Image postprocessing and analysis 

Postprocessing analyses of CT scans were performed on dedicated workstations (Dell, 

USA). Three-dimensional (3D) reconstructions of the heart subcomponents (LAA, left atrium, 

and left ventricle) were created using volume-rendering and segmentation techniques using 

Innovation Suite 23 (Materialise, Belgium) software in both end-diastolic and end-systolic 

cardiac phases. Manual and semi-automatic methods of segmentation were used. Next, raw data 

and visualizations were subjected to multidirectional morphological and morphometrical 

analyses. 

First, two independent, blinded to patients history investigators classified LAA based 

on its shape into one of the three groups: cauliflower, chicken wing, or windsock as discussed 

previously (Figure 1).21 Additionally, some individual lobes have been established.  

The LAA orifice and body were measured on the 3D reconstructions in the end-diastolic phase 
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of the heart using virtual calipers (Figure 2). Orifice shape, dimensions, area, and perimeter 

were measured. In addition, the maximal LAA body length (from orifice to the most far point) 

and width (in the widest point at the LAA base) were obtained. Depth of the LAA chamber was 

measured as a distance from the orifice plane to the last perpendicular to the orifice plane. For 

the chicken wing type, the angle of the bend and lengths from orifice to bend and from the bend 

to the LAA apex were also evaluated. The main dimensions of the left ventricle and atrium 

were estimated. The volume of the LAA left atrium and the left ventricle was measured in end-

diastolic and end-systolic cardiac phases. Then, ejection fractions of the above-mentioned 

chambers were calculated.  

To reduce human bias, all measurements were recorded by two independent, blinded to 

patients history investigators. If results between the two researchers varied by more than 10%, 

both measurements were repeated. The mean of the two new values was calculated and reported 

as the final value.  

Statistical analyses  

Data are shown as mean values with corresponding standard deviations (± SD) or in 

percentages. The Shapiro–Wilk test was used to determine if the quantitative data were 

normally distributed, and Levene's test was performed to verify a relative homogeneity of 

variance. The Student t-tests, Wilcoxon signed‐rank tests, and the Mann–Whitney U tests with 

Bonferroni corrections were used to conduct statistical comparisons. The non-parametric 

Kruskal–Walli’s test was used to compare values between groups. Bonferroni correction was 

applied because of multiple comparisons. Correlation coefficients were calculated to assess 

whether there was a statistical dependence between the analyzed parameters. A p-value lower 

than 0.05 was considered statistically significant. Statistical analyses were performed using 

StatSoft STATISTICA 13.3 software for Windows (StatSoft Inc., Tulsa, OK, USA). 
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Results  

 Clinical characteristics of studied patients are presented in Table 1. Among the study 

group, 29.4% of patients had a history of ischemic stroke. Arterial hypertension was more 

common in the study group than in control subjects (90.2 vs. 38.0%, p < 0.001). The clinical 

manifestation of chronic heart failure symptoms was significantly more severe in study group 

patients (NYHA scale, Table 1). Moreover, patients subjected to the LARIAT procedure have 

significantly higher thromboembolic risk than control patients (CHA₂DS₂-VASc, Table 1).  

No other significant differences in patients’ demographic and clinical data were found. 

The chicken wing shape was the most common type of LAA both in the study and 

control group (45.1 vs. 46.0%, p = 0.93), followed by windsock (29.4 vs. 20.0%, p = 0.27) and 

cauliflower (25.5 vs. 34.0%, p = 0.35) (Table 2). Although no statistically significant 

differences in LAA type distributions were found between groups, the study group was 

characterized by LAAs with a lower number of lobes (Table 2).  

 In both analyzed groups, the LAA orifice was predominantly oval (study group: 94.0% 

vs. control group: 70.4%), and significantly fewer round orifices were found in the study group 

(p = 0.001, Table 2). Moreover, the size of the orifice was found to be significantly larger in 

LARIAT patients compared to the control group (higher diameters, orifice area, and orifice 

perimeter, Table 2).  

