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Abstrakt

Dekompresni nemoc (DCS) je vaznou zdravotni komplikaci pri potdpéni a jeji vyskyt je vyssi u
potapecit s pravo-levym zkratem (PLZ), nejcasteji ve formé perzistujictho foramen ovale
(PFO). Pro screening je vhodné transkranialni ultrazvukové vysetieni (TCCS) s podanich
pulmolabilni echokontrastni latky. Od roku 2006 provadime systematické vySetrovani potapécii
a jejich zarazovani do registru DIVE-PFO. K lednu 2024 jsou v ném udaje od 1204 osob. Pri
vietiovani potipécské populace v CR se nam podarilo ovérit vyznamnou korelaci mezi
vyskytem DCS a pritomnosti PLZ. Se stoupajicim stupném zkratu také stoupd riziko DCS a
zejména jeji nejrizikovejsi varianty, DCS s neurologickymi priznaky. Opakované ponory
v jednom dni jsou castou okolnosti provazejici vyskyt DCS. Pri experimentdalnim ponoru v
barokomore jsme prokazali redukci vyskytu bublin v Zilni i arterialni krvi pri snizeni vystupové
rychlosti oproti standardnimu reZimu. Pri simulovaném ponoru jsme ddle prokdzali vymizeni
bublin v arteridlni krvi u potdipéci po katetrizacnim uzaveru PFO oproti potdpéciim
s otevienym PFO. Pri dlouhodobém sledovani v pritbéhu nekolika let jsme prokazali ucinnost
uzaveéru PFO na eliminaci dalsiho vyskytu DCS. Ve stejném souboru jsme také prokdzali snizeni
vyskytu DCS u vSech ostatnich potapécu s prokazanym PLZ, kterym byl doporucen

konzervativni profil ponorii.

Decompression sickness (DCS) is a serious health complication of diving and its incidence is
higher in divers with a right-to-left shunt (RLS), most commonly in the form of a persistent
patent foramen ovale (PFO). Transcranial Doppler Sonography (TCCS) with administration
of a pulmolabile echocontrast agent is suitable for screening. Since 2006, we have been
systematically screening divers and enrolling them in the DIVE-PFO Registry. As of January
2024, it contains data from 1204 individuals. By studying the diving population in the Czech
Republic, we were able to verify a significant correlation between the occurrence of DCS and
the presence of RLS. As the degree of shunting increases, so does the risk of DCS, especially
its most dangerous variant, DCS with neurological symptoms. Repeated dives in one day are
common circumstances accompanying the occurrence of DCS. During an experimental dive in
a barometric chamber, we demonstrated a reduction in the occurrence of bubbles in both
venous and arterial blood when the ascent rate was reduced compared to standard mode.
During a simulated dive, we also demonstrated the disappearance of bubbles in arterial blood
in divers after PFO catheterization compared to divers with an open PFO. With long-term

follow-up over several years, we have demonstrated the efficacy of PFO closure in preventing



the recurrence of DCS. In the same cohort, we also demonstrated a reduction in the incidence

of DCS in all other divers with proven PFO who were recommended a conservative diving

profile.
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Seznam zkratek

DCS — dekompresni nemoc (decompression sickness)

PLZ — pravo-levy zkrat

TCD - transkranialni doppler (transcranial doppler)

TCCS — transkranidlni ultrazvuk (transcranial color-coded sonography)

PFO — patentni foramen ovale

TEE — transesofagealni echokardiografie

TTE — transthorakalni echokardiografie

iCMP — ischemicka cévni mozkova ptihoda

MCA - stedni mozkova tepna (middle cerebral artery)

DK — dolni konéetina

MBS — mikrobublina

A-V spojka — arterio-veno6zni spojka



Uvod

Dekompresni ptihoda pii potapéni souvisi s tvorbou plynovych bublin v téle v
dasledku poklesu tlaku ptisobiciho na organismus béhem jeho vynotfovani. Pfi nedodrzeni
predepsaného postupu pii vynofovani (dekompresi) jsou potapeci ohroZeni vznikem
dekompresni nemoci. Nékdy se dekompresni nemoc vyskytne i pfi dodrZeni spravného
postupu vynotrovani, tehdy ji oznacujeme za nevyprovokovanou dekompresni piihodu.

Na patofyziologii téchto nevyprovokovanych ptihod se podili pfitomnost pravo-levého
zkratu (PLZ), ktery umoZni mikrobublindm vznikajicim pfevazné ve vendznim tecisti ptimy
prestup do arterialni krve a naslednou vzduchovou embolizaci tepen velkého ob&hu
(mozkové, mi$ni,...). Toto riziko stoupa se stoupajicim stupném zavaznosti PLZ.

Pravo-levy zkrat je pfima komunikace mezi venoznim a arteridlnim fecistém
umoziujici prinik venozni krve do arteridlniho fecisté, aniz by prosla filtrem plicnich kapilar.
Nejcaste¢jsi formou PLZ je foramen ovale patens (PFO — patent foramen ovale), vzacnéjsi je
atrialni septalni defekt nebo plicni arterio-venozni fistuly (Homma, Messé et al. 2016).

Zlatym standardem k detekci PLZ je jicnova echokardiografie, ktera je vSak
semiinvazivni. Ke screeningovym uceliim je vhodnéjsi transkranialni sonografie (TCD,
TCCS) s podanim pulmolabilni echokontrastni latky (Caputi, Carriero et al. 2009, Palazzo,
Ingrand et al. 2019).

Cilem nasi prace bylo podrobng zjistit vyskyt riznych druhtt dekompresnich piihod v
tuzemské potapécské populaci za soucasného zmapovani okolnosti vzniku piihody spolu s
vySetienim vyskytu PLZ. Dal§im krokem bylo stanovit kauzalni pfi¢iny vyskytu
nevyprovokované dekompresni nemoci pomoci multifaktorové analyzy, stanovit bezpecnost a
ucinnost katetrizacniho uzaveéru PFO pro prevenci DCS a porovnat efekt uzavéru PFO s

konzervativnimi ptistupy k prevenci DCS. Pro screening pritomnosti PLZ a stanoveni jeho



stupné je pro nizkou invazivitu a vybornou senzitivitu pouzivano transkranialni sonografické

vySetieni s podanim pulmolabilni echokontrastni latky.

Potapéni

Potapéni do vodnich hlubin lakalo lidstvo do nepaméti, jiz z obdobi antiky pochazi
nalezy perlovych $perki svédcici o existenci lovet perel. Dlouho byli zajemci o pobyt pod
vodou odkézani jen na mnozstvi vzduchu, které byly jejich plice schopné pojmout na jeden
nadech. Pozdé&ji se objevily potapécské zvony, kesony, pouzivané zejména pii dlouhodobé
praci pod vodou — napftiklad pti zakladani pilifth mosti.

Teprve vynalez potapéciho piistroje umoznil od Ctyticatych let 20. stoleti masovy
rozvoj potapéni, a to véetné rekreacniho a sportovniho. V soucasnosti se piistrojovému
potapéni vénuje pfiblizné 6 milionti Zen a muzi na celém svété (DEMA 2024), v Ceské
republice bylo v roce 2022 celkem 4325 registrovanych potapéci ve vycvikovém systému
CMAS, ale skuteény poéet aktivnich potap&t bude vyrazné vétsi, okolo 100 000 (SPCR
2022).

Béhem ponoru je télo potapéce vystaveno neobvyklym fyzikalnim podminkam,
zejména vysokému tlaku okolni vody, na které neni evolu¢né vybaveno a které mohou
zpusobit zdravotni obtize.

V pribéhu sestupné ¢asti ponoru se zvySuje okolni tlak, a spolu s nim i tlak, pod
kterym potapé¢ vdechuje smés plyni a tedy i parcialni tlak jednotlivych slozek smési. Od
urcitych hloubek se tak mohou projevovat neptiznivé ucinky vdechovanych plynt, které jsou
za normalniho tlaku pro organizmus neskodné (dusik, helium, vodik), pfipadné potiebné
(kyslik, oxid uhlicity).

V hloubkach kolem 40 m, u citlivych jedinct jiz kolem 30 m a tedy pfi parcialnim

tlaku dusiku (N2) 0,31 MPa, se objevuji pfiznaky dusikového opojeni. Jeho projevy jsou



podobné jako u alkoholového opojeni, tedy pocity euforie, zhorSené pohybové koordinace a
zastfen¢ho usudku. Tento stav miize vyustit napiiklad v chybu pfi manipulaci s dychacim
pristrojem, k selhani sebekontroly i ke ztraté védomi, coz vSe muze piivodit fatalni nasledky
(Jain 2017, Raymond and Cooper 2022). Pouziti dychaci smési ze stlaceného vzduchu
obohaceného kyslikem (Nitrox), tedy se snizenym pN2, Ize rozvoji dusikového opojeni
Castecn¢ predejit.

Pti dosazeni parcidlniho tlaku kysliku (O2) 0,16 MPa mize vyvolat tento plyn akutni
toxicitu. Tento stav nastava pii ponoru se stlacenym vzduchem v hloubce cca 66 m, proto
potapeci pro dosazeni vétsi hloubky pouzivaji smes kysliku, dusiku a hélia (Trimix)

(Raymond and Cooper 2022).

Dekompresni nemoc

Zdravotni obtize vzniklé v souvislosti s potapénim oznacujeme jako dekompresni
nemoc, ptipadné jako dekompresni ptihodu. K rozvoji ptiznaki dekompresni nemoci dochazi
zpravidla do jedné hodiny od vynofeni, u nekterych potapéct az do 24 h, vyjimecné i pozdéji
(Tso, Powers et al. 2022).

Pti ponoru s ptibyvajici hloubkou a stoupajicim tlakem ptisobicim na t¢lo potapéce
dychaci automatika vyrovnava tlak plynové smési vdechované do plic s tlakem okoli.
Nasledné jsou plyny transportovany krvi do jednotlivych tkéani téla, do kterych ptechazeji.
Mnozstvi plynu rozpusténého v rtiznych oblastech téla se 1isi dle hustoty kapilarniho
zéasobeni, chemického sloZzeni dané tkané, dosazené hloubky a délky pobytu pod vodou a je
pfimo imérné parcialnimu tlaku vdechovaného plynu (Doolette and Mitchell 2001).

V prubéhu vynofovani se naopak snizuje tlak prostedi na organismus potapéce,
rozpustény plyn na zaklad¢ rozdilt parcialnich tlakt prestupuje z tkdni do venozni krve a

nakonec je vydechovan cestou plicnich alveolti. Pokud je v§ak vynotovani pfilis rychlé, tkané
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jsou hypersaturovany plynem, ktery nestacil byt vydychan ani nebyl metabolizovan (hlavné
dusik), plyn prechazi z formy rozpusténé v tekutinach tkani do formy plynné a dochazi ke
vzniku bublin (Papadopoulou, Eckersley et al. 2013). Ur¢ité mnozstvi plynovych bublin ve
venozni krvi je detekovatelné po vétSin€ ponorti, jsou vSak eliminovany pfi priicchodu krve siti
plicnich kapilar a neptisobi tady klinické obtiZze (Boussuges, Carturan et al. 1998).

Potapéci jsou vybaveni dekompresnim pocitacem, ktery vypocita doporuc¢enou
rychlost vynotovani na zakladné dosazené hloubky a délky pobytu pod vodou, a to véetné
nutnych dekompresnich zastavek v prubéhu vystupu. Pti dodrzeni doporuceného
dekompresniho rezimu je mnozstvi vzniklych bublin minimalizovano. Pokud potap&c¢
doporuceny dekompresni rezim porusi a vynofi se rychleji, miize mnozstvi vzniklych
plynovych bublin ptekrocit urcitou kritickou hodnotu. Takto vzniklé bubliny plynu piisobi
lokalni poskozeni tkan¢. Klinickymi projevy jsou nejcastéji bolesti kloubt (ramena, lokty,
ky¢le, kolena), déle bolesti a mramorovani kiize (na biise, stehnech, ramenou) (Vann, Butler
et al. 2010). Pfi pfestupu vétsiho mnozstvi bublin do vendzni krve miize dojit ke vzniku
plynové plicni embolie s ventilacnim i obéhovym selhavanim.

Potapéci s pravo-levym zkratem jsou ohroZeni pfestupem bublin z vendzni do
arterialni krve s naslednou embolizaci arterialniho fecisté a rozvojem lokalni ischemie. K této
paradoxni embolizaci mtze dojit i pti dodrzeni dekompresni rezimu, dekompresni piithodu
pak oznacujeme za nevyprovokovanou. Klinicky zdvazna je embolizace krevniho fecisté
mozku a michy spojena s rozvojem neurologické symptomatiky (porucha védomi, zmatenost,
porucha hybnosti,..). Souvislost mezi PFO a vznikem dekompresni nemoci u potapeci je
znama jiz del$i dobu (Wilmshurst, Ellis et al. 1986). [ kdyz je absolutni riziko vzniku
dekompresni piihody malé, metaanalyza provedenych studii prokazuje 4 — 6 nasobn¢ vyssi
riziko rozvoje dekompresni nemoci s neurologickym postizenim u potapéct s PFO

v zavislosti na vyznamnosti zkratu (Lairez, Cournot et al. 2009).
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Potapéc se zavaznou dekompresni ptihodou ma byt 1écen v hyperbarické komote,
které jsou dostupné jak v piimotskych zemich, tak v Ceské republice (Sen and Sen 2021).
Hyperbaricka komora také umoziuje v ramcei experimentu ptimé sledovani dynamiky
krevniho ob¢hu a pfitomnosti mikrobublin pomoci transkranialniho ultrazvuku béhem ponoru.
Pomoci simulace riiznych ponort (dosazena hloubka, doba pobytu,...) je mozné stanovit

bezpecény profil ponoru s minimalni tvorbou mikrobublin.

Ultrazvukové vysetrovani v pribéhu simulovaného ponoru - pristroj umisten vné
komory, kabelem prochdzejicim priichodkou je spojeny s transkranialni sondou
umisténou uvniti komory, vySetrujici vné komory obsluhuje pristroj, druhy vysetrujici
uvniti komory ovlada sondu, navzdajem se domlouvaji gesty oknem barokomory,

vlastni foto
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Plicni barotrauma

Zavaznou zdravotni komplikaci spojenou s potapénim je plicni barotrauma. Pti
zadrZeni dechu potapécem a rychlém vzestupu k hladin€ se zvétsi objem plynu v plicich a
dojde k destrukei plicni tkan€ s roztrzenim plicnich alveolii. Klinické obtize se v ptipadé
barotraumatu objevi ihned po vynoteni, patii k nim kaSel, dusnost, ptipadné¢ hemoptyza.
Barotrauma byva spojeno se vzduchovou embolii, nebot’ poskozenymi alveoly se dostava
vzduch do krevniho proudu malého obéhu a nasledné do arterii velkého ob¢hu, kde zptisobi

ischemizaci podobné jako pfi paradoxni embolizaci (Mijacika and Dujic 2016). Mnozstvi

N4

Pravo-levy zkrat

Pravo-levy zkrat (PLZ) je pfima komunikace mezi vendznim a arterialnim fecistém
umoznujici prinik venozni krve do arteridlniho feciste, aniz by prosla filtrem plicnich kapilar.

PLZ rozlisujeme intrakardialni (foramen ovale patens, PFO; vzacnéji atrialni septalni
defekty, ASD) — tvofi asi 90 % vSech PLZ, a extrakardialni (nej¢astéji plicni A-V fistuly) —
asi 10 % PLZ. Nejcast&jsi pticinou PLZ je oteviené foramen ovale (PFO). Je to reziduum
embryonalné zaloZeného sifiového zkratu s dilezitou funkci v prenatalnim obdobi, kdy je u
lidského plodu vedena okysli¢ena krev z matetské placenty do pupecni zily a nasledné zilnim
systémem plodu do pravé sin€, odkud skrze PFO prochazi ptimo levé siné a dale do
arterialniho fecisté, aniz by prosla plicnimi cévami. Po porodu a prvnich nadesich dochazi k
rozvinuti plic a poklesu tlaku v plicnici. To vede k pfesmérovani krevniho toku z pravé siné
do pravé komory a plic. PFO, kter¢ je vlastné¢ §térbinou mezi dvéma listy siiové prepazky

(septum primum a secundum), se uzavite diky vzestupu tlaku v levé sini, ktery ptitlaci oba
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listy k sob¢. U vétsiny lidi do jednoho roku srostou a otvor se UpIn¢ uzavie (Berko and
Haramati 2012).

Asiu 15-30% populace dle citlivosti pouzité metodiky a stafi vysSetfované kohorty
vSak pretrvava riizné velka komunikace obou sini (Arquizan, Coste et al. 2001). Za
normalnich tlakovych pomért byva vétsina PFO uzaviena pretlakem v levé sini. Pii obcasném
zvySeni tlaku v pravé sini (tlak na stolici, zvedani biemene, Valsalviiv manévr) v§ak mize byt
odtud protlacovana krev i s pfipadnymi bublinami nebo tromby vzniklymi ve vendzni krvi do
levé sin¢ a dal do velkého obéhu a dochazet tak k paradoxni embolizaci mimo jiné do CNS.

Klinick4 vyznamnost PFO je dana velikosti a morfologii PFO. Stérbinovity tvar
defektu dany embryologicky preristanim septum primum a septum secundum umozinuje
typicky pouze jednosmérny zkrat z pravé do levé siné. Vzacnéji ma PFO tvar zejiciho otvoru,
tehdy funk¢né odpovida malému ASD s obousmérnym zkratem.