Several major LAA morphometrical features were analyzed (body length, body width, 

and chamber depth). However, no statistically significant differences were found in those 

measured parameters between the two groups (all p > 0.05, Table 2). No differences between 

groups were noted in LAA end-systolic volumes, but a significant difference was observed in 

the end-diastolic cardiac phase (Table 2). The calculated LAA ejection fraction was 
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significantly lower in the study group compared to healthy patients (16.4 ± 14.9 vs.  

48.2 ± 12.9%, p = 0.001). For the chicken wing type, the angle of the bend was significantly 

smaller in LARIAT patients than in the control group (62.1 ± 10.4 vs. 68.5 ±13.9 °, p = 0.011). 

The LAA body lengths measured from orifice to bend and from bend to LAA apex showed no 

differences between analyzed groups (to bend: 22.7 ± 3.8 vs. 18.4 ± 5.5 mm, p = 0.103; from 

bend: 28.1 ± 4.6 vs. 27.3 ± 5.8 mm, p = 0.443). 

A significantly larger left atrium was observed in the study group compared to controls 

(larger anteroposterior diameter and volume) with reduced left atrium ejection fraction in 

LARIAT patients (13.9 ± 10.8 vs. 17.7 ± 6.5%, p = 0.04) (Table 2). No differences were found 

in measured left ventricle dimensions, volumes, and ejection fraction between investigated 

groups (all p > 0.05, Table 2). No other significant correlations and differences were found 

between all measured morphometric parameters.  

Discussion 

The LAA morphology plays a significant role in the pathogenesis of ischemic stroke.  

It was proven that complex LAA (non-chicken wing shape) is an independent risk factor for 

cryptogenic ischemic stroke.4,24 However, little is known about the LAA anatomy that 

influences the course and results of the LAA closure procedures. Without a doubt, a significant 

morphologic remodeling of the left atrium occurs in patients with non-sinus rhythm.2 

Nevertheless, a lack of consensus is observed regarding the LAA structural alterations related 

to rhythm and hemodynamical disturbances.2,11 Although it is hard to believe that the 

remodeling may concern the type (shape) of the LAA body, the changes in the LAA orifice 

shape and size, LAA body size, and LAA function may be substantial.  
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Regardless of the technique used, residual leaks after the LAA are commonly observed.7 

Our study shows that in atrial fibrillation patients, the biggest morphological changes are found 

in the LAA orifice, crucial for all LAA closure procedures. Left atria remodelling associated 

with enlargement in heart failure and arrhythmia patients changes the shape and size of the 

LAA opening. LAA orifices in diseased patients are significantly larger and more oval, which 

affects the risk of leakage.16 An incomplete sealing may potentially occur in cases where  

an appropriately large device is used to close the LAA when implanted not in the round and 

when in oval or in irregular shape orifice.16 Thus, operators should be aware of this change in 

LAA orifice morphology and choose the appropriate tool for the LAA closure to avoid danger 

to the health and life of patients' peri-device leaks. The observed reduced LAA ejection fraction 

in research group is another important observation emerging from the current work. The LAA 

EF was decreased even despite performing tomography scans during sinus rhythm. This 

reduced contractile function of the LAA may be the indirect result of remodeling of the left 

atrium and altered atrial blood pressure, which influence structure of the LAA itself leading to 

impaired contractility of LAA. On the other hand, the increased left atrial pressure may create 

to high resistance for the LAA to generate the effective force of its contraction. Previous studies 

showed that LAA ejection fraction may be an independent predictor of cardiac thrombo-

embolization 6,20, which alters LAA emptying and predisposes to local blood stasis and its 

increased thrombogenicity.17  

Cardiac CT seems to be the preferable tool for pre-procedural imaging of the LAA as it 

provides the most faithful, 3D image of the LAA.22 Moreover, it helps visualize other important 

heart cavities and main vessels (together with coronary vasculature), in which knowledge of 

morphology is crucial to avoid serious peri-procedural complications.5,21 Our study also 

indicates that LAA 3D visualization may provide useful information for the operator on the 