PFO je mozné v indikovanych piipadech uzaviit endovaskularné pomoci okludéru
(napt. Amplatzerova). Jedna se o relativné jednoduchy vykon provadény nejcasteji cestou
vena femoralis, vyskyt periproceduralnich komplikaci je do 1 % (Freixa, Arzamendi et al.
2014). Po vykonu uziva pacient prechodnou dobu (vétSinou 3 - 6 mésicli) antiagregacni
terapii k prevenci tvorby trombii na kovovém materialu okludéru do doby, nez je
implantovany material pln¢ ptrerostly endokardem. K trvalému uzavéru PFO pomoci okludéru
dochaziu 99,3 — 99,8 % pacientd (Rigatelli, Zuin et al. 2017, Araszkiewicz, Stawek et al.

2018).

Klinicky vyznam PLZ
Kryptogenni ischemicka CMP
Prvni ditkaz 0 mozném vztahu iCMP a PFO byl podan Cohnheimem jiz v roce 1877.

Ucast PFO se piedpoklada u kryptogennich iCMP, tedy takovych, kde nebyla uréena jina
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pricina a kterych je mezi 23,7 % a 45% vSech iCMP (Grau, Weimar et al. 2001). Vyssi podil
kryptogennich iCMP nachézime v souborech pacienti mladsich 55 nebo 45 let, tj. s absenci
pokrocilé aterosklerdzy. A pravé u mladsich pacientt s kryptogenni iCMP je PFO detekovano
zhruba v poloviné ptipadd, tj. vice nez dvakrat Castéji nez v bézné populaci (McGaw and
Harper 2001).

Predpokladanym mechanizmem vzniku iCMP je paradoxni embolizace vendzniho
trombu, ktery vycestuje z zilniho systému (DK, panev) do pravé sin€ a odtud do levé siné
tunelem PFO aby nasledné embolizoval do arterialniho fec¢ist¢ mozku. Dal$i moznosti je
vznik trombu v misté stagnujiciho krevniho toku ve vlastnim tunelu PFO, pfipadné piimo
v levé sini pfi sinovych arytmiich, které jsou Cast¢jsi u pacientti s PFO.

Nicméné riziko vzniku iCMP u celé populace s PFO je velmi nizké, ro¢né pouze 0,1
% (Turc, Calvet et al. 2018). Rizikovym faktorem pro iCMP se PFO stava az v piipadé
hemodynamicky vyznamného PLZ a existence vendzniho zdroje embolizace, jehoz vznik
podpoti protromboticky stav - vrozeny (trombofilni mutace) ¢i ziskany (imobilizace po tirazu,
infekce).

Jinym nalezem predikujicim zvySené riziko vzniku iCMP je pfitomnost aneuryzmatu
septa sini (ASA). Asi 60 % pacienti s ASA ma zaroven PFO, a to s vyznamnéjSim PLZ, neZ u
pacientl s izolovanym PFO. Prevalence kombinace ASA+PFO u pacientli s kryptogenni
iCMP je asi 20 % a prave tato podskupina pacientt patii mezi viibec nejrizikovéjsi z hlediska
dalsi recidivy iCMP (Turc, Lee et al. 2020).

Rizikovym faktorem je téz zkrat hodnoceny dle TCD jako high-grade, zejména
s obrazem ,,shower” po podani echokontrastu. Pacienti se zkratem dle TCD hodnocenym jako
high-grade méli ro¢ni riziko rekurence iCMP 8,2% oproti 0,66 % ro¢niho rizika u low-grade

PLZ (Anzola, Zavarize et al. 2003).
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Mame-li vyznamnou klinickou suspekci na kauzalitu PFO u daného pacienta s CMP,
pak mame tii moznosti v sekundarni prevenci - antikoagula¢ni 1é¢bu, antiagregacni 1€cbu a
katetriza¢ni uzavéer PFO.

Priikazy o prospésnosti uzavéru PFO v sekundami prevenci ischemické cévni
mozkové piihody (iCMP) oproti konzervativni 1écbé dlouho chybély. V roce 2017 vsak byly
publikovany pozitivni vysledky 3 studii (CLOSE, REDUCE, RESPECT extendet), které
shodné prokazaly statisticky vyznamnou redukci vyskytu recidivy CMP u pacientli po
kryptogenni iCMP a uzavéru PFO (Turc, Calvet et al. 2018).

Vhodnou pomiickou pro identifikaci prokazané¢ho PFO jako ptivodce CMP miize byt
ROPE skore (risc of paradoxial embolization). V podstaté nam tik4, ze ¢im je pacient s CMP
mladsi a ¢im méné ma obvyklych cévnich rizik, tim je vyssi pravdépodobnost, ze pravé PFO
muze byt zodpovédné za probéhlou iCMP. ROPE skore se tedy pouziva u pacientl s
kryptogenni CMP a prokdzanym PFO. Muize dosahovat hodnot od 0 do 10 a hodnoty nad 6
nam signalizuji pacienta jako vhodného kandidata na uzavér PFO (Kent, Saver et al. 2020).

ROPE skore

Charekteristika Body

Neni hypertonik 1

Neni diabetik

Dosud neprodélal CMP nebo TIA

Nekurak

NRR(R

Kortikalni lokalizace léze

Vék

18-29

30-39

40 -49

50-59

60 - 69

ORIN|WIAN WO

70 a vice

Migréna
Z literatury je jiz del$i dobu znama vyssi prevalence PFO u pacientti s migrénou
s aurou (Del Sette, Angeli et al. 1998) a bylo opakované popsano vymizeni migrény u
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pacientd po uzavéru PFO z jiné indikace (Wilmshurst, Nightingale et al. 2000). Prevalence
PFO u migrény s aurou je podle pouzité metodiky udavana od 41 % do 62 %, coz je
vyznamn¢ vice nez u migrény bez aury (16 % — 25 %) a u kontrolnich skupin (16 % — 25 %)
(Schwerzmann, Nedeltchev et al. 2007). Naopak pacienti s prokazanym PFO maji vyssi
frekvenci migrény s aurou, ale jen obdobnou frekvenci migrény bez aury ve srovnani

s populaci bez PFO. Dosud chybi obecné uznavana teorie vztahu mezi vznikem migrény

s aurou a PFO. Zvazovana je mikroembolizace spoustejici dale se Sifici korovou depresi nebo
vy$si naloz neékterych chemickych latek (serotonin, NO, kininy), které se vyhnou plicnimu
filtru. Nezbytnou podminkou spusténi migrenozni ataky u pacienta s PFO je iritabilni terén
jeho mozku a mozkového cévniho feciste.

Provedené randomizované studie zkoumajici efekt okluze PFO u migreniki (MIST,
PRIMA, PREMIUM) neuspély v primarnim cili (istup migrény), ale ve vSech se objevuje
signifikantni snizeni frekvence atak migrény a aurou (Mojadidi, Kumar et al. 2021). To mtze
souhlasit s navrhovanymi teoriemi, kdy sice sniZime mnoZstvi spoustécich signalli migrény
(embolizace, serotonin,...), ale neodstranime samotnou vyssi vnimavost pacientti na

spoustéce. Uzaveér PFO pouze z indikace migrény tedy neni t.¢. indikovan.

Paradoxni vzduchova embolizace

P1i neékterych neurochirurgickych operacich (odstranéni neurinomu n.
statoacusticus,...) je pacient operovan v polosedé. Pokud v této poloze dojde peroperacné
s poSkozeni mozkovych splavii, mize dojit k aspiraci vzduchové bubliny do venozniho feciste
s rozvojem plicni vzduchové embolie. Jedna-li se o pacienta, ktery ma pfitomen PLZ je navic
ohrozen pfechodem plynové bubliny do ateridlniho obéhu s naslednou vzduchové embolii.
Pted planovanym neurochirurgickym vykonem v poloze vsedé je tedy vhodné pacienta

vySetfit na ptitomnost PLZ a v ptipad¢ jeho priikazu zvolit operacni polohu vlezZe s mensim
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rizikem aspirace vzduchu do venézni krve (Stendel, Gramm et al. 2000, Klein, Juratli et al.

2018).

MozZnosti detekce pravo-levého zkratu

V prikazu PFO jako nejcastéjsiho PLZ je zlatym standardem transezofagealni
echokardiografické vySetteni (TEE) s podanim echokontrastni latky, nejcastéji vzduchem
aktivovaného fyziologického roztoku. Vyhodou je pfimé zobrazeni ptipadného kardialniho
defektu a popis jeho morfologie, ktera je dalezita v ptipad€ zvazovaného uzavéru PFO.
Kromé toho TEE zobrazi i ptipadné dalsi patologické nélez v srdci jako jsou chlopenni vady
vcetné vegetaci, dilatace srdecni oddild apod. Nevyhodou je semiinvazivita vySeteni, kdy je
pacientovi kromé¢ periferni kanyly zavadéna sonda do jicnu po dobu nékolika minut. Nékteti
pacienti pak nejsou schopni provést dobfe Valsalviiv manévr se zavedenou sondou v jicnu,
COZ shiZuje senzitivitu vysetfeni.

Meéné citlivou metodou je transtorakalni echokardiografie (TTE) rovnéz s podanim
echokontrastu. Vysetieni je provadéno pres hrudni sténu a pro pacienta je tedy komfortné;jsi,
ale zaroven je ve srovani s TEE méné¢ senzitivni (Shah, Malik et al. 2021).

Mezi neinvazivni vySetieni k diagnostice PFO patii CT srdce s dobrou senzitivitou i
specificitou oproti TEE, nevyhodou je radiacni zatéz. Se zdokonalovanim CT pfistrojt a
dostupnosti novych vySettovacich algoritmi bude jeho vyznam pravdépodobné stoupat,

v soucasnosti se vsak z diivodu detekce PFO provadi jen vyjimecné (Lee, Kim et al. 2021).

Katetrizacni vySetieni srdce se Cisté z diivodu diagnostiky PFO prakticky neprovadi,
nicméné PFO miize byt ndhodnym nalezem pfi katetrizaci z jiné indikace.

Z echokardiografickych vysetteni (TEE, TTE) mizeme ziskat podezieni na pfitomnost
plicniho PLZ, vétSinou ve formé pulmonalnich A-V malformaci. K jejich diagnostice je

indikovana CT angiografie plicniho fecist¢ (Zukotynski, Chan et al. 2007).
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Transkranidlni sonografie

Principem vySetieni PLZ transkranialni sonografii (TCD) je podani pulmolabilni
echokontrastni latky obsahujici mikrobubliny a jejich detekce v mozkovém fecisti. Za
normalnich okolnosti (tj. v neptitomnosti PLZ) dojde k odfiltrovani vzduchovych
mikrobublin pii prichodu krve plicnim kapilarnim fecistém. Je-li PLZ ptitomen, Cast
mikrobublin pronika z pravé siné piimo do levé sin€, dale do levé komory a do CNS, kde je
detekujeme TCD sondou monitorujici tok krve v arteria cerebri media (MCA). Méfenim Casu
od podani mikrobublin do jejich ptipadné detekce nad MCA je mozné zhruba urcit lokalizaci
PLZ (intrakardialni — nejéastéji PFO, extrakardialni — intrapulmonalni A-V spojky).

Z poctu zaznamenanych mikrobublin (MBS) je mozné nepfimo usuzovat na
vyznamnost PLZ, i kdyz tato vyznamnost nemusi odpovidat skute¢nému potencialu zkratu
pro priichod event. trombu ze zilniho do arteridlniho fecisté. Echokontrast je pii TCD
vySetfeni podavan do kubitalni vény, do srdce ptitéka cestou horni duté zily a je tedy krevnim
proudem smérovan viici septu sini odlisné oproti krevnimu proudu z dolni duté zily, ktera
drénuje oblast nejcastéjsiho zdroje embolt (Zily malé panve, DK).

Spravné provadéné TCD vysetteni PLZ ma vysokou senzitivitu, specificitu ma ve
srovnani s TEE niz$i, mj. pro lepsi moznost detekce extrakardialné lokalizovanych PLZ

(Heckmann, Niedermeier et al. 1999, Tian and Chen 2022).

19



Priprava pulmolabilni echokontrastni latky. Agitace smési HAES 6% a vzduchu v poméru 9:1
pomoct trojcestného kohoutu (viastni foto)

K detekci PLZ pomoci transkranialni sonografie pouzivame protokol vychazejici
z doporu¢eni ESNCH (European Society of Neurosonology and Cerebral Hemodynamics)
z roku 1999, ktery jsme postupné modifikovali a v souc¢asné dobé jej s uspokojivymi vysledky
pouzivame tadu let.

K vysetfeni je mozné pouzit TCD (transcranial doppler) pfistroj vybaveny softwarem
k detekci hyperintenzivnich tranzientnich signalii (HITS), nejlépe ve dvou vzorkovacich
objemech v definované vzdalenosti od sebe k lepSimu odliseni artefaktii a zafizenim
umoznujicim fixovat transkranialni sondu na hlave pacienta po dobu vysetteni (fixacni helma,
Celenka). Pro vySeteni TCD pfistrojem postacuje jedna osoba.

Druhou moznosti je pouziti TCCS (transcranial color coded sonography) pfistroje, kdy
jedna osoba fixuje sondu manualné a druha ptipravuje a podava echokontrastni latku. V tomto

pripade¢ je pocitani HITS méné piesné, protoze neni provadéno softwarove, ale pro ucely
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bézného klinického vySetieni a odhaleni klinicky vyznamnych zkrat bohaté postacuje.
V soucasnosti pievazna vétSina pracovist pouziva prave tuto metodu a také nas soubor byl
vysetiovan pomoci TCCS.

Dalsi materialové naroky jsou minimalni — postacuji dvé injekéni stitkacky o objemu
20 ml, trojcestny kohout, kanyla, spojovaci hadicka a ¢asomira (postacuje na sono pfistroji).

Na nasem pracovisti pouzivame jako echokontrastni pulmolabilni latku hydroxy-etyl-
skrob (HAES) v 6% roztoku aktivovany vzduchem (na 9 ml roztoku 1 ml vzduchu) pro jeho
dobrou stabilitu, nizkou cenu a snadnou pfipravu. Pti pouziti aktivovaného roztoku 4%
zelatiny jsme zaznamenali vyskyt alergickych reakci, proto nyni vysetiujeme vyhradné
roztokem HAES.

Dalsi dostupnou pulmolabilni echokontrastni latkou je primyslové vyrabény Echovist,
jehoz nevyhodou je horsi dostupnost a vyssi cena. V kardiologii je pouzivany vzduchem
aktivovany fyziologicky roztok (na 9 ml FR 1 ml vzduchu), ktery vSak neni v Case piili§
stabilni a mikrobubliny vzduchu z néj rychle vyprchavaji. Na nékterych pracovistich je ke
zlepseni stability aFR ptidavano 0,3 ml pacientovy krve na 10 ml roztoku, nevyhodou je
moznost kontaminace biologickym materialem, ale stabilita vysledného roztoku je vyrazné
lepsi oproti samotnému aktivovanému fyziologickému roztoku.

Pacienta vySetfujeme v poloze vleZe na zadech, ptipravou k vySetieni je zavedeni i. v.
kanyly o minimalnim priméru 18G (zelend) do kubitalni zily, na kterou je pak pomoci
spojovaci hadicky napojen systém trojcestného ventilu a dvou injekénich strikacek.

Jejich obsah (tj. 36 ml roztoku HAES a 4 ml vzduchu) promichdvame po dobu cca 10
s, kdy roztok ziska mlécné bilou barvu, poté otevirdme kohoutem cestu do periferni zily a
aplikujeme 6 ml aktivovaného HAES po dobu maximalné 5 s. Méfime ¢as v sekundach od

zacatku aplikace echokontrastu do detekce prvni mikrobubliny - ,,first bubble time* a
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samoziejmé poc¢et MBS. Do celkového poctu zahrnujeme MBS detekované do 40 s od
pocatku aplikace echokontrastu.

VySetieni opakujeme 3x a prokazujeme jim pfitomnost nativné otevieného PLZ.

Z divodu persistence echokontrastu v pravé sini dodrZzujeme minimalni rozestup mezi
jednotlivymi aplikacemi nejméné jednu minutu, pfed podanim kontrastu vzdy obsah stiikacek
opét promichame.

Neni-li prokazan zavazny PLZ (high-grade, viz niZe), provadime dale vySetteni
s Valsalvovym manévrem (VM). Manévr si pacient zkousi po ukonceni nativnich vySetieni
nejprve bez podani echokontrastu a béhem této doby dojde k degradaci vSech mikrobublin
v ob¢hu po predchozich vySetienich. Pacienta vyzveme k hlubokému nadechu a nasledné
zadrzeni dechu se zatlaéenim do bficha. Kritériem spravnosti provedeni VM je pokles
systolické pratokové rychlosti v MCA minimaln¢ o 30 %, typicky po 3 — 5 s od zacatku
zadrzeni dechu.

Poté ptistoupime k vySetfeni piipadného latentniho PLZ s provedenim VM. Pti
poklesu systolické rychlosti o 30 % podame echokontrast a poté nechame pacienta
vydechnout. Stejné¢ jako u ptredchoziho vySetfeni zaznamenavame Cas prvni MBS a jejich
celkovy pocet, cely postup opakujeme 3x. Dohromady tedy podame pacientovi 6 x 6 ml
aHAES - 3 x nativné a 3 x s Valsalvovym manévrem.