LAA morphology, thereby influencing the choice of the technique of its closure. The creation 
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of a fully personalized virtual 3D model of the patient’s LAA may be completed in less than an 

hour. This model can easily be subjected to multi-directional measurement or used to simulate 

procedures.8 Moreover, the created model may be visualized using virtual or augmented reality 

techniques or using the 3D printed technique to better assist the clinicians.15 Unfortunately, one 

of the obstacles to the use of this wonderful tool in all medical centers is the relatively low 

availability and high cost of software enabling the segmentation and visualization of the CT 

data, as well as the lack of experience of the staff in manufacturing the 3D models.13  

Some limitations to this study should be considered. First, this is a single-center study 

with a relatively small sample size. A limited number of patients in both groups does not allow 

a comprehensive statistical analysis to determine which LAA morphometrical factors may 

contribute to the occurrence of a stroke or are associated with success rate or complications 

during the LARIAT procedure. Moreover, only Caucasian subjects were studied, and no inter-

racial differences are studied. Despite these limitations, we believe that the current study has 

provided insight into the morphological characteristics of the LAA in different groups of 

patients.  

Conclusions 

Presented morphometrical data should be considered during planning and when 

performing procedures targeted to LAA closure, as significant differences in the anatomy of 

the LAA may be encountered in patients with atrial fibrillation. Substantial morphometrical 

differences in LAA orifice are found, which is significantly larger and more oval in patients 

with atrial fibrillation compared to healthy controls. Although no difference in LAA body type 

and size is observed, the LAA ejection fraction is significantly lower in atrial fibrillation 

patients.  
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Figure 1. Representatives for 3D reconstructions of each left atrial appendage (LAA) type (cauliflower, 

chicken wing, and arrowhead type), left atrium (LA) and left ventricle (LV) segmented from contrast-

enhanced computed tomography of the heart (Mimics Innovation Suite 22, Materialise). 
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Figure 2. 3D visualizations of left atrial appendages (LAA) with marked measurements (Mimics 

Innovation Suite 22, Materialise). A. Body length and width, B. Depth of LAA chamber, C. Orifice 

dimensions (D1 and D2), area and perimeter, D. Angle of the bend and body lengths for chicken wing 

type. 
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Table 1 – Clinical characteristics of studied patients (number / [%] or mean [SD]). 

 

 

SD – standard deviation, n – number, CCS – The Canadian Cardiovascular Society grading of angina pectoris, NYHA – New 

York Heart Association Classification of Heart Failure, CHA₂DS₂-VASc – risk stratification score for estimation of stroke risk for 

nonvalvular atrial fibrillation in adults 

Variable Study group (n=51) Control group (n=50) p-value 

Females (%) 41.2% 50.0% 0.09 

Age (years) 61.04 (10.35) 57.80 (14.45) 0.20 

Body mass index (kg/m2) 28.8 (5.4) 28.6 (4.9) 0.83 

Non-sinus tachycardia 51 / 100.0% 0 / 0.0% <0.001 

Arterial hypertension 46 / 90.2% 19 / 38.0% <0.001 

Hyperlipidemia 3 / 5.9% 2 / 4.0% 0.67 

Chronic heart failure 10 / 19.6% 6 / 12.0% 0.30 

Coronary artery disease  11 / 21.6% 6 / 12.0% 0.20 

Chronic obstructive pulmonary disease 2 / 3.9%  4 / 8.0% 0.39 

Diabetes mellitus type II 6 / 11.8% 5 / 10.0% 0.78 

History of myocardial infarction 1 / 2.0% 2 / 4.0% 0.55 

History of ischemic stroke 15 / 29.4% 0 / 0.0% <0.001 

CCS 

I 5 / 9.8% 3 / 6.0% 0.48 

II 8 / 15.7% 4 / 8.0% 0.24 

III 0 / 0.0% 1 / 2.0% 0.31 

IV 0 / 0.0% 0 / 0.0% - 

NYHA 

I 14 / 27.5% 6 / 12.0% 0.05 

II 20 / 39.2% 8 / 16.0% 0.01 

III 3 / 5.9% 0 / 0.0% 0.08 

IV 0 / 0.0% 0 / 0.0% - 

CHA₂DS₂-VASc 

 