Pti hodnoceni PLZ rozliSujeme jeho vyznamnost ve 4 stupnich:

1) neprokazan

2) nevyznamny, low-grade, do 10 MBS

3) stiedn€ vyznamny, medium-grade, pocitatelné mnozstvi MBS vétsi nez 10

4) vysoce vyznamny, high-grade - obraz sprchy, z anglického shower — nepocitatelné

mnozstvi MBS.
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Rozhodujici je pro hodnoceni vyznamnosti PLZ ten ze 3 pokusi, kdy bylo zachyceno
nejvetsi mnozstvi MBS. Zvlast hodnotime vyznamnost pro nativni pokus a zvlast’ pro VM.
Doba do detekce prvni MBS ndm umozni pfiblizné urcit, zda se jedna o zkrat intrakardidlni
(first bubble time do 12 s, typicky 6-8 s) ¢i extrakardialni, nejcastéji intrapulmonalni A-V

fistule (first bubble time nad 14 s, typicky 16-20 s).

Hypotéza

Prinik mikrobublin z ven6zniho obéhu do arterialniho cestou pravo-levého zkratu,
nejCastéji perzistujicim foramen ovale, se vyznamné podili na vzniku dekompresni piihody.
Transkranialni sonografie s podanim pulmolabilni echokontrastni latky je vhodnou
screeningovou metodou k detekci pravo-levého zkratu. VySetieni potapéce na piitomnost
Katetriza¢ni uzavér perzistujiciho foramen ovale vede v vyznamné redukci praniku bublin do

arterialniho obéhu.

Cile projektu

1 Vysetfit co nejvetsi skupinu tuzemskych potapect na pritomnost PLZ pomoci
transkranialni sonografie vcetné stanoveni stupn¢ zkratu. V ptipad¢€ pozitivniho
vysledku nabidnout doplnéni jicnové echokardiografie na spolupracujicim
kardiologickém pracovisti.

2 U vySetfenych potapécti zmapovat vyskyt dekompresnich piihod spolu s podrobnym
prosetfenim okolnosti vzniku obtizi i klinickych pfiznakti. Ziskana data analyzovat na
vyznamnost jednotlivych faktor pro rozvoj nevyprovokované DCS. Potapéce

s prokdzanym PLZ poucit o vhodnych rezimovych opattenich pii dal§ich ponorech
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jako prevence rozvoje mozné DCS. V ptipad¢ vyznamnych zkratl a klinickych
ptiznakl nabidnou katetrizacni uzavér PFO.

Pii experimentalnich ponorech v barokomofte s riznou hloubkou ponoru, dobou
pobytu v hloubce a rychlosti vystupu za monitoringu vyskytu ptipadnych mikrobublin
ve venodzni a arteridlni krvi pro skupiny potapéct s PFO, PFO po uzavéte a
kontrolnich bez PLZ stanovit bezpecny profil ponoru s minimalnim rizikem tvorby
bublin.

Vysetiené potapéce sledovat dlouhodobé, zmapovat vyskyt ptipadnych recidiv DCS

s ohledem na pfitomnost a velikost PLZ. U potapect po katetrizacnim uzavéru PFO

ov¢étit pripadny protektivni vliv uzévéru na dalsi vyskyt DCS.
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Vybrané komentované publikace vysledki projektu

Na projektu se podilel tym odbornikt z 1ékatskych obort kardiologie, neurologie,
patofyziologie a 1ékaiskych zobrazovacich metod. Vysledky projektu jsme publikovali v 18
puvodnich odbornych ¢lancich, z toho bylo 9 v mezinarodnich casopisech s impakt faktorem
(celkovy IF 74,092, pocet citaci k 7.2.2024 je 117), jedné kapitole v knize a § recenzovanych
neimpaktovanych tuzemskych casopisech. Dale byly vysledky prezentovany na fade¢
tuzemskych i zahrani¢nich konferencich véetné dvou vyzvanych prednasek (2015 UHMS
Annual Scientific Meeting, June 17-20, 2015, Montreal, Canada, a 6th International
symposium Ostrava Days of Hyperbaric Medicine, June 14-15, 2018, Ostrava, CZ). Na
projektu se vyznamné podileli dva PhD studenti (Jakub Honék a Martin Sramek). Moje role v
projektu se tykala planovani experimentd, vlastniho vysetfovani pacientti (TCCD), zadavani
do databaze a jeji vedeni, vyhodnocovani a interpretace vysledki, statistickych vyhodnocenti,
a psani celych ¢i ¢asti textd publikaci. Jsem prvnim autorem dvou impaktovanych ¢lankt, na
ostatnich se podilim jako spoluautor.

Ve vysledkové ¢asti uvadim a komentuji sedm z vySe uvedenych impaktovanych

publikaci.

PFO a screening potapécu

Hong&k J, Sefc L, Hon&k T, Sramek M, Horvath M, Veselka J. Patent Foramen Ovale in
Recreational and Professional Divers: An Important and Largely Unrecognized Problem.

Can J Cardiol. 2015 Aug;31(8):1061-6. doi: 10.1016/j.cjca.2015.03.010.

Tato prace je souhrnny ¢lanek, ktery detailné shrnuje dosud znama fakta o

problematice PFO a zvySeného rizika vzniku DCS u potapéci, kdy hlavnim
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patofyziologickym mechanismem je paradoxni embolizace bublin dusiku z venézni do
arterialni krve cestou PFO. Po tvodu do problematiky ¢lanek vysvétluje ptic¢iny a
mechanismy DCS u potapéct, roli PFO pfi vzniku této choroby, pfistupy k diagnostice PFO a
terapeutické moznosti.

Navzdory vysokému poctu osob vénujicich se potapéni na celém svété a zaroven
vysoké prevalenci PFO (25 - 30%) u dospélych ziistdva hodn& nezodpovézenych otazek
tykajicich se optimalniho screeningu, stratifikace rizika i dlouhodobého sledovani potapeca s
PFO. Historie vyzkumu DCS sahéa do roku 1670, kdy byla poprvé popsana na zvitecim
modelu, prvni zminka o lidské formé DCS je z roku 1841 a prvni série pfipadt byla popsana
jiz v roce 1873. Nedlouho poté byl vznik dusikovych bublin odhalen jako patofyziologicky
podklad DCS a byl zaroven popsan terapeuticky efekt inhalace kysliku v ptipadé rozvoje
obtizi. Od roku 1908 jsou k dispozici prvni dekompresni tabulky, které udavaji doporucenou
rychlost vystupu na hladinu v zavislosti na dosazené hloubce ponoru, a které v revidované
forme pouzivame dodnes jako nejucinngjsi prevenci vzniku DCS.

Potapéc se béhem ponoru pohybuje v hyperbarickém prostiedi, kde na jeho t€lo, ale
také na dychanou smés plynt, pisob tlak vody vzristajici s hloubkou ponoru. Podle Henryho
zakona je mnozstvi rozpusténych plyni v tkanich tmémé jejich parcialnim tlakim, v hloubce
se tedy koncentrace plynti v tkanich zvySuje a mnoZzstvi rozpusténého plynu zavisi na
chemickém slozeni a hustoté kapilar konkrétni tkané. Pti vynofovani tlakovy gradient klesa,
rozpusténé plyny se vraci z perifernich tkani do zilni krve a tou nakonec doputuji do
alveolarniho prostoru, odkud jsou vydychany. Pokud je rychlost vystupu piilis velka, je
z tkani uvoliiovano vétsi mnozstvi plynd, nez které staci v rozpusténé forme odvadet vendzni
krev, a dochézi ke vzniku plynovych bublin.

Klinické ptiznaky DCS jsou zplisobeny praveé t€émito bublinami plynu, které pisobi

bud’ mistni poskozeni tkani, nebo embolizuji v krevnim fecisti. Malé mnozstvi plynovych
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bublin v Zilni krvi bylo prokazano u 80 — 91% potapeci, vétsina vsak zlstava
asymptomatické, protoze tyto bubliny jsou efektivné filtrovany pii prichodu krve plicnimi
kapilarami. Klinické symptomy se mohou objevit bud’ pii zvySeném mnozstvi bublin

v disledku poruseni dekompresniho rezimu (plicni embolie), nebo pfi paradoxni embolizaci
(ptestup bublin ze zilni do arterialni krve) u potapéce s permanentnim nebo do¢asnym pravo-
levym zkratem. U potapéct s PFO je mozna paradoxni embolizace vzduchovych bublin do
arteridlniho ob¢hu s naslednym rozvojem neurologickych ¢i koznich ptiznakl. Dochazi

k tomu i pfi dodrzeni doporucené rychlosti dekomprese, takovou DCS pak nazyvame
,heprovokovanou® na rozdil od DCS vzniklé v disledku vysoké rychlosti dekomprese.

Klinicky obraz dekompresni nemoci je heterogenni a zalezi na mnozstvi bublin, misté
jejich vzniku a ptipadném misté embolizace. Na zaklad¢ lokalizace klinickych obtizi
popisujeme formu kozni, svalove - kloubni, neurologickou a plicni. Pfi kozni a svalové -
kloubni formé se tvoii bublinky dusiku pfimo v postizené tkani. Plicni forma DCS je
zplisobena obliteraci vyznamné ¢asti plicnich kapilar bublinkami zachycenymi z vendzni
krve. U neurologické formy predpokladame prevazujici mechanismus paradoxni embolizace
plynovych bublin.

Souvislost mezi PFO a DCS byla poprvé popsana v 80. letech 20. stoleti a od té doby
byla opakované zjisténa zvysena prevalence PFO u potapect s kozni a neurologickou formou
DCS. U potapéct s PFO byl zjistén vyssi vyskyt zavazné DCS oproti potapéciim bez DCS a
potapéct s PFO oproti kontrolam je dal§im poznatkem, nicméné jeho klinicky vyznam v tuto
chvili neni jasny.

Paradoxni embolizace pies PFO vznika v disledku zvySeného tlaku v pravé sini pii
prechodu krve s bublinami plynu z pravostrannych do levostrannych srde¢nich oddilt a odtud

ptimo do arterialni krve velkého ob¢&hu. Pfi ponoru je krev redistribuovana z periferie do
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hrudniku, kde zvysuje tlak v pravé sini. . Potapéci mohou tento tlak zvysit pfi nebo po ponoru
Valsalvovym manévrem k vyrovnani tlaku ve sttednim uchu, zadrzeni dechu pfi zvedani
tézkého predmétu nebo pii neseni t&zké vystroje opét vede ke zvyseni tlaku v pravé sini a
ptipadné paradoxni embolizaci cestou PFO. Pritomnost vyznamné plicni arteriovendzni
malformace miiZe také vést k prichodu plynovych bublin do arterii velkého ob¢hu, ale jejich
prevalence je velmi nizka.

Na zaklad¢ provedenych praci se zd4, Ze pouze pritomnost PFO s vyznamnych
stupném zkratu je rizikova pro vznik DCS, takovych PFO je 6 — 10% v celé populaci oproti
25 —30% vSech PFO. Existuji v§ak prace popisujici zvySovani stupné zkratu PFO v prubéhu
let u aktivnich potapéc.

K diagnostice PFO nebo detekci pravo-levych zkrati méme k dispozici tfi
ultrazvukové techniky: transtorakalni echokardiografie (TTE), transesofagealni
echokardiografie (TEE) a transkranialni barevna ultrasonografie. TEE je povazovana za zlaty
standard diagnostiky PFO. Blizkost sondy k srdci pfi vysetfeni zajist'uje optimalni rozliSeni a
umoznuje kvalitni 2D a 3D zobrazeni PFO a okolnich struktur. Mezi nevyhody patii semi-
invazivita a cena vySetieni. TEE se pouziva jako asistujici vySetieni v pritbéhu katetriza¢niho
uzaveru.

V nékolika studiich bylo prokézano, ze TTE s pouzitim kontrastu ma podobnou
citlivost a specificitu jako TEE, vétSinou vSak byla senzitivita a specificita TTE nizsi nez u
TEE. Nevyhodu TTE je riziko fale$né negativniho vysledku, vyhodou naopak jednodussim
provedeni Valsalvova manévru pacientem. Kromé detekce PFO miize TTE slouzit k
monitorovani Zilnich bublin tésné po potapeni.

Transkranialni barevna ultrasonografie (TCCS) monitoruje pritok krve ve stfedni
mozkové arterii (MCA) skrze temporalni okno v lebce. V prabéhu vySetfeni detekujeme

ptipadné plynové bubliny (podaného echokontrastu nebo vzniklé po vynoteni) jako signaly s
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vysokou intenzitou (HITS). Podle ¢asu od podani echokontrastu do detekce prvni HITS jsme
schopni rozlisit intrakardialni nebo intrapulmonalni lokalizaci zkratu. Pfi pouziti
standardizovanych protokolt je senzitivita TCCS 94-100% a specificita 75-100% ve srovnani
s TEE, coz déla TCCS cennym screeningovym nastrojem. V soucasnosti vSak neni rutinni
screening pritomnosti PFO u potapéct bez DCS v anamnéze doporucovan.

V piipadé prodélané DCS a prokazaného PFO je mozné potapéni ukoncit, potapét se
dale v bezpecném, konzervativnim rezimu a nebo provést uzavér PFO katetrizac¢né. Ditkazy
po ucinnost dvou poslednich metod na dalsi vyskyt DCS vs§ak chybi, i kdyZ existuje prace
prokazujici snizeni vyskytu ateridlnich mikrobublin u potapéct po katetrizacnim uzavéru PFO
a simulovaném ponoru v hyperbarické komote.

Doporuceni ukoncit potapéni po prodélané DCS a prukazu PFO se mezi potapeci
netési velké oblib€ a je jen malokdy akceptovano. Konzervativni rezim potapéni zahrnuje
omezeni maximalni hloubky ponoru a ¢asu straveného pod vodou, dale doporuceni
neprovadét vice ponort v jednom dni a pouzivat dychaci smési s niz§im obsahem dusiku.
Samotny katetrizacni uzaver PFO je invazivni vykon spojeny s urcitymi periproceduralnimi
riziky, navic v cca 10% miiZe zkrat do urcité miry pfetrvavat. Ani po uzavéru tedy nelze
ocekavat tiplnou absenci rizika vzniku DSC.

Zaveérem konstatujeme, Ze pritomnost PFO se zda jasné€ spojena se zvySenym rizikem
vzniku zavazné DCS u potapéeci v disledku paradoxni embolie dusikovych bublin.
Katetrizac¢ni uzavér PFO by mohlo hrat roli v sekundarni prevenci DCS u rizikovych
potapéct, v soucasné dob¢ vSak chybi klinické dikazy, které by tento ptistup
ospravedlnovaly.

Nase nasledujici prace byly zaméfené na ziskani poznatki, které by mohly prave tyto

klinické dikazy ptinést.
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ABSTRACT

Patent foramen ovale (PFQ) is associated with an increased risk of
decompression sickness (DCS) in divers that results from a paradoxical
embolization of nitrogen bubbles. The number of scuba divers world-
wide is estimated in the millions, and the prevalence of PFO is 25%-
30% in adults. It is interesting that despite these numbers, many
important issues regarding optimal screening, risk stratification, and
management strategy still remain to be resolved. Recently published
data suggest the possible effectiveness of both PFO closure and con-
servative diving measures in preventing arterial gas embolization. This
review aims to introduce the basic principles of physiology and the
pathophysiology of bubble formation and DCS, summarize the current
literature on PFO and diving, and review the possibilities of diagnostic
workup and management.

Scuba (self-contained underwater breathing apparartus) diving is
a popular sport that attracts millions of participants worldwide.'
Exposure to the hyperbaric environment is associated with
unique effects on human physiology and specific disorders.
Much attention has been paid to the risks related to patent fo-
ramen ovale (PFO).” In divers, PFO is associated with an
increased risk of decompression sickness (DCS).? Despire the
high prevalence of PFO (25%-30% in adults),” many
issues—including optimal screening, risk stratificaton, and
management strategy—remain to be resolved. This review aims
to introduce the basic principles of physiology and the patho-
physiology of bubble formation and DCS, summarize current
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RESUME

Le foramen ovale perméable (FOP) est associé a une augmentation du
risque du mal de décompression (MDC) chez les plongeurs et résulte
d'une embolisation paradoxale de bulles d'azote. Dans le monde
entier, on estime que le nombre de plongeurs en scaphandre auto-
nome s'éléve a plusieurs millions, et que la prévalence du FOP est de
25 % a 35 % chez les adultes. Il est intéressant de constater qu'en
dépit de ce nombre, il reste de nombreuses questions importantes 3
résoudre concernant le dépistage optimal, la stratification du risque et
la stratégie de prise en charge. Les données récemment publiées
suggerent 'efficacité possible de la fermeture du FOP et des mesures
préventives traditionnelles de plongée pour éviter I'embolisation ga-
zeuse artérielle. Cette revue a pour but de présenter les principes de
base de la physiologie et de la physiopathologie de la formation des
bulles et du MDC, de résumer la littérature actuelle sur le FOP et la
plongée, et de passer en revue les possibilités de bilan diagnostique et
de prise en charge.

literature on PFO and diving, and review the possibilities of
diagnostic workup and management.

Background

With the dcvc]()pm:nt Of‘pn)faﬁsi()na[ and recreational diving
in the 20th century, the knowledge of DCS progressed. DCS was
first described in an animal model in 1670 by Robert Boyle.” The
first clinical cases of divers experiencing DCS were reported much
later in 1841." The description of 110 cases (14 divers died)
during the construction of the Brooklyn Bridge in 1873 is more
well known. Five years later, in his classic work La Pression Bar-
ometrique, French zoologist and physiologist Paul Bert postulated
that DCS is caused by nitrogen gas bubbles and showed the ad-
vantages of breathing oxygen after DCS develops.ﬁ In 1908, after
a series of animal decompression experiments, John Scotr Hal-
dane developed the first dive tables that advised staged decom-
pression for the British Admiralty.” This marked the development
of further decompression models that are routinely used today by
recreational and professional divers to prevent DCS.

0828-282X/© 2015 Canadian Cardiovascular Sociery. Published by Elsevier Inc. All righes reserved.
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DCS: Physiology and Pathophysiology

The diver is exposed to a hyperbaric environment during
submersion. In scuba diving, air (or other breathing mixture
of oxygen and inert gases) is breathed at ambient pressure.
According to Henry’s law, the amount of gases dissolved in
tissues is proportional to their partial pressures. Thus at depth,
the concentratdon of gases in tissues increases over time. The
rate of gas saturation is dependent on the chemical compo-
sition and density of capillaries in a particular tissue.” As the
diver ascends to the surface, a pressure gradient drives the
dissolved gases back from peripheral tissues to venous blood
and ultimately to the alveolar space from which it is expired
out of the body. If the pressure drops too quickly, the tssues
become supersaturated with gases not used by the body (ni-
trogen and inert gases), and a gas phase forms.'”

The process of bubble formation has attracted the interest
of researchers for more than a century, but many aspects
remain unclear. Although still controversial, it is generally
agreed thar an a priori presence of some form of micronuclei is
required for bubbles to form in divers.'” It is important that
the rate of saturation and desaturation differs among tissues.
Mathematical models incorporating several tissue compart-
ments are used to characterize whole-body gas kinetics."' To
prevent DCS, divers routinely use specialized dive computers
or tables that are based on these models.

DCS is caused by the formation and growth of gas bubbles
in supersaturated blood or tissues during the diver’s ascent
(Fig. 1). These bubbles cause either local tissue damage or
embolize through venous blood."* Small quantities of venous
gas emboli (VGE) have been confirmed by Doppler studies in
80%-91% of scuba divers.'”'" Most divers with VGE,
however, remain asymptomatic, because these bubbles are
effectively filtered by the pulmonary circulation. Symptoms
may occur cither with high bubble load (ie, pulmonary gas
embolism in case of violation of the decompression regimen)
or from paradoxical embolization (arterialization of bubbles)
in a diver with a permanent or transient right-to-left shunc. If
paradoxical embolization occurs in a diver with a PFO, arte-
rialized bubbles lodge in peripheral capillaries. Furthermore,
excess gas from supersaturated tissues promotes further growth
of these bubbles. The resulting obstruction of capillaries
causes local ischemia.'”

The clinical picture of DCS is heterogeneous and reflects
the number of bubbles and the sites of their formation and
embolization. Based on symptoms, cutaneous, musculoskel-
etal, neurologic, and pulmonary forms of DCS are recognized.
The musculoskeletal form, manifesting as severe joint pain, is
thought to be caused by local bubble formation in the avas-
cular joint cartilage."” On the other side of the spectrum are
diverse and potentially severe neurologic manifestations in
which it seems that bubble embolization through a PFO
might play an important role.

Role of PFO

The connection between PFO and DCS was first described
in the 1980s.'™"” Since then, a high prevalence of PFO has
been repeatedly reported in divers with the ncurologic or
cutaneous fgrms of DCS (Table 1). In an important study,
Torti et al.'” reported an incidence of major DCS per 10,000
dives of 1.5 with no PFO, < 1 with grade 1 PFO, 3 with
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Figure 1. Pathophysiology of bubble formation and embolization in
decompression sickness A dive profile of 18 m maximum depth and
bottom time (time to ascent) of 80 minutes is depicted to demon-
strate the pathophysiology of bubble formation and embolization in
divers. During descent, the diver breathes air at elevated ambient
pressure, and excess nitrogen dissolves in tissues. During ascent, the
ambient pressure drops and a pressure gradient drives nitrogen from
tissues to venous blood. If the pressure drops too quickly, the tissues
become supersaturated and nitrogen bubbles form and embolize
through venous blood. In a diver with a patent foramen ovale, a
paradoxical right-toleft embolization of bubbles may occur and the
bubbles lodge in peripheral capillaries. The resulting ischemia may
manifest as decompression sickness. pN,, partial pressure of
nitrogen.

grade 2 PFO, and 9 with grade 3 PFO. The associated odds
would be 1 for a grade 1, 2 for a grade 2, and 6 for a grade 3
PFO compared with no PFO. However, this study had
important limitations, including its retrospective nature and
possible selection bias.” In another study, the incidence of
PFO was 77% among 61 divers who had experienced the
cutaneous form of DCS compared with 28% in controls.
Additionally, besides the higher incidence of acute DCS, it has
been suggested that repeated exposure to asympromatic arte-
rial embolisms could lead to chronic sequelae. Knauth et al.*
reported an association of PFO with multdiple brain lesions in
a follow-up study using magnetic resonance imaging. There is,
however, an ongoing debate regarding whether this finding
has a pathophysiological link to PFO or any clinical
signiﬁc;:mcr:."‘w

Bearing in mind the high prevalence of PFO,” these reports
raise concern among divers and involved medical pro-
fessionals. Moreover, in divers with PFO, a paradoxical
embolization to the systemic circulation may cause various,
mostly neurologic or cutaneous, DCS symptoms, even after a
dive with an appropriate decompression re:girm:n.l This un-
predictable event has been coined “unprovoked DCS.”

Paradoxical embolization results from increased right atrial
pressure resulting from hemodynamic changes that occur in
divers. After submersion, blood redistributes from the pe-
riphery to the thorax, which results in increased right atrial
pressure.z“ Morcover, divers may perform a Valsalva
manoeuvre during or after the dive (to equalize pressure in the
middle car or while liftiing heavy diving equipment), which
further contributes to the increased right atrial pressure and
might lead to transient right-to-left shunting through the
PFO. Conversely, it has been suggested that the trans-
pulmonary passage might also play an important role in the
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Table 1. Studies the pi of patent f ovale in divers with decompression sickness

Author Year Participants, type of study Main findings

Tord et al.'® 2004 Recreational divers (n = 230), cross-sectional Odds of experiencing major DCS event was 5 times higher
study in divers with PFO; the risk paralleled PFO size; overall

risk was small (5 events per 10,000 dives)

Wilmhurst et al.'” 2001 Divers with cutaneous DCS (n = 61) vs Right-ro-left shunt present in 77% of cases vs 27.6% in
control divers (n = 123), case-control scudy controls (P < 0.01); large shunt present in 49.2% of

cases vs 4.9% of controls (P < 0.01)

Germonpré et al?! 1998 Sports divers with neurologic DCS (n = 37) vs Prevalence of PFO was higher in subgroup of divers with
marched control divers (n = 37), cerebral DCS compared with matched controls (80% vs
case-control study 25%, P = 0.01), but not in divers with spinal DCS

(35% vs 50%, P = 0.49)

Cantais et al.” 2003 Divers with DCS referred for trearment in a Prevalence of PFO higher in a series of consecutive DCS
hyperbaric chamber (n = 101) vs contral cases vs controls (59% vs 25%, P < 0.01); the
divers (n = 101), case-control study proportion of major right-to-left shunts was higher in

cochleovestibular and cerebral DCS subgroups but not
. in spinal and non-neurologic DCS
Gempp et al.™ 2012 Divers with DCS referred for treatment in Diving experience, the presence of Large right-ro-left

a hyperbaric chamber, recurrent cases
(n = 24) vs single episode (n = 50), case-

control study

shunt, and the lack of changes in the way of diving after
previous episodes of DCS were independently associated
with a repeated episode

DCS, decompression sickness; PFO, patent foramen ovale,

occurrence of arterial gas emboli after a dive.”” However, the
estimated prevalence of large pulmonary arteriovenous mal-
formations is low,”" and the clinical significance of small
functional shunts is doubtful.””*"" Also, the numerous afore-
mentioned clinical studies support the fact that a PFO might
be the major route of paradoxical embolization in divers.' ¥
It is important to note that a small shunt probably does not
impart risk, whereas a large shunt should be considered to
increase the risk of DCS. The prevalence of large PFOs is
estimated to be 6%-10% in the general population, " and the
prevalence of a PFO was reporred to decrease with age in a
large autopsy study of normal hearts.” In contrast, there is
some evidence for increasing patency of the foramen ovale in
divers over years.”

Diagnostic Imaging

Three ultrasonographic techniques are available for imag-
ing a PFO or detection of right-to-left intracardiac shunts:
transthoracic  echocardiography  (TTE),  transesophageal
echocardiography (TEE), and transcranial color-coded ultra-
sonography. These methods may be used for screening, to
plan and assist device closure, and to monitor the presence of
venous and arterial bubbles after a dive.

TEE has traditionally been considered the gold standard
of PFO diagnostics.” The proximity of the probe to the
atrial septum ensures optimal resolution and enables quality
2-dimensional and 3-dimensional imaging of the PFO and
surrounding structures. In the diagnostic work-up of cryp-
togenic stroke, TEE importantly enables the visualization of
other potential sources of embolism, eg, a thrombus in the
left atrial appendage or atherosclerotic lesions in the prox-
imal aorta. However, in divers there are several disadvan-
tages to take into account. Especially in the context of PFO
screening, both the semi-invasiveness and the cost of the
procedure need to be considered. Furthermore, patient
positioning and scdation make it difficult to perform a
sufficient Valsalva manoeuvre to visualize a shunt with the
use of the contrast agent. In contrast, if PFO closure is
considered, TEE is an optimal tool to confirm the
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intracardiac localization of a right-to-left shunt and to reveal
the anatomy. TEE is generally used to assist transcatheter
PFO closure, although intracardiac echocardiography may
be used as an alternative.”’

In several studies, contrast-enhanced TTE was shown to
have similar sensitivity and specificity when compared with
contrast-enhanced TEE.” " However, in a study by Ha
etal.,” the sensitivity and specificity of TTE was found to be
63% and 100%, respectively, when compared with TEE as a
gold standard. This would suggest that TTE could generate a
significant proportion of false-negative results. Also, the spatial
resolution is inferior to that of TEE. However, the negative
results from TTE may be caused by reduced sensitivity in
detecting small shunts, which are not considered to be a risk.
Conversely, a potential advantage is that it is easier for the
patient to perform a Valsalva manocuvre. Thus, it remains to
be determined whether T'TE could be used as a screening tool.
Besides PFO detection, TTE may be used to monitor venous
bubbles after a dive. In this setting, bubbles may be visualized
in an apical 4-chamber view (Fig. 2) and quantified cither on
still images or by using Pulseé—wave Doppler in the right
ventricular outflow tract.””*"

Transcranial color-coded ultrasonography visualizes blood
flow in the middle cerebral artery (MCA) through a temporal
window in the skull. A pulsed wave Doppler study is used to
detect gas bubbles (either nitrogen bubbles after the dive or
microbubbles of ultrasonographic contrast material) as high-
intensity transient signals (HITS) (Fig. 3). The presence of
HITS confirms right-to-left shunting. The localization of the
shunt may be intracardiac or tanspulmonary. The trans-
pulmonary passage is longer and the bubbles usually appear
after > 15 cardiac cycles after the administration of ultraso-
nographic contrast medium.”’ When using standardized
protocols, a sensitivity of 94%-100% and a specificity of
75%-100% compared with TEE has been reported:v'”"” This
makes transcranial color-coded ultrasonography a valuable
screening tool. A possible concern is that the temporal win-
dow may be inadequate to reliably visualize the MCA in 10%-
12% of patients.”” However, this is dependent on the
examiner, the ultrasonographic cquipment, and the age of the
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Figure 2. Echocardiographic appearance of venous bubbles after a
dive. Transthoracic echocardiography apical 4-chamber view: nitrogen
bubbles (arrow) after a dive are apparent in right-sided but not left-
sided heart chambers in a diver with a patent foramen ovale and no
right-to-left shunt during native breathing.

patient.™” Therefore, this might not be a limitation in young
health){ individuals, such as most recreational and professional
divers.”” For screening, agitated saline or hydroxyethyl starch
solutions or a dedicated contrast agent may be used.™ The
monitoring for HITS should be performed according to a
standardized protocol at rest and after a Valsalva manoeuvre.™

2.00M 'R8.0 658 C14
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The shunt is graded as follows: 0 = no HITS, 1 = < 10
HITS, 2 = > 10 HITS burt no curtain (uncountable number
of bubbles), and 3 = curtain.”” Arterial gas bubbles after a
dive may be assessed in the same manner. However, to date
there is no standardized protocol for this application. We
suggest monitoring the MCA flow for 60 seconds during
narive breathing and subsequently 3 times for 40 seconds after
a Valsalva manoeuvre.

Therapeutic Options

There is still a large knowledge gap regarding the optimal
risk stratification and management strategy in divers with
PFO. Routine screening for PFO in divers is currently not
recommended in most countries. " Suggested recommen-
dations for divers with diagnosed PFO and a history of DCS
include the cessation of diving, a conservative approach to
diving, and PFO closure. The evidence for both conservative
dive profiles (CDPs) and catheter-based PFO closure is still
sparse.

It has been suggested by several authors that a catheter-
based PFO closure in divers might climinate the arterializa-
tion of bubbles and prevent unprovoked DCS.**”" So far,
only 1 study has provided data on the effect of PFO closure
on climination of arterial gas emboli (AGE) after a dive. “ In
this study, VGE and AGE were assessed by means of ultra-
sonogtraphy in 47 divers after Surf}xcing from a simulated dive
in a hyperbaric chamber. All divers had a large PFO (grade 3
according to the International Consensus Criteria) and pre-
viously experienced DCS; in 20, the PFO was occluded with a
catheter-based device (closure group), the other 27 divers did
not undergo any closure procedure (PFO group).”” The
Amplatzer sepral occluder (AGA Medical, Golden Valley,
MN) and the Occlutech Figulla PFO Occluder N (Occlutech
GmbH, Jena, Germany) were used. In this study, no divers in
the closure group had AGE after a dive. Also, none of these

Figure 3. Arterial gas emboli visualized by transcranial color-coded ultrasonography. After a dive, arterial gas emboli are apparent as high-intensity
transient signals (arrow) in the Doppler spectrum in the middle cerebral artery in a diver with a patent foramen ovale.
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divers had DCS symptoms. However, the reduction in DCS
incidence did not reach statistical significance. The lack of
predefined clinical end points, the small scale of the study, and
the experimental setting are important limitations that must
be considered. Clearly, more clinical data are needed to obtain
a definitive answer regarding DCS and PFO closure. Also, we
must bear in mind that this is an invasive procedure with
potential major complications, although the occurrence is
generally low (< 1%).”" The success rate of the procedure is
high, but a moderate residual shunt may occur in about 10%
of cases.” Furthermore, it is important to note that PFO
closure might have the potential to decrease the risk of DCS
to the level of divers without PFO, but not to zero.

It is often recommended that symptomatic divers diag-
nosed with PFO cease diving. This solution mostly is not
accepted, and alternatives arc sought. CDPs are measures
aimed at lowering the probability of nitrogen bubble forma-
tion to decrease the risk of DCS. The probability of tissue
supersaturation and subsequent bubble formation can theo-
retically be lowered by both minimizing tissue saturation (ie,
limiting nitrogen exposure) and allowing more time for the
desaturation of tissues. To lower nitrogen exposure, various
CDP recommendations limit maximum depth, dive time, or
number of dives per day or advise the use of mixtures with
lower nitrogen content (enriched air nitrox).””" Similarly, o
allow more time for desaturation, a slower ascent rate and
performing longer safety stops is recommended.’” There is
also some evidence that hydration and exercise before a dive
reduce the risk of DCS.”" Few data are available regarding the
safety of these measures in divers with PFO. However, a
recently published study suggested a significant decrease in the
occurrence of arterial bubbles among divers with large PFOs
by limiting the exposure time and reducing the ascent rate.”

Conclusions

It seems likely that the presence of a PFO is associated with
an increased risk of DCS in recreational and professional
divers as a result of paradoxical embolism of nitrogen bubbles.
It is interesting that despite the high number of divers and the
high prevalence of PFO, a large knowledge gap exists
regarding optima] screening, risk stratification, and manage-
ment strategy. It seems that catheter-based PFO closure might
play a role in secondary DCS prevention in highly symp-
tomatic divets in the future. Currently, however, there is a
lack of clinical evidence to justify this approach. We assume
that clinical studies will bring important pathophysiological
and clinical insights in years to come.
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Tento ¢lanek se vénuje prokazani souvislosti mezi pfitomnosti PFO a rizikem vzniku
DCS na vlastnim souboru vysetienych potapéct. Jako screeningovou metodu jsem zvolili
TCCS pro jeji dostupnost v nasich podminkach, neinvazivitu a uspokojivou senzitivitu i
specificitu.

Hypotéza o souvislosti PFO a DCS byva n¢kdy zpochybnovana naptiklad vzhledem
v vysoké prevalenci PFO v populaci a naopak byl zvazovan podil jinych rizikovych faktori,
jako je rizikovy profil potapéni, body mass index (BMI), v€k ¢i pohlavi. Na tyto zvazované
rizikové faktory jsme se v nasi praci také zaméfili pii mapovani vyskytu neprovokovanych
DCS u rekreacénich potapéci.

Mezi lety 2006 a 2014 jsme do nasi databaze zatadili celkem 489 potapéci. Analyza
preziti byla pouzita ke zhodnoceni vyznamu rizikovych faktord pro neprovokovanou DCS,
kterymi byly vék, pohlavi, BMI, ptitomnost PFO a vék. Namisto ¢asové osy jsme pouzili
celkovy pocet ponort.

Celkovy pocet ponord provedeny potapéci v nasem souboru byl 169 411 (priméme
386 +6306), jednalo se tedy o aktivni potapéce. Neprovokovanou DCS prodélalo celkem 36
potap&ct (7%), nékteti opakované, ostatnich 453 potapect (93%) tvoii kontrolni skupinu bez
anamnézy DCS.