0 (males) or 1 
(females) -   "low 

risk" 
2 / 3.92% 22 / 44.0% <0.001 

1 (males) – “low-
moderate risk” 11 / 21.6% 5 / 10.0% 0.11 

≥2 - "moderate-high 
risk" 38 / 74.5% 23 / 46.0% 0.01 
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Table 2 – Comparison of corresponding parameters measured in both groups (% or mean [SD]). 

LAA – left atrial appendage, SD – standard deviation, n – number 

* Results are considered statistically significant at p<0.017 to allow for a Bonferroni correction accounting for the multiple 
comparisons 

** Results are considered statistically significant at p<0.013 to allow for a Bonferroni correction accounting for the multiple 
comparisons 

Parameter Study group (n=51) Control group (n=50)  p-value 

LAA shape (%) 

cauliflower 25.5 34.0 0.35 * 

chicken wing  45.1 46.0 0.93 * 

windsock 29.4 20.0 0.27 * 

Number of LAA lobes (%) 

1 39.2 16.0 0.01 ** 

2 33.3 20.0 0.13 ** 

3 19.6 34.0 0.10 ** 

≥ 4 7.8 30.0 0.01 ** 

LAA orifice shape round/oval (%) 6.0 / 94.0 29.6 /  70.4 0.001 

LAA orifice antero-posterior diameter (mm) 19.3 (4.12) 17.2 (4.0) 0.01 

LAA orifice transverse diameter (mm) 25.1 (5.1) 20.5 (4.4) 0.001 

LAA orifice area (mm2) 387.2 (133.9) 327.1 (128.3) 0.02 

LAA orifice perimeter (mm) 70.2 (12.5) 61.2 (11.6) 0.04 

LAA body length (mm) 47.4 (15.4)  43.7 (10.9)  0.17 

LAA width at the base (mm) 24.7 (5.6) 24.4 (5.8) 0.81 

LAA chamber depth (mm) 17.7 (3.5) 16.5 (3.8) 0.11 

LAA end-diastolic volume (ml) 9.0 (3.4) 5.4 (3.8) 0.001 

LAA end-systolic volume (ml) 10.9 (3.6) 10.6 (4.3) 0.69 

LAA ejection fraction (%) 16.4 (14.9) 48.2 (12.9) 0.001 

Left atrium end-diastolic antero-posterior diameter (mm) 40.1 (6.9) 36.0 (7.1) 0.001 

Left atrium end-diastolic volume (ml) 109.5 (38.9) 93.8 (30.8) 0.02 

Left atrium end-systolic volume (ml) 129.5 (41.7) 112.5 (34.3) 0.04 

Left atrium ejection fraction (%) 13.9 (10.8) 17.7 (6.5) 0.04 

Left ventricle end-diastolic inner diameter (mm) 45.5 (6.8) 46.4 (6.3) 0.47 

Left ventricle end-diastolic volume (ml) 124.5 (48.1) 133.5 (39.1) 0.15 

Left ventricle end-systolic volume (ml) 68.7 (40.5) 65.7 (25.0) 0.56 

Left ventricle ejection fraction (%) 46.7 (14.3) 50.7 (12.2) 0.14 
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6. Streszczenie w języku polskim 

 Uszko lewego przedsionka to struktura serca o coraz większym znaczeniu 

fizjologicznym i klinicznym. Z uwagi na odkrywanie jego kolejnych patofizjologicznych 

własności oraz na dynamiczny rozwój techniki mechanicznego zamykania oraz elektrycznego 

izolowania uszka wiedza na temat jego budowy zyskuje na coraz większym znaczeniu. 