Vyskyt PFO byl 97,2 % ve skupiné po prodélané DCS a 35,5% u kontrol, rozdil byl
statisticky signifikantni (p<0,001). Signifikantn¢ vyssi byl také vyskyt PFO s vysokym
stupném zkratu u 86% potapéct ve skupiné po prodélané DCS (nevyprovokované) oproti
18% ve skupiné kontrolni (p<0,001). Ob¢ skupiny se nelisily v ostatnich charakteristikach,
tedy v zastoupeni pohlavi, véku, BMI nebo celkovém mnozstvi ponord. Adjustované hazard
ratio HR pro vznik neprovokované DCS byl 60,0 (HRadj=60.0, 95%CI 8.2—438.5, p<0.001)
pro potapéce s PFO proti potapéci bez PFO a dokonce 93,0 (HRadj=93.0, 95%CI 12.5-688.7,
p<0.001) pro potapéce s vyznamnym PFO.
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Kaplan-Mayerovy krivky vyskytu DCS u potapécii s PFO (zelend) a bez PFO (modra)

v grafu prevzatého z prilozeného clanku.

Tato prace zahrnuje, dle naSich znalosti, dosud nejvétsi soubor potapéct a jasné
prokazuje souvislost mezi ptitomnosti PFO a vznikem neprovokované DCS. Ma néktera
omezeni, jako napfiklad selek¢ni bias a selfreporting DCS, nicméné vyskyt neprovokované
DCS se srovnatelny s diive publikovanymi tdaji.

Na zaklad¢é nami prokazanych skutecnosti se zda, ze doporu¢ené dekompresni postupy

pro obecnou potapécskou populaci mohou byt nedostatecné bezpecné pro potapéce s PFO.
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Background: Patent foramen ovale (PFO), male sex, age, and body mass index (BMI) were all identified as
potential risk factors of decompression sickness (DCS). It has been debated whether PFO might cause
unprovoked DCS (i.e, without violation of decompression procedure) due to paradoxical embolization of
venous gas emboli. To date, there are no data on the incidence or risk factors of unprovoked DCS. This
study sought to evaluate the risk factors of unprovoked DCS in recreational divers.

Methods: A total of 489 consecutive divers were screened for PFO between January 2006 and January
2014 by means of transcranial Doppler. All patients were prospectively included in the study registry.
Survival analysis techniques were used to assess for risk factors for unprovoked DCS. Age, sex, BMI, PFO
presence, and grade were analyzed. The total sum of dives was used as a measure of time.

Results: The group performed a total of 169,411 dives (mean 346 + 636). Thirty-six (7%) of the divers
suffered from an unprovoked DCS. The frequency of PFO was 97.2% in divers with a history of unprovoked
DCS and 35.5% in controls (p < 0.001). There was no difference in sex, age, BMI, or total number of dives
between the respective groups. In the adjusted Cox proportional hazards model, PFO grade 3 was a major
risk factor for unprovoked DCS; there was a slight protective effect of increasing age.

Conclusions: We demonstrated that a high-grade PFO was a major risk factor for unprovoked DCS in

recreational scuba divers.

© 2019 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.

Introduction

Patent foramen ovale (PFO) has been associated with an
increased risk of decompression sickness (DCS) in divers due to
paradoxical embolization of nitrogen bubbles that form during the
diver's ascent [1]. However, this hypothesis has been widely
debated. The prevalence of PFO in the general population is high

* Corresponding author at: Department of Cardiology, University Hospital Motol,
V Uvalu 84, 150 06, Praha 5, Czech Republic.
E-mail address: jakub.honek@gmail.com (J. Honek).

https://doi.org/10.1016/].]jcc.2019.04.014

(27%) [2]. Therefore, it remains to be determined whether other
factors, such as risky diving behavior, body mass index (BMI), age,
or sex, play a more important role [3-6]. On the other hand, reports
that nitrogen bubbles can be detected in venous blood, even aftera
single conservative dive, raised the concern that divers with a
right-to-left shunt might suffer from DCS even without violating
decompression regimen [7,8]. These unpredictable events have
been termed unprovoked DCS and are a potential threat to millions
of recreational divers worldwide. Yet, to date, there are no data on
the incidence and risk factors for unprovoked DCS. The aim of our
study was to assess the risk factors for unprovoked DCS in
recreational divers.

0914-5087/© 2019 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.
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Methods

A total of 489 consecutive divers were screened for PFO at our
center between January 2006 and January 2014 by means of
transcranial color-coded sonography (TCCS). All patients were
prospectively included in the study registry. The screening was
offered to all registered Czech diving clubs and was regularly
promoted through diving magazines, websites, instructor courses,
and diving and hyperbaric medicine meetings. Baseline data (i.e.
demographic data, diving experience, and DCS history) were
collected from all divers at the time of the screening examination.
Divers with a history of DCS filled in a detailed questionnaire in
order to reveal any violation of the rules of safe recreational diving.
The questions included the number and timing of all preceding
dives, maximum depth, bottom time, and any violation of regimen
advised by a diving computer or table, such as exceeding the
maximum ascent rate or shortening the advised safety stop. The
study was approved by the local ethics committee and all study
subjects gave written informed consent to participate in the study.

Transcranial color-coded sonography was used for the detection
of a right-to-left shunt, as described previously [9]. The shunt was
graded according to the International Consensus Criteria: grade 1,
1-10 bubbles; grade 2, -10 bubbles but no curtain (uncountable
number of bubbles); and grade 3, curtain [10]. The TCCS was
performed by experienced neurologists (MS and AT), blinded to the
diver's DCS history. The method used to define the presence of a
PFO and its grade in this study was TCCS. In patients considered for
catheter-based PFO closure (divers with a history of unprovoked
DCS and right-to-left shunt detected on TCCS), a transesophageal
echocardiography was performed to assess the anatomy of the
interatrial septum and surrounding structures [11,12]. Transeso-
phageal echocardiography was also offered to all other symptom-
atic divers (provoked and unprovoked DCS regardless of the result
of the TCCS examination) and to divers with a high-grade shunt on
TCCS and no previous history of DCS.

A history of unprovoked DCS was defined as any DCS symptom
that originated less than 24 hours after a dive or series of dives that
complied with all the rules advised to recreational divers. For the
definition of recreational diving, we reviewed the rules advised by
the largest international scuba (self-contained underwater breath-
ing apparatus) diving agencies (Professional Association of Diving
Instructors, Confédération Mondiale des Activités Subaquatiques,
Scuba Schools International, National Association of Underwater
Instructors) at the level of open water diver, and advanced open
water diver or their equivalent [13-16]. For the DCS event to be
considered unprovoked the divers had to comply with the adopted
decompression algorithm [17]. Technical diving, such as diving
with mixtures containing helium or decompression diving, was
excluded. For an unprovoked DCS, the diver had to perform a non-
decompression air dive, according to any commercially available
recreational diving table or computer, to a maximum depth of

40 m, with a maximum ascent rate 10 m/min with a safety stop
performed as advised by the computer or table, For consecutive
dives, a minimum 2 h surface interval between dives and a
maximum of 3 consecutive days of diving were required. Also, if
the diver reported inadequate hydration or severe exhaustion (e.g.
due to technical problems, problems with orientation or strong
currents), the DCS was considered provoked.

To assess for risk factors for unprovoked DCS, the association
between variables and DCS endpoints was evaluated using survival
analysis techniques. We used Cox proportional hazards models to
compute a hazard ratio (HR) with a 95% confidence interval (CI),
both unadjusted and adjusted, for the potential confounding
covariates. The total sum of dives value was used as a measure of
time.

We analyzed age, sex, BMI, and PFO (each grade of PFO in a
separate analysis compared to divers without PFO). Due to the
possibility of numerically unstable estimates and large standard
errors, we did not include all available covariates in the final Cox
proportional hazards model. Therefore, a backward stepwise
elimination algorithm with a likelihood ratio statistic to minimize
the exclusion of predictors involved in suppressor effects was used.
Variables with a p-value <0.1 on univariate testing were included
in the elimination algorithm. The goodness of fit of the model was
tested. Additionally, Kaplan-Meier survival curves were created,
and log-rank statistics were calculated. All statistical analyses were
carried out using IBM SPSS Statistics 25.0 (IBM, Armonk, NY, USA).

Results

A total of 489 divers were screened for the presence of a right-
to-left shunt between January 2006 and January 2014 by means of
TCCS. The mean age was 35.5 + 9.0 years, and 87% were men. A PFO
was found in 40% of the divers. Thirty-six (7%) of the divers suffered
from an unprovoked DCS. The divers had performed a total of
169,411 dives (mean 346 +636) and experienced a total of
54 unprovoked DCS episodes (occurrence rate per dive 0.03%).
The prevalence of PFO was 97% in divers with a history of
unprovoked DCS and 36% in controls (p < 0.001); for PFO grade 3,
the prevalence was 86% versus 18%, respectively (p < 0.001). There
was no difference in sex, age, BMI, or the total number of dives
between the respective groups. The results are summarized in
Table 1.

PFO presence, age, and sex were included in the final adjusted
model (unadjusted HR for unprovoked DCS by individual variables
are summarized in Table 2). The adjusted HR for unprovoked DCS in
divers with a PFO, compared to divers without a PFO, was 60.0 (95%
C18.2-438.5, p < 0.001). Divers with PFO grade 3 had a higher risk
of unprovoked DCS (HR,q;=93.0, 95% CI 12.5-688.7, p < 0.001).
The adjusted HR for unprovoked DCS in divers with a PFO grade 1,
compared to divers without a PFO, was not significant but was
numerically higher (HR,q; = 10.8, 95% Cl 1.0-121.8, p = 0.054). Two

Table 1

Results.
Group All divers (n=489) Controls (no unprovoked DCS) (n=453) Unprovoked DCS (n=36) p-Value
Dives - total, mean (+/-SD) 169,411, 346.4 (635.6) 156,693, 345.9 (647.7) 12,718, 353.3 (463.2) 017
Age (years) — mean (+/-SD) 356 (9.0) 355 (9.1) 36.4 (7.7) 022
Male sex, total (%) 423 (86.5%) 393 (86.8%) 30 (83.3%) 0.61
BMI (kg/m?) - mean (+/-SD) 26.1 (3.2) 26.1 (3.1) 26.2 (3.6) 0.99
PFO 196 (40.1%) 161 (35.5%) 35 (97.2%) <0.001
PFO grade 1 65 (13.3%) 63 (13.9%) 2 (5.6%) 0.21
PFO grade 2 20 (4.1%) 18 (4.0%) 2 (5.6%) 0.65
PFO grade 3 111 (22.7%) 80 (17.7%) 31 (86.1%) <0.001°

BMI, body mass index; DCS, decompression sickness; PFO, patent foramen ovale; +/-SD, standard deviation.

" Statistically significant difference,
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Hazard ratio for unprovoked decompression sickness by univariate and multivariate analysis.
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Variable Univariate analysis HR (95% Cl, p) Multivariate analysis HR (95% Cl, p)
Age (years) 0.955 (0.916-0.995, p=0.030) 0.941 (0.902-0.981, p=0.004)

Sex (male) 0.383 (0.158-0.933, p=0.035) 0.557 (0.223-1396, p=0.212)

BMI 0.930 (0.824-1.050, p=0.243) 0.970 (0.851-1.105, p=0.645)

PFO 52.371 (7.173-382.382, p< 0.001) 59.959 (8.199-438.483, p < 0.001)
PFO 1 10.817 (0.978-119.682, p=0.052) 10.806 (0.959-121.772, p=0.054)
PFO 2 28.114 (2.536-311.642, p=0.007) -

PFO 3 78.124 (10.662-572.418, p < 0.001) 92.943 (12.544-688.663, p < 0.001)

BMI, body mass index; Cl, confidence interval; HR, hazard ratio; PFO, patent foramen ovale.
Final model included adjustments for age, sex, and PFO presence. PFO grades 1-3 were compared to controls, for PFO grade 2 the HR was numerically unstable and not

statistically significant.

out of twenty divers with a PFO grade 2 had unprovoked DCS, the
HR was numerically unstable and not statistically significant. The
results of the multivariant analysis are summarized in Table 2. Also
according to the results of the log-rank test of the Kaplan-Meier
analysis the risk of unprovoked DCS was significantly higher in
divers with a PFO (Fig. 1) and with PFO grade 3 (Fig. 2).

Discussion

We screened a total of 489 divers, who performed a total of
169,411 dives, and found that unprovoked DCS occurred in 7% of
the divers, the occurrence rate per dive was 0.03%. The prevalence
of PFO and, importantly, PFO grade 3 was high in patients with a
history of unprovoked DCS. There was no difference in sex, age,
BM], or the total number of dives between the respective groups.
PFO grade 3 was found to be the major risk factor of unprovoked
DCS, using the Cox proportional hazards model.

Decompression sickness is caused by nitrogen bubbles that form
in supersaturated tissues during the diver's ascent. These bubbles
cause either local tissue damage or embolize through venous blood
|18]. The clinical manifestation is heterogeneous from severe
neurological impairment to a localized skin rash [18]. Clearly, if a
diver severely violates the decompression regimen and reaches the

surface too early, the bubble load may be massive and cause a fatal
pulmonary gas embolism. On the other hand, a small number of
venous gas emboli (VGE) might be effectively filtered by pulmonary
circulation and, thus, remain subclinical. [tis of note, thateven aftera
properly performed recreational dive a small number of VGE may be
detected. Ljubkovic et al. found VGE after 80% of single no-
decompression air dives [8]. It has been debated whether an
unprovoked DCS might occur in some of these divers.

To our knowledge, this is the only study to date to assess for risk
factors for unprovoked DCS in recreational divers. However, some
previous studies have focused on the risk factors of DCS in general.
Traditionally, age, BMI, and repetitive diving were considered risk
factors for DCS. Carturan et al, monitored 50 divers after two dive
profiles and found ascent rate, age, aerobic fitness, and adiposity to
be associated with a higher post-dive VGE occurrence [4]. In a
study performed by the Divers Alert Network (DAN), 67 recrea-
tional divers were monitored for two years for Doppler-detected
VGE. The incidence of high-bubble grade was approximately 20%
higher for repetitive dives than for first dives and approximately
20% higher for males than females, which also increased with age
(25% in male and 55% in female divers) [7].

In a retrospective observational study, male divers were also at
a higher risk of DCS, although this might have been influenced by
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Fig. 1. Kaplan-Meier analysis: cumulative hazard of unprovoked decompression sickness in divers with and without a patent foramen ovale. Log-rank test for equality of

survivor function was y” = 49.068, p < 0.001. PFO, patent foramen ovale.
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Fig. 2. Kaplan-Meier analysis: cumulative hazard of unprovoked decompression sickness in divers with and without a patent foramen ovale grade 3. Log-rank test for equality

of survivor function was x* = 76.835, p < 0.001. PFO, patent foramen ovale.

their diving habits [19]. In contrast, Gempp et al. found results
similar to ours in a small case-controlled study of divers with
recurrent DCS [20]. They found a right-to-left shunt and lack of
changes in the way of diving after a prior DCS as the only predictors
of neurological DCS recurrence. Age, sex, and diving experience
were not associated with recurrent neurological DCS. Together
with the results of the present study, this suggests that the
presence of a PFO might play a more important role in at least a
subset of DCS, such as the neurological form or in unprovoked
episodes.

Recreational divers are trained through several international
diving organizations with a large emphasis on DCS prevention and
diving safety in general. The use of dive computers (or tables) to
prevent DCS is recommended for every dive. These devices use a
multi-compartment model to calculate nitrogen desaturation in
order to prevent bubble formation in all tissues. Furthermore, the
divers are advised on other safety measures, such as proper pre-
dive hydration or a maximum depth of 40 m [21]. Although
recreational diving is generally considered a safe sport, none of the
above-mentioned safety measures was ever validated in divers
with a high-grade PFO [22]. Furthermore, it is known that, in spite
of these preventive measures, small numbers of VGE still occur
after a properly performed dive [7]. Theoretically, the paradoxical
embolism of these bubbles could be responsible for unprovoked
DCS.

The concept, that a small number of bubbles embolizing to the
systemic circulation through a PFO could cause DCS, was
mentioned already in the 1980s [23,24]. Several retrospective
studies confirmed a higher incidence of PFO in symptomatic divers
in the two following decades [20,25-28|. However, the role of PFO
in the pathophysiology of DCS has been highly debated since then.

In a previous study, it was demonstrated that catheter-based
PFO closure eliminated post-dive arterial gas emboli after
simulated dives in a hyperbaric chamber [29]. In addition, after
PFO closure, DCS was not observed in any of the divers. In another
study, a conservative dive profile with a short exposure and a
slower ascent rate decreased the occurrence of both venous and

arterial gas emboli [30]. Both studies suggest that gas bubbles
embolize through the PFO in divers and might be responsible for a
higher risk of DCS.

The present study demonstrates that this mechanism might
cause unprovoked episodes in recreational scuba divers with a
high-grade PFO. In a multivariant analysis, PFO grade 3 was a major
risk factor for unprovoked DCS. We also observed a slight
protective effect of increasing age. We could speculate that this
might be due to more experience or a more conservative approach
to diving. However, provocation of DCS by risky behavior was
excluded by the strict definition of unprovoked DCS in this study. In
the unadjusted analyses of individual variables, an increased risk
was also observed for PFO grade 2 and males. However, this was
not observed when adjusted to other covariates in the final Cox
proportional hazards model.

This retrospective study is subject to inherent limitations,
including selection bias. The prevalence of PFO and the incidence of
unprovoked DCS might not therefore be generalizable to the
overall population of recreational divers. However, the occurrence
rate of DCS was comparable to previous reports [31,32]. Although
this study is, to our knowledge, the largest available, the number of
endpoints is still low. Another limitation is the self-reporting of
endpoints, which is due to the fact that the majority of cases were
not examined by a specialist at the time of divers' DCS events.

Conclusion

The present study is the first, to our knowledge, to demonstrate
that a high-grade PFO is independently associated with unpro-
voked DCS in recreational scuba divers. The results suggest that the
general safety diving recommendations for recreational scuba
divers might be less safe for divers with a high-grade PFO.
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ptiznaky v zavislosti na pritomnosti PFO. Predpokladanym mechanismem vzniku
neurologickych ptiznaki je plynova embolie v cévach mozku ¢i michy bublinami vzniklymi
ve venodzni krvi, které se cestou pravo-levého zkratu dostanou do krve arterialni. Mezi
prechodného charakteru. Pokud dojde k rozvoji klinickych obtizi v priibéhu ponoru, mize byt
potapé¢ ohrozen na zivoté. Mnohocetné gliové 1éze v mozku potapéca s prokazanym PFO
popisované v n¢kterych pracich jsou také davany do souvislosti s opakovanymi plynovymi
embolizacemi pii ponorech.

Do naseho souboru byl zahrnuto celkem 640 potapéct vysetienych mezi lety 2006 a
2017 na ptitomnost PFO pomoci TCCS. V piipad¢ prikazu PFO jsem rozlisovali 3 stupné
zkratu — nizky, stfedni a vysoky. V ptipadé prikazu vysokého stupné zkratu jsme dale
rozliSovali, zda byl ptitomen jiz v klidu, nebo az po provedeni Valsalvova manévru. Celkem
jsme tedy ziskali 5 skupin potapéct: 1) bez PFO, 2) s nizkym stupném zkratu, 3) stfednim
stupném, 4) vysokym stupném po Valsalvové manévru a 5) vysokym stupném nativne.
Soucasti vstupniho vySetfeni byla podrobna anamnéza se zamétenim na prodélanou DCS a
z literatury znamé potencialné rizikové okolnosti jejiho vzniku, zejména zda se jednalo o
opakované ponory v jednom dni, dekompresni ponor, ponor ve studené vodé, zda po ponoru
nasledovala fyzickd namaha nebo mu predchazela dehydratace. Ke zhodnoceni vyznamu
rizikovych faktorti pro neprovokovanou DCS byla pouzita analyza preziti.

PFO bylo detekovano u 258 (40,3 %) potapeci, u 382 (59,7 %) nikoliv. Pocet
potapéct v jednotlivych skupinach dle zavaznosti zkratu byl nasledujici: nizky stupen — 87,
stiedni stupen — 26, vysoky stupen po Valsalvoveé manévru — 131 a vysoky stupen nativné —
17. Neurologicka forma DCS se vyskytla u 44 (17,1 %) potapéci s PFO ajenu 5 (1,3 %) bez
PFO. Vyskyt neurologické formy DCS stoupal od 4,6 % ve skuping s nizkym stupné zkratu az
k 57,1 % ve skupin€ s vysokym stupné¢ zkratu nativné. Hazard ratio pro jakékoliv PFO a
neurologickou formu DCS je 11,806 (CI 4.670-29.843, p<0.001). Pro ilustraci zavaznosti

problému Ize uvést, Ze ve skupiné v vysokym stupném zkratu po Valsalvoveé manévru
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zahrnujici celkem 131 potap&ch prodélalo 30 (22,9 %) z nich neurologickou formu DCS,

nékteii dokonce opakovaneé.
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Podil potapecii ve skupindch rozdélenych dle zavaznosti zkratu, kteri prodélali
dekompresni prihodu s neurologickymi priznaky. Tmavé podil potapécii s opakovanymi

prihodami.

Ponory, po kterych doslo k rozvoji DCS s neurologickou symptomatikou, byly
provazeny v 75,5% nékterou z vySe uvedenych rizikovych okolnosti, nejcasteji se jednalo o
opakované ponory v jednom dni v 63,3%. Ve vyskytu téchto rizikovych okolnosti nebyl
rozdil mezi skupinou s PFO a bez PFO.

Tab. 3. Circumstances in dives with neurological decompression sickness.

Groups differed

AU AL RLS-  gignificantly (p<0.05)*

Number 49 44 5

Physical exertion after submersion 3 (6.1%) 3 (6.8%) 0(0%) >0.99
Repetitive dives 31(63.3%) 27 (61.4%) 4 (80%) 0.64
Decompression dive 13 (26.5%) 12(27.3%) 1 (20%) >0.99
Dchydratation 4 (8.2%) 3(6.8%) 1 (20%) 0.36

Cold water 9 (18.4%) 8 (18.2%) 1 (20%) >0.99

Any of the above 37 (75.5%) 33 (75%) 4 (80%) >0.99

RLS+ — group with a right-to-left shunt; RLS— — group without a right-to-left shunt

Rizikové okolnosti provazejici ponory, u kterych doslo k rozvoji DCS a jejich

zastoupeni v obou skupindch potapécii v tabulce z prilozeného clanku.
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Potapéci s PFO méli vyznamné vyssi vyskyt neurologické formy DCS a toto riziko
korelovalo se stoupajici zavaznosti zkratu. TCCS se jevi jako vhodna metoda ke screeningu
PFO a stratifikace rizika u potapéci. Predchazeni rizikovym okolnostem, jako jsou opakované
ponory, mize byt soucasti doporuceni pro potapéce s prokazanym PFO k prevenci rozvoje

DCS.
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ABSTRACT
INTRODUCTION: Patent foramen ovale

(PFO) is a risk factor of decompression sickness (DCS). However,

data on risk stratification of divers with a PFO are sparse. This study sought to evaluate the risk of
neurological DCS (DCSneuro), based on the presence and grade of a right-to-left shunt (RLS).

METHODS: A total of 640 divers were screened for a RLS using TCD between 1/2006 and 4/2017. RLS
was graded as low, medium, or high grade with two subgroups - after a Valsalva maneuver or at rest. Divers
were questioned about their DCS history. Survival analysis techniques were used to assess risk factors for

unprovoked DCS.

RESULTS: A RLS was found in 258 divers (40.3 %). 44 (17.1 %) divers with a RLS experienced DCSneuro
compared to 5 (1.3 %) divers without a RLS (p <0.001). The proportion of DCSneuro increased from 4.6 %
in the low-grade RLS subgroup to 57.1 % in the subgroup with high-grade RLS at rest. The hazard ratio for

DCSneuro and RLS was11.806 (p <0.001).

CONCLUSIONS: Divers with a RLS had a higher risk of DCSneuro and the risk increased with RLS grade.
We suggest that TCD is an appropriate method for RLS screening and risk stratification in divers (Tab. 4, Fig. 2,

Ref. 29). Text in PDF www.elis.sk

KEY WORDS: decompression sickness, right-to-left shunt, transcranial sonography.

Introduction

Scuba diving is an activity attracting millions of amateurs and
professionals worldwide. During submersion, the diver breathes
air or other gas mixture under elevated pressure.This change in
environment has physiological effects and may lead to specific
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disorders associated with raised ambient pressure, the most com-
mon of them being decompression sickness (DCS) (1).

Decompression sickness is caused by nitrogen bubbles that
form in supersaturated tissues during the diver’s ascent. These
bubbles can cause either local tissue damage or embolize through
the blood (2). Small quantities of venous gas bubbles are com-
mon after recreational scuba diving (3, 4). The occurrence of these
bubbles is usually not associated with any clinical manifestation.
Symptoms may occur either due to high bubble load, or paradoxi-
cal embolism (arterialization of bubbles) in a diver with a transient
or permanent right-to-left shunt (RLS) (1).

Several forms of DCS are recognized, reflecting the localiza-
tion of bubble formation and embolisation. According to symp-
toms, DCS is classified as cutaneous, musculoskeletal, neurological
or pulmonary. The musculoskeletal form, manifesting as severe

joint pain is caused by local bubble formation in the avascular joint

cartilage (5). The pulmonary form is caused by massive air embo-
lism in the pulmonary vasculature (2). Neurological symptoms are
caused by injury to the brain or spinal cord (6, 7). Cutaneous DCS
is manifested by a localized skin rash and its precise pathophysio-
logy is still discussed (8). Nevertheless, data from case-control
studies show that paradoxical embolization of gas bubbles through
a RLS might play an important role in the cutaneous and neuro-
logical forms (9-12). Moreover, multiple brain lesions appearing
as possible chronic sequelae of repeated subclinical embolizations
through an RLS have also been reported (13).
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Transcranial Doppler sonography (TCD) is a safe screening
method with comparable or higher sensitivity and lower specificity
for RLS detection compared to the gold standard — transesopha-
geal echocardiography (TEE) (14—17). As this detection method
does not directly display the PFO but its effect — microbubbles
by-passing the lung-capillary filter and detected in the brain cir-
culation, we preferred the term RLS in this article to the less ac-
curate term PFO.

The prevalence of patent foramen ovale (PFOY) in the adult
population is high (204 %) (18). Nevertheless, many questions
including optimal screening method, risk stratification and manage-
ment strategy in divers remain unclear (1). The aim of our study
was to establish the risk of different types of DCS (especially the
most severe form with neurological impairment) in relation to
the presence of a RLS and its grade determined by transcranial
sonography.

Methods

Study sertings and design

A total of 640 divers were enrolled in the DIVE-PFO (Decom-
pression Illness prevention in Divers with a Patent Foramen Ovale)
registry between January 2006 and April 2017 (19). All divers were
examined for the presence of an RLS with transcranial Doppler
sonography (TCD). The screening was offered to all registered
Czech diving clubs as well as police and firefighter divers. It was
regularly promoted through diving magazines, websites, instructor
courses, and diving and hyperbaric medicine meetings. All divers
signed informed consent to participate in the study and the study
protocol was approved by the local ethics committee.

Prior to the TCD examination, all divers filled in a detailed
questionnaire about their health status, number of dives and prior
DCS accidents.We also inquired about possible risk factors for
DCS such as repetitive dives, decompression dives, dehydration,
diving in cold water, and exercise after diving (20). The study was
not limited to recreational diving and included also professional
and technical divers.

Righi-io-left shunt examination

Transcranial Doppler sonography was performed to detect the
presence of a RLS. The examination was performed by experienced
neurologists blinded to the diver’s DCS history. Divers were exami-
ned in a supine position. Blood flow in the right middle cerebral
artery (MCA) was monitored through the temporal window. An
echocontrast agent (hydroxyethyl starch activated with air) was
given three times at rest and three times after a Valsalva maneu-
ver. The number of microbubble signals (MBS) in the MCA was
counted after each application and the highest number of three was
taken for each condition — rest breathing and Valsalva maneuver.
The effectiveness of the Valsalva maneuver was verified by at
least a 33 % decrease in the MCA peak flow velocity compared
to the basal spectrum.

The shunt was graded as follows: 0: no shunt — 0 MBS, 1: low-
grade shunt — one to ten MBS, 2: medium grade — more than 10
MBS and no curtain (uncountable number of MBS), and 3: high

8

grade — a curtain of MBS (21). Two other categories were defined
according to the presence of a high-grade shunt after a Valsalva
maneuver or at rest.

Patients were divided into two main categories: 1 — without a
RLS (RLS-) and 2 — with a RLS (RLS+). In the RLS+ group, we
defined four subgroups: 1 —low-grade shunt (RLS+1); 2 —medium
grade shunt (RLS+2); 3 — high-grade shunt after provocation with
Valsalva maneuver (RLS+3Vals); and 4 — a high-grade shunt at
rest breathing (RLS+3rest).

Quicomes

According to the symptoms described, DCS events drawn
from the subject questionnaire, were ranked in one or more of
the following categories as defined previously in the literature
(1,2,6):
1) Neurological decompression sickness (DCSneuro) was defined
as an occurrence of focal or general neurological symptoms
(e.g. hemiparesis or paraparesis, hemihypesthesia, loss of con-
sciousness, visual loss, extreme fatigue).
Cutaneous decompression sickness (DCSskin) was defined as
an itchy rash or cutis marmorata.
Musculoskeletal decompression sickness (DCSjoint) was de-
fined as new onset of severe joint pain.
Constitutional form of decompression sickness (DCSmild) was
defined by mild, general symptoms such as fatigue, malaise
or headache.
The study focused only on unprovoked DCS, thus episodes
that were caused by violation of decompression regimen were
excluded. The endpoint was the occurrence of DCSneuro event
within 24 hours after diving.

2

3

4

Statistical analysis

Baseline characteristics were compared between the groups
using the y2 test for categorical variables and the Mann-Whitney
U test or independent samples t-test for continuous variables as
appropriate. The associations between variables and the endpoints
were evaluated using survival analysis techniques. We used the Cox
proportional hazards models to compute a hazard ratio (HR) with
95% confidence interval (CI), both unadjusted and adjusted for
potential confounding covariates. A total sum of dives value was
used as a measure of time. Variables with a p <0.1 on univariate
testing were included in the elimination algorithm. Additionally,
Kaplan-Meier survival curves were created and log-rank statistics
were calculated. We calculated the HR (adjusted and unadjusted)
for the occurrence of the primary and secondary outcomes. All
statistical analyses were done using IBM SPSS Statistics 25.0
(IBM Corp., Armonk, USA).

Results

A cohort of 640 divers was examined and divided into two
groups according to the result of the TCD examination: RLS pre-
sent (RLS+ group) or absent (RLS— group). A right-to-left shunt was
found in 258 divers (40.3 %). Divers in the whole cohort performed
a total of 188,621 dives, the RLS+ group performed 80,969 dives
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Tab. 1. Demographics and clinical characteristics. Using the 2 test, independent samples t-test or Mann—Whitney U test as appropriate.

Variable All patients

RLS+ RLS- p

Subjects, No. (%) 640

Men, No. (%)

Age, mean (SD), years 35.6 (9.7
Height, mean (SD), em 179.2 (8.5)
Weight, mean (SD), kg 83.8 (14.6)
BMI, mean (SD) 26 (3.4)

Number of dives, median (IQR)

Number of decompression dives, median (IQR) 5 (0-40)
Hypertension, No. (%) 20 (3.1%)
Migraine, No. (%) 22 (3.4%)
Coronary heart discase, No. (%) 3(0.5%)

Smoking, No. (%)

529 (82.7%)

114.5 (40-300)

101 (15.8%)

258 (40.3%) 382 (59.7%)

201 (77.9%) 328 (85.9%) 0.01%
36.2 (9.6) 35.2(9.7) 020
179.1 (8.1) 179.3 (8.8) 0.80
83.9(15.7) 83.8(13.9) 091

26 (3.7) 259(3.1) 0.78

120.0 (49-300) 103.5 (33-300) 031
10 (0-50) 5(0-30) 0.07
6(23%) 14.(3.7%) 034
12 (4.7%) 10 (2.6%) 0.17
2(0.8%) 1(0.3%) 035
42(16.3%) 59 (15.4%) 083

RLS+ — group with a right-to-left shunt; RLS—— group without a right-to-left shunt; BMI — body mass index; SD — standard deviation; IQR — interquartile range; * indicates

a statistically significant difference

Tab. 2. Incidence of decompression sickness subtypes.

type of DCS (111 vs 41,43 % vs 10.7 %, p

:ail_abl:’ e ([:[l)l(c:lg(‘;:s) ZSRR(j;ﬁ);“ . XEZI?;)SAT'V) P <0.001), the occurrence of DCSskin (70 vs
asubjects, No. o o o, .20 - Y.

An; DCS 152 (23.8%) 111 (43%) 41 (10.7%) <0.001% 14,27.1% v& 3.7 %, p < 0.001) and DCS-
DCSmild 36 (5.6%) 19 (7.4%) 17 (4.5%) 0.12 joint (21 vs 13, 8.1 % vs 3.4 %, p <0.01) .
DCSskin 84 (13.1%) 70 (27.1%) 14 (3.7%) <0.001* The groups did not differ in the history of
DCSjoint 34(53%) 21 (8.1%) 13 (3.4%) <0.01* DCSmild (19 vs 17, 7.4 % vs 4.5 %, p =
DCSneuro 49 (1.7%) 44 (17.1%) 5 (1.3%) <0.001*

RLS~ - group with a right-to-left shunt; RLS—— group without a right-to-left shunt; DCS — decompression sick-
ness; DCSmild — form of DCS with constitutional symptoms only; DCSskin — cutaneous form of DCS; DCSjoint

— musculoskeletal form of DCS; DCSneuro — neurological form of DCS

Tab. 3. Circumstances in dives with neurological decompression sickness.

0.12). It should be noted, that some divers,
26(10.9 %) in the RLS+ and 4 (1%) in the
RLS- group, had a history of more than one
type of DCS (Tab. 2).

The groups did not differ in the circum-
stances observed around dives with DCS-

All RLS+ RLS- . .Gﬁmupj diﬁi’g‘és " neuro. The most common were repetitive

Numb a5 & 5 pgnificentnE00s) dives: in 27 (61.4 %) cases in the RLS+
umber o .

Physical exertion affer submersion 3 (6.1%) 3 (6.8%) 0 (0%) 0,99 group and 4 (80 %) cases in the RLS— group.
Repetitive dives 31(633%) 27(61.4%) 4 (30%) 0.64 Other frequent conditions were decompres-
Decompression dive 13(26.5%) 12(27.3%)  1(20%) >0.99 sion dives (27.3 % and 20 %f or RLS+ and
Dehydratation 4(8.2% 3 (6.8%) 1(20%) 0.36 RLS-, respectively) and submersion in cold
Cold water 9 (18.4%) 8(18.2%) 1(20%) >0.99 o, ' o, L
Any of the above 37(75.5%)  33(75%) 4 (80%) >0.99 water (18.2 % and 20 % forRLS+and RLS—,

RLS* - group with a right-to-lefl shunt; RLS— — group without a right-to-left shunt

Tab. 4. Subgroups according to the grade of right-to-left shunt.