Dokładne poznanie morfologicznych właściwości uszka lewego przedsionka oraz ich roli  

w patogenezie udaru niedokrwiennego mózgu może ułatwiać podejmowanie decyzji 

klinicznych, a także planowanie i przeprowadzanie zabiegów w obrębie uszka.   

Celem niniejszej pracy doktorskiej było: 1) uproszczenie klasyfikacji kształtów uszka 

lewego przedsionka, tak aby była bardziej użyteczna klinicznie; 2) zbadanie dokładnej anatomii 

uszka lewego przedsionka; 3) analiza morfometryczna ujścia uszka lewego przedsionka ze 

szczególnym uwzględnieniem budowy ściany przedsionka w otoczeniu ujścia; 4) zbadanie 

różnic morfometrycznych pomiędzy uszkami u pacjentów z migotaniem przedsionków  

a pacjentów z rytmem zatokowym.  

W pracy oceniono makroskopowo 200 serc pobranych podczas sekcji zwłok. Dodatkowo 

oceniono 101 rekonstrukcji 3D uzyskanych z tomografii komputerowej serca z kontrastem (grupa 

pacjentów z migotaniem przedsionków i bez). Niniejsza praca przedstawiła uproszczoną, 

trzypunktową klasyfikację uszka lewego przedsionka ze względu na jego kształt. Zweryfikowano 

użyteczność nowej klasyfikacji oceniając rekonstrukcje tomografii komputerowych serc  

z kontrastem. Praca dostarczyła także kompleksowe, wielowymiarowe dane na temat morfometrii 

uszka lewego przedsionka i jego ujścia, a także ukazała istotne różnice w budowie ściany lewego 

przedsionka w otoczeniu ujścia uszka. Wykazano również istotne różnice w morfologii uszek 

lewego przedsionka oraz zaobserwowano zmniejszoną frakcję wyrzutową uszka u pacjentów  

z migotaniem przedsionków w porównaniu do pacjentów bez zaburzeń rytmu serca.  
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7. Streszczenie w języku angielskim 

The left atrial appendage is a structure that is being given significantly more 

physiological and clinical importance. Due to the discovery of its further pathophysiological 

features and the dynamic development of the appendage mechanical closure and electrical 

isolation techniques, the knowledge about its structure is gaining more and more importance. 

Detailed knowledge of the morphological properties of the left atrial appendage and their role 

in the pathogenesis of ischemic stroke may facilitate clinical decision-making, as well as 

improve planning and conducting procedures within the left atrial appendage. 

The aim of this dissertation thesis was: 1) to simplify the classification of the left atrial 

appendage to make it more clinically useful; 2) to examine detailed anatomy of the left atrium 

appendage; 3) to deliver morphometric analysis of the left atrial appendage orifice, with 

particular emphasis on the structure of the left atrium wall in the vicinity of the appendage 

orifice; 4) to investigate the morphometric differences between the left atrial appendages of 

patients with atrial fibrillation compared to the appendages of patients with sinus rhythm.  

W total of 200 hearts collected during autopsies were assessed macroscopically. 

Additionally, 101 3D reconstructions obtained from cardiac computed tomography with 

contrast enhancement were assessed (group of patients with and without atrial fibrillation). 

Current work presents a simplified, three-point classification of the left atrium appendage 

shape. The usefulness of the new classification was verified by reassessing reconstructions of 

cardiac computed tomography scans. The study also provided comprehensive, multi-

dimensional data on the morphometry of the left atrial appendage and its orifice. Significant 

differences in the morphology of left atrial appendages were also demonstrated between groups 

with different rhythm status, and a reduced appendage ejection fraction was observed in patients 

with atrial fibrillation compared to patients without arrhythmia. 
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8. Oświadczenia współautorów 
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