RLS+
By e RLS+1 RLS+2 RLS+3Vals RLS+3rest
640 382 87 26 131 14
100%  59.7% 13.6% 4.1% 20.5% 2.2%

RLS+ - group with a right-to-left shunt; RLS- — group without a right-to-left shunt,
RLS+ divers were divided into four groups: with low grade (RLS+1); medium grade
(RLS+2); and high grade. The high grade was divided into groups with high grade
at rest (RLS+3rest) or afier Valsalva maneuver (RLS+3Vals)

and the RLS- group performed 107,652 dives. Baseline charac-
teristics of both groups are summarized in Table 1.

In the RLS+ group, 44 (17.1 %) divers had a history of DC-
Sneuro, in the RLS— group DCSneuro occurred only in 5 (1.3 %)
divers (p <0.001). The incidence of DCSneuro was 7.16/10,000
dives in the RLS+ group and 0.65/10,000 dives in the RLS— group.
Groups also differed significantly in the occurrence of any sub-
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respectively) (Tab. 3).

Survival analysis was performed to
compare DCSneuro occurrence between
the groups. The unadjusted hazard ratio (HR) for DCSneuro and
RLS+ is 11.806 (CI 4.670-29.843, p <0.001), the highest of all
recorded variables in univariate analysis. The Cox model adjusted
for the number of decompression dives and male sex found the
hazard ratio adjusted (HRadj) for DCSneuro and RLS+ 12.062
(CI 4.759-30.573, p <0.001). Among other types of DCS, only
DCSskin had significant HR 2.763 (CI 1.538-4.964, p=0.001) for
DCSneuro development. From 84 divers with DCSskin 20 divers
also suffered from DCSneuro. The Kaplan-Meier survival curve
was created using the number of dives as a measure of time. The
survival distributions of DCSneuro were significantly different;
log-rank test p < 0.001 (Fig. 1).

The size of RLS+ subgroups (a total of 258 RLS+ divers) ac-
cording to the grade of RLS was 87 divers with RLS+1, 26 with
RLS+2, 131 with RLS+3Vals and 14 with RLS+3rest (Tab. 4).
The number of divers who had suffered from DCSneuro was high-
est in the RLS+3rest subgroup — 8 (57.1 %) and decrcased with
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Fig. 1. Cumulative Kaplan—Meier estimates of the probability of neu-
rological decompression sickness in the groups with and without a
right-to-left shunt. The horizontal axis displays the number of dives.
The cut off value of 1,000 dives covers 95% of the cohort. The ver-
tical axis displays the probability of surviving without neurological
decompression sickness, RLS+ group with a right-to-left shunt, RLS—
group without a right-to-left shunt. The log-rank test gave p < 0.001.

lesser RLS severity: 30 (22.9 %) in the RLS3+Vals, 2 (7.7 %) in
the RLS+2 and only 4 (4.6 %) in the RLS+1. The number of divers
with repeated DCSneuro was highest in the RLS+3rest subgroup
—4(28.6 %), 7 (5.3 %) in the RLS+3Vals, 1 (3.8 %) in theRLS+2
and 1 (1.1 %) in the RLS+1 subgroups.

Discussion

The results of the study may be summarized as follows: i)
RLS was associated with DCSneuro occurrence; ii) the risk of
DCSneuro development paralleled RLS grade; iii) DCSskin was
associated with DCSneuro development; iv) a contributory cause
was presenting 75.5 % of DSCneuro accidents, the most frequent
were repetitive dives and decompression dives.

In a previous report from the DIVE-PFO, we have demon-
strated that a high-grade PFO was a major risk factor for unpro-
voked DCS in 489 recreational scuba divers (22). This study spe-
cifically focused on recreational diving only and 7 % of the divers
suffered from an unprovoked DCS. The frequency of PFO was
97.2 % in divers with a history of unprovoked DCS and 35.5 %
in controls. In a multivariate analysis, PFO grade 3 was a major
risk factor for unprovoked DCS. The present study includes 640
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divers and a wide variety of diving activities including profes-
sional and technical diving and focuses specifically on the most
feared neurological form of DCS. Also we have included a novel
grading of a RLS dividing the high-grade category into the groups
RLS+3Vals and RLS+3rest according to wether the shunting oc-
curs at rest breathiong or after a Valsalva mancuver. Based on
the results, the RLS+3rest subgroup was at highest risk of DCS-
neuro. However, a high-grade RLS shunt present at rest was not
very common; it was present in only 14 of the 640 divers (2.2 %).
More relevant for the diving population is the RLS+3Vals sub-
group that comprised of 131 divers, of whom 30 (22.9 %) suf-
fered from DCSneuro. Divers in this subgroup constituted 61.2 %
of all DCSneuro cases.

We believe that TCD is an excellent tool for identification es-
pecially of this subgroup of divers, as the transcranial ultrasound
probe does not limit the diver when performing the Valsalva
maneuver as does the probe during a transesophageal echocar-
diography examination. Furthermore, the diver can practice this
maneuver prior to the administration of the contrast agent and we
can easily verify its effectiveness. Gempp et al. have performed
TCD examination in 634 divers treated in a single referral hyper-
baric facility for different types of DCS and compared them to
259 healthy divers (23). TCD detected 63 % RLS in DCS group
versus 32 % in the control group (p <0.0001). The overall preva-
lence of RLS was higher in divers presenting a cerebral DCS
(OR, 5.3 [95% CI, 3.2-8.9]; p <0.0001), a spinal cord DCS (OR,
2.1 [95% CL, 1.4-3.1]; p <0.0001), an inner ear DCS (OR, 11.8
[95% CI, 7.4-19]; p <0.0001) and a cutaneous DCS (OR, 17.3
[95% CL, 3.9-77]; p <0.0001) compared to the control group,
but not in divers experiencing ambiguous symptoms or muscu-

100%
90%
80%
70% -
60%
50%
40% 4
30%
20% 4
10% -

0%

T bcsneuro
repeated DCSneuro

Fig. 2. Prevalence of the neurological form of decompression sickness
and its recurrence in subgroups according to the grade of right-to-left
shunt. RLS+, group with a right-to-left shunt; RLS—, group without a
right-to-left shunt. RLS+ divers were divided into four groups: with
low grade (RLS+1); medium grade (RLS+2); and high grade. The high
grade was divided into groups with high grade at rest (RLS+3rest) or
after Valsalva mancuver (RLS+3Vals). DCSneuro, ncurological DCS.
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loskeletal DCS. This is consistent with our findings. However, in
our work we also included the number of dives, that enabled us
to perform a survival analysis, and potential risk-behavior con-
nected to DCS.

We discovered a higher proportion of RLS+ divers (258,
40.3 %) in our cohort compared to literary population data (18).
This discrepancy cannot be explained by the higher sensitivity of
the examination method used (TCD), as we discovered RLS in only
41 (33.9 %) of a concurrently examined group of 121 non-divers
examination performed before participation in a diving course)
following the same protocol. A possible explanation is that divers
with a history of DCS (and presumably higher RLS incidence)
were more interested in participating in the study and thus form a
bigger proportion in our cohort. Therefore the incidence of DCS
can only be applied with caution to the general diving population.
However, a RLS was an independent risk factor of DCS and the
risk paralleled the RLS grade.

Some DCSneuro incidents were also reported in the RLS-
group, in 5 of 382 divers (1.3 %). A possible explanation is the
shunt of gas bubbles through pulmonary arterio-venous anastomo-
ses temporarily opened during increased physical activity, which
were not detectable at the time of TCD investigation (24, 25).
Another possible mechanism is the in-situ formation of bubbles
(26). The cutancous form of DCS was the only condition asso-
ciated with DCSneuro. The subpopulation of divers with DCSskin
had a nearly three times higher risk of DSCneuro. Therefore we
suggest it might be reasonable to screen them for RLS presence. A
higher prevalence of RLS in divers with cutaneous form of DCS
has been reported previously (8, 10). Some authors suggest that
marbling of the skin may be a symptom of embolization to autono-
mous areas of brain stem rather than the local effect of bubbles on
skin vascularization (8). Nevertheless, 55.1 % of the divers with
DCSneuro in our cohort experienced no previous diving-associated
health problems.

Of note is that that there was a contributory cause presenting
75.5 % (37) of DSCneuro accidents; the most frequent were repeti-
tive dives and decompression dives. Avoiding such conditions may
make diving safe for divers with a RLS. Conservative diving was
tested previously in divers with a PFO with favorable results (27,
28). Recently, we published a follow-up study from the DIVE-PFO
registry and demonstrated that screening for a RLS with subse-
quent recommendation of conservative diving decreased the risk
of DCS in divers with a PFO but did not completely eliminate it
as did the catheter-based PFO closure (29).

This registry study with prospective patient enrolment is
subject to inherent limitations, including selection bias. The
prevalence of a RLS and the incidence of unprovoked DCS
might not, therefore, be generalizable to the overall population
of divers. The self-reporting of endpoints is another limitation of
the study.

Conclusions

A right-to-left shunt was an independent risk factor of unpro-
voked DCSneuro development in divers with a wide range of div-
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ing activities. This risk paralleled the RLS grade as assessed by
TCD. In the majority of divers a contributory cause was present,
most frequently repetitive or decompression diving. The occur-
rence of DCSskin was associated with a higher risk of DCSneuro.
Based on these results, we suggest that TCD 1s a useful tool inrisk
stratification of divers.
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4.

Experimentalni ¢ast
Hongk J, Sramek M, Sefc L, Januska J, Fiedler J, Horvath M, Tomek A, Novotny S,
Honek T, Veselka J. Effect of conservative dive profiles on the occurrence of venous and
arterial bubbles in divers with a patent foramen ovale: A pilot study. Int J Cardiol. 2014

Oct 20;176(3):1001-2, doi: 10.1016/j.ijjcard.2014.04.218.

Prvni publikovana prace v experimentalni oblasti se zabyva vyskytem plynovych
bublin ve venodzni a arteridlni krvi po simulovaném ponoru u potapect s prokazanym PFO.
Cilem bylo ovéfit, zda konzervativni profil ponoru s pomalej$im vynotfenim povede k redukei
vyskytu bublin oproti ponoru se standardnim profilem. Do studie bylo zafazeno 46 potap&ct
(36,4 = 10 let; 72 % muzt) s vyznamnym PFO (high grade), ktefi neprodé¢lali jeho
katetriza¢ni uzaver.

Vsichni potapéci absolvovali simulovany ponor do 18 metrt v hyperbarické komote a
byli rozdé€leni do tii skupin podle potapécského rezimu. Skupina A absolvovala standartni
bezdekompresni ponor na 50 min s vystupovou rychlosti 10 m/min, skupina B konzervativni
ponor na 50 min s vystupovou rychlosti snizenou na 5 m/min a kontrolni skupina
dekompresni ponor na 80 min s vystupovou rychlosti 9 m/min a dekompresni pauzou na 7
min ve 3 m hloubky. Zadny z t&chto rezimi neporusil doporuceni dana platnymi tabulkami
(Biihlmann, Navy).

Do 60 minut od vynoteni byla hodnocena pfitomnost Zilnich a arteridlnich bublin
pomoci TTE (v pravé srde¢ni komote) a TCCS (stfedni mozkova aterie). Ve skupiné A i B
doslo ke snizeni vyskytu zilnich bublin ve srovnani s kontrolni skupinou, vyraznéjsi byl tento
pokles ve skupiné B, tedy s pomalejSim vystupem. V této skupiné byl také zcela eliminovan

vyskyt arterialnich bublin.
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Fig. 1. Summary of the occurrence of post-dive venous and arterial bubbles.

Vyskyt bublin ve venozni a ateridlni krvi u skupiny A, B a kontrol na grafu prevzatém

z prilozeného clanku.

Nase prace demonstrovala vysoky poc¢et bublin ve venozni i arterialni krvi po

dekompresnim ponoru, nizsi pocet bublin po bezdekompresnim ponoru, a statisticky

vyznamné snizeni poctu vendznich a eliminaci arterialnich bublin po konzervativnim ponoru s

polovicni vystupovou rychlosti. Byla prokazana u¢innost konzervativniho, a tedy

o 24

zjisténym PFO.
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Patent foramen ovale (PFO) is a risk factor for decompression sick-
ness (DCS) in divers due to paradoxical embolization of nitrogen bubbles
formed in peripheral blood during decrease of ambient pressure [1]. In
our previous study we have demonstrated that catheter-based PFO clo-
sure prevented right-to-left shunting of bubbles and might prevent
DCS recurrence [2]. However, the question of PFO closure is still debat-
able [3]. Also, randomized clinical data are lacking in this field. Therefore,
the majority of divers are currently not referred for PFO closure, and
various conservative dive profiles (CDP) are recommended to prevent
unprovoked DCS (i.e,, without violation of decompression regimen) [4].
Unfortunately, to date, the safety of these CDP has not been tested in di-
vers with PFO. The aim of this study was to test the effect of dive time and
ascent rate restrictions on the occurrence of venous and arterial bubbles
in divers with PFO after simulated dives. We compared a standardly rec-
ommended no-decompression dive [5] and a stricter regimen with
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slower ascent to the same control dive, which was previously used to
test the efficacy of catheter-based PFO closure [2].

We screened a total of 532 consecutive divers for PFO using transcra-
nial color coded sonography (TCCS). The diagnosis of PFO was confirmed
by transesophageal echocardiography. Forty-six divers (36.4 10 years;
72% men) with a significant PFO (grade 3 according to the international
consensus criteria [6]) who had previously not undergone PFO closure
were enrolled in this pilot study. All divers performed a simulated dive
to 18 m in a hyperbaric chamber. Divers were randomized into three
groups: group A (n = 13; 36.5 9 years; 77% men) performed a stan-
dard Biihlmann regimen no-decompression dive (dive time 51 min,
ascent rate 10 m/min), group B (n = 14,409 12 years; 64% men)
performed the same regimen with a slower ascent (51 min, 5 m/min),
and a control group (n = 19; 33.0 8 years; 74% men) performed a
staged-decompression dive according to the US Navy decompression
regimen (80 min, 9 m/min, decompression stop 7 min at 3 m). Within
60 min of surfacing, the presence of venous and arterial bubbles was
assessed. Venous bubbles were assessed by pulse wave Doppler in the
right ventricular outflow tract (RVOT), and arterial bubbles by TCCS dur-
ing native breathing and after Valsalva maneuvers, as described previ-
ously [2]. The study was approved by the local ethics committee and all
patients signed an informed consent.

In all divers, visualization of RVOT and the middle cerebral artery was
possible. The occurrence of arterial and venous bubbles is summarized in
Fig. 1. There was significantly lower occurrence of venous bubbles in
groups A and B compared to controls (for group A, 31% vs. 74%, p =
0.03; for group B, 14% vs. 74%, p < 0.01). The reduction in arterial bubble
occurrence was not significant in group A compared to controls, but there
was elimination of arterial bubbles in group B (for group A, 8% vs. 32%,
p = 0.42; for group B, 0% vs. 32%, p = 0.03). There was no significant dif-
ference in venous or arterial bubble occurrence between groups A and B
(venous, 31% vs. 14%, p = 0.38; arterial, 8% vs. 0%, p = 0.48). All divers
were abserved for any DCS symptoms 24 h after the simulated dive. In
the control group transient neurological symptoms (headache, unusual
fatigue, and transitory visual disturbances) were presentin 21% of divers,
no DCS symptoms were observed in group A (p = 0.13) or B (p = 0.12).

Generally, the aim of our research is to stratify the risk of DCS in
divers with PFO and to find the optimal management strategy for symp-
tomatic divers, including potential catheter-based PFO closure. In our
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Fig. 1. Summary of the occurrence of post-dive venous and arterial bubbles.

previous study we have demonstrated that catheter-based PFO closure
prevented the arterialization of bubbles after simulated dives [2]. In
this pilot study we sought to find a safe diving regimen for divers with
a significant PFO. A standard decompression regimen failed to eliminate
post-dive arterial emboli (bubbles). However, this was achieved when
the standard decompression regimen was combined with a slower
ascent. Therefore, we suggest that a stricter diving regimen might be
necessary to minimize the risk of the paradoxical embolization of
bubbles and prevent unprovoked DCS in divers with PFO. We feel that
further cardiological research in this field should focus on the manage-
ment of divers with previous unprovoked DCS. The safety of any conser-
vative diving measures should be studied prior to routine clinical use.
Similarly, randomized clinical data are needed to determine the role of
catheter-based PFO closure.
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V dalsi experimentalni praci jsme srovnavali vyskyt bublin pfi dvou riiznych
simulovanych ponorech u potapécti s PFO oproti potapectim po katetrizaénim uzavéru.

Do studie bylo zatazeno 47 potapéct (vek 35,4 + 8,6 let; 81% muzi), z nich 27
s vyznamnym PFO (high grade) a 20 po uzavéru PFO, simulované ponory probéhly
v hyperbarické komote.

Ponor A byl do 18 m na 80 minut a ucastnilo se jej 19 potapect s PFO a 15 potapéct
po uzavéru PFO. Ponor B byl hlubsi, tedy do 50 m na 20 minut a ucastnilo se jej 8 potapéci
s PFO a 5 po uzavéru PFO. Pfi ponoru B byli potapécéi v potapecské vystroji ponofeni do
nadrZe s vodou, ponor A byl suchy a tedy bez oblecené vystroje. Do 60 minut od vynofeni
byla hodnocena ptitomnost zilnich a arterialnich bublin pomoci TTE (v pravé srdecni
komoie) a TCCS (stfedni mozkova arterie).

Po ponoru A byly bubliny v Zilni krvi detekovany u 74 % potap&ct s PFO a 80%
potap&ct po uzaveéru PFO (p = 1,0). Arteridlni bubliny byly detekovany u 32 % potapeca
s PFO a 0 % potapéct po uzaveéru PFO (p = 0,02). Obdobné vysledky jsme zaznamenali po
ponoru B, tedy vyskyt zilnich bublin u 88 % potapéci s PFO a 100 % po uzavéru PFO,

arterialni bubliny u 88% potapécti s PFO a u 0 % u potapéct po uzaveéru PFO.
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treated with a catheter-based patent foramen ovale closure (closure group). treated with a catheter-based patent foramen ovale closure (closure group).
There was no difference in the occurrence of venous bubbles between the There was no difference in the occurrence of venous bubbles between the
PFO and closure groups (p = 1.0), but no arterial bubbles were detected in the PFO and closure groups (p = 1.0), but no arterial bubbles were detected in the
closure group (p = 0.02). dlosure group (p < 0.01),

Vymizeni bublin v arterialni krvi u potapécii po uzaveru PFO pri obou ponorech
ilustruji tyto dva grafy z prilozeného clanku.

Mezi skupinami potapéct nebyl signifikantni rozdil ve tvorbé bublin v Zilni krvi bez
ohledu na profil ponoru. U skupiny potap&cl po katetriza¢nim uzavéru PFO doslo k Gplné
eliminaci vyskytu bublin v arterialni krvi po obou simulovanych ponorech.

Tyto vysledky nam potvrzuji zasadni roli PFO pro piestup bublin z vendzni krve do
arterialni, kde mohou zptisobit plynovou embolii. Déle jsme prokazali efektivitu

katetriza¢niho uzavéru PFO v prevenci arterializace plynovych bublin u potapéci.
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Arterial Bubbles in Scuba Divers
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Objectives This study sought to evaluate the effect of catheter-based patent foramen ovale (PFO)
closure on the occurrence of arterial bubbles after simulated dives.

Background PFO is a risk factor of decompression sickness in divers due to paradoxical embolization
of bubbles. To date, the effectiveness of catheter-based PFO closure in the reduction of arterial
bubbles has not been demonstrated.

Methods A total of 47 divers (age 35.4 + 8.6 years, 81% men) with a PFO (PFO group) or treated with a
catheter-based PFO closure (closure group) were enrolled in this case-controlled observational trial. All
divers were examined after a simulated dive in a hyperbaric chamber: 34 divers (19 in the PFO group,
15 in the closure group) performed a dive to 18 m for 80 min, and 13 divers (8 in the PFO group, 5 in
the closure group) performed a dive to 50 m for 20 min. Within 60 min after surfacing, the presence of
venous and arterial bubbles was assessed by transthoracic echocardiography and transcranial color-
coded sonography, respectively.

Results After the 18-m dive, venous bubbles were detected in 74% of divers in the PFO group versus
80% in the closure group (p = 1.0), and arterial bubbles were detected in 32% versus 0%, respectively
(p = 0.02). After the 50-m dive, venous bubbles were detected in 88% versus 100%, respectively

(p = 1.0), and arterial bubbles were detected in 88% versus 0%, respectively (p < 0.01).

Conclusions No difference was observed in the occurrence of venous bubbles between the PFO and
closure groups, but the catheter-based PFO closure led to complete elimination of arterial bubbles
after simulated dives. (Nitrogen Bubble Detection After Simulated Dives in Divers With PFO and After
PFO Closure; NCT01854281)  (J Am Coll Cardiol Intv 2014,7:403-8) © 2014 by the American College of
Cardiology Foundation
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Arterial Bubbles in Scuba Divers

Scuba (self-contained underwater breathing apparatus) div-
ing is a popular sport that attracts millions of participants
worldwide (1). The general risk of death or major injury
during scuba diving is small (<0.001% per dive) (2).
However, some risk associated with decompression sickness
(DCS) still exists.

DCS is caused by nitrogen bubble formation in hyper-
saturated tissues during the diver’s ascent (3). These bubbles
either cause local tissue damage or embolize through venous
blood (3). Small quantities of venous gas bubbles are
believed to be common after most scuba diving (4,5).

See page 409

Although most divers remain asymptomatic, symptoms may
occur with high bubble load (pulmonary gas embolism) or
may be due to paradoxical embolism (arterialization of
bubbles) in a diver with a transient right-to-left shunt. The
connection between a patent foramen ovale (PFO) and DCS
was first described in the 1980s (6,7). Since then, a high
prevalence of PFO has been repeatedly reported in divers
with the neurological or cuta-
neous form of DCS (8,9). Mul-
tiple brain lesions have also been
suggested as possible chronic
sequelae of repeated exposure to
asymptomatic arterial embolisms
(10). The high prevalence of PFO
in the general population (11)
raises concern among divers and
involved medical professionals.

It has been suggested that
catheter-based PFO closure might prevent the arterializa-
tion of bubbles and reduce the risk of DCS (12-14). The
effect of PFO closure to prevent paradoxical embolization
of injected bubbles has previously been demonstrated (15).
However, there are currently limited clinical data supporting
the effectiveness of PFO closure in divers (12,13) and no data
confirming its effect on post-dive reduction of arterial gas
emboli. The aim of this study was to test the effect of catheter-
based PFO closure on the occurrence of arterial bubbles after
simulated dives.

Abbreviations

and Acronyms

DCS = decompression
sickness

PFO = patent foramen ovale

TCCS = transcranial color-
coded sonography

TTE = transthoracic
echocardiography

Methods

Patients. A total of 183 consecutive divers were screened for
PFO at our center. Transcranial color-coded sonography
(TCCS) was used for screening, and the diagnosis of PFO
was confirmed by transesophageal echocardiography. The
right-to-left shunt was graded by means of TCCS according
to the International Consensus Criteria (16): grade 1, 1 to
10 bubbles; grade 2, >10 bubbles but no curtain (un-
countable number of bubbles); grade 3, curtain. Significant
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PFO (grade 3) was found in 47 divers. Twenty divers
(age 38.8 + 9.5 years, 80% men) with a history of unpro-
voked DCS underwent catheter-based PFO closure (closure
group). The other 27 divers (age 33.0 = 6.6 years, 1% men)
were either asymptomatic or did not agree with PFO
closure, or their PFO closure had not been performed prior
to study onset (PFO group). A total of 136 divers (age
33.6 £ 8.3 years, 85% men) that did not have a grade 3 PFO
were not included in the study. In this group, 118 tested
negative for PFO, 13 had a grade 1 PFO, 5 had grade 2
PFO, mean body mass index was 25.9 & 3.1 kg/m”, mean
number of logged dives was 225 + 479, and mean number
of logged decompression dives was 47 £ 136. A history of
DCS was reported in 11 (8%) of the 136 divers.

Inclusion criteria for the closure group were as follows: age
>19 years; a PFO that had been occluded by a catheter-
based procedure; and a signed informed consent form. In-
clusion criteria for the PFO group were: age >19 years; a
previously diagnosed grade 3 PFO according to the Inter-
national Consensus Criteria (16); and a signed informed
consent form. Exclusion criteria for both groups were:
another dive performed in the preceding 24 h and
disagreement to being included in the study. The study was
approved by the local ethics committee and all study subjects
gave written informed consent to participate in the study.
Procedures. The PFO closure procedures were performed
in a single center (with the exception of 2 divers) between
February 1, 2006, and April 30, 2013. The Amplatzer septal
occluder (AGA Medical Corporation, Golden Valley,
Minnesota) was used in 5 (25%) divers. In the remaining 15
(75%) cases, the Occlutech Figulla PFO Occluder N
(Occlutech GmbH, Jena, Germany) was used. The proce-
dure was performed as previously described (17). In all
divers, the indication for the procedure was a history of
unprovoked DCS (i.c., without violation of decompression
regimen) and the presence of a grade 3 PFO according to
the International Consensus Criteria (16). There were no
major complications, and bleeding at the puncture site with
no need of intervention occurred in 1 (5%) patient.
Simulated dives. To test the effect of catheter-based PFO
closure on the reduction of arterial bubbles, decompression
dives according to the U.S. Navy Air Decompression Pro-
cedure 1996 (18) were used. This decompression procedure
was previously reported to generate significant amounts of
venous and arterial bubbles but no acute DCS symptoms
(5,19). Two dive profiles were used. The divers chose 1 of the
2 simulated dives that best corresponded to their usual diving
practice. Thirty-four divers performed a dive to 18 m with a
bottom time of 80 min (dive A). The descent and ascent rate
was equivalent to 9 m/min; the decompression stop was
performed at 3 m for 7 min. Thirteen divers performed a
dive to 50 m with a bottom time of 20 min (dive B). The
descent and ascent rate was 9 m/min; decompression stops
were performed at 6 m for 4 min and at 3 m for 15 min.
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Bubble detection. Venous and arterial nitrogen bubbles
were assessed within 60 min after surfacing (20). In both
dives, the occurrence of venous and arterial bubbles and the
incidence of symptoms were compared between the PFO
and closure groups.

Venous bubbles were assessed by experienced echocardi-
ographers (J.H. and ].J.) using transthoracic echocardiogra-
phy (TTE). An ultrasound system, Philips HD-10, with a
2 to 3.7 MHz multifrequency probe (Philips, Amsterdam,
the Netherlands) was used. Bubbles were visualized by
pulse-wave Doppler in the right ventricular outflow tract
from the parasternal short-axis view, and their detection was
performed for 1 min. The test was considered positive if 1 or
more bubbles were detected.

Arterial bubbles were detected by means of TCCS in the
medial cerebral artery (21). An experienced neurologist
(M.S.) who was blinded to whether the diver was in the
closure or PFO group performed the examination. The same
ultrasound equipment as for the echocardiographic exami-
nation was used. Bubbles were detected for 1 min during
native breathing and subsequently 3x for 40 s after a Val-
salva maneuver. The test was considered positive if 1 or more
bubbles were detected.

The divers were observed and questioned for any DCS
symptoms, with special attention to any neurological or
cutancous manifestations. If symptoms occurred, immediate
treatment in a hyperbaric chamber was administered.
Treatment Table 5 of the U.S. Navy Diving Manual Revi-
sion 6 (18) was used as the treatment protocol. The primary
endpoint was the occurrence of arterial bubbles.

Definitions. Arterial bubbles were defined as high-intensity
transient signals in the Doppler spectrum detected by TCCS
in the medial cerebral artery (21). Venous bubbles were
defined as high-intensity transient signals in the Doppler
spectrum detected by TTE in the right ventricular outflow
tract. Neurological symptoms of DCS were defined as
headache, unusual fatigue, visual problems, limb weakness or
paralysis, dizziness, and paresthesia reported by the patient
<24 h after the simulated dive. A history of unprovoked DCS
was defined as any DCS symptoms that originated <24 h
after a dive performed within the limits of any commercially-
available diving table or computer used by the diver.
Statistical analysis. Normally distributed data are presented
as mean £ SD and non-normally distributed data as median
(interquartile range). The distribution of data was evaluated
by the Kolmogorov-Smirnov test. Fisher exact test and the
Mann-Whitney U test were used when appropriate. A p
value of <0.05 was considered to indicate a statistically
significant difference.

Results

A total of 47 divers (age 35 + 8.6 years, 81% men) were
examined after a single air dive in a hyperbaric chamber.
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Table 1. Baseline Characteristics of PFO and Closure Groups for Dive A
PFO Group Closure Group
(n=19) (n = 15) p Value

Age, yrs 330L76 406 £ 85 0.02
Male 80 79 1.00
BMI, ka/m? 260 (222-29.7)  27.4 (24.7-30.9) 027
Logged dives 100 (38-150) 500 {100-1,880) 0.02
Logged decompression dives 2 (0-15) 150 (5-400) 0.01
DCS history 53 100 <0.01
Time between PFO closure = 36 (17-81) -

and experimental dive,

months
Values are mean & SD, %, or median (interquartile range). — = data are not available.

BMI — body mass index; DCS — decompression sickness; PFO — patent foramen ovale.

TTE and TCCS were used to assess the occurrence of
bubbles. In all divers, adequate visualization of the medial
cerebral artery during the TCCS examination was possible.
The occurrence of arterial and venous bubbles was compared
between the PFO and closure groups separately for dives A
and B. The baseline characteristics for dives A and B are
shown in Tables 1 and 2, respectively.

Dive A. Dive A was a dive to 18 m for 80 min of bottom
time. Thirty-four divers (19 in the PFO group [age 32 years,
range 21 to 51; 74% men], 15 in the closure group [age 38
years, range 28 to 55; 80% men]) performed this dive.
Venous bubbles were detected in 74% of divers in the PFO
group versus 80% in the closure group (p = 1.0) (Fig. 1).
Arterial bubbles were detected in 32% versus 0% of divers,
respectively (p = 0.02) (Fig. 1). In 21% of divers with PFO
and detected arterial gas bubbles, neurological symptoms of
DCS were present (headache, unusual fatigue, transitory
visual disturbances). No divers (0%) reported DCS symp-
toms in the closure group (p = 0.11).

Dive B. Dive B was a dive to 50 m for 20 min of bottom
time. Thirteen divers (8 in the PFO group [age 31.5 years,
range 26 to 40; 100% men], and 5 in the closure group [age
34 years, range 18 to 51; 80% men]) performed this dive.

Table 2. Baseline Characteristics of PFO and Closure Groups for Dive B
PFO Group Closure Group
(n=8) (n=25) p Value

Age, yrs 329 + 48 334 121 1.00
Male 100 80 0.38
BMI, ka/m” 255(236-269) 307 (23.0-326) 023
Logged dives 55 (17.5-185) 300 (35-2,310) 023
Logged decompression dives 0 (0-75) 100 (10-315) 013
DCS history 38 100 0.08
Time between PFO closure — 31 (7-67) —

and experimental dive,

months
Values are mean + SD, %, or median (interquartile range). — = data are not available.

Abbreviations as in Table 1
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Figure 1. Occurrence of Bubbles After Dive A

The proportion of divers with the occurrence of venous and arterial bubbles
after dive A in divers with patent foramen ovale (PFO group) and divers
treated with a catheter-based patent foramen ovale closure (closure group).
There was no difference in the occurrence of venous bubbles between the
PFO and closure groups (p = 1.0), but no arterial bubbles were detected in the
closure group (p = 0.02).

Venous bubbles were detected in 88% of divers in the PFO
group versus 100% of divers in the closure group (p = 1.0)
(Fig. 2). Arterial bubbles were detected in 88% versus 0% of
divers, respectively (p < 0.01) (Fig. 2). In 25% of divers with
PFO and detected arterial gas bubbles, mild neurological
symptoms of DCS were present (headache, unusual fatigue,
transitory visual disturbances, dizziness). No divers (0%)
reported DCS symptoms in the closure group (p = 0.49).

B venous bubbles
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Figure 2. Occurrence of Bubbles After Dive B

The proportion of divers with the occurrence of venous and arterial bubbles
after dive B in divers with patent foramen ovale (PFO group) and divers
treated with a catheter-based patent foramen ovale closure (closure group).
There was no difference in the occurrence of venous bubbles between the
PFO and closure groups (p = 1.0), but no arterial bubbles were detected in the
closure group (p < 0.01).
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The typical appearance of post-dive venous bubbles in the
right heart chambers and no arterial bubbles in the left heart
chambers in a diver with a PFO closure device is shown in

Figure 3.

Discussion

The present study is the first to our knowledge to demon-
strate the effect of catheter-based PFO closure on the
occurrence of arterial bubbles after simulated dives. In our
study, no difference was found in the occurrence of venous
bubbles between the PFO and closure groups. However, in
the closure group, no arterial bubbles were detected. It is
plausible, therefore, that the presence of a PFO plays a key
role in paradoxical embolization of venous bubbles after
scuba dives. Additionally, because PFO occlusion led to
elimination of bubble occurrence in the medial cerebral ar-
tery, this closure strategy should have a role in the prevention
of unprovoked DCS recurrence in divers.

Decompression sickness. DCS is caused by nitrogen bubble
formation during the diver’s ascent (3). The diver is exposed
to an elevated pressure of nitrogen when breathing com-
pressed air during the submersion (nitrogen can be
exchanged for other inert gases such as helium or hydrogen
in the breathing mixtures used by professional or technical
divers). This excess nitrogen dissolves in all tissues at a rate
dependent on their chemical composition and the density of
capillaries (22). The total nitrogen load is determined by the
depth profile (i.c., the partial pressure of nitrogen the diver is
exposed to) and the duration of the dive (i.e., the duration of

Figure 3. Post-Dive Venous Bubbles in a Diver After Foramen Ovale Closure

Transthoracic echocardiography (apical 4-chamber view) in a diver with a
catheter-based patent foramen ovale (PFO) closure device after surfacing
from a simulated dive. Venous bubbles are apparent in the right atrium and
ventricle; no bubbles are visible in the left heart chambers. The PFO closure
device is indicated by an arrow.
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the exposure). During the ascent and hours after the dive,
the excess gas is transported from the tissues back to the
alveoli and exhaled. If the diver reaches the surface too early,
the tissues get hypersaturated and intravascular and extra-
vascular bubbles form and increase in size (3). To prevent
DCS, divers perform the ascent according to decompression
tables or a decompression algorithm implemented in a div-
ing computer.

Small numbers of intravascular bubbles form in the cap-
illaries and the venous blood even during a properly per-
formed ascent (4). These bubbles are usually asymptomatic
because most of the time, they are effectively filtered by the
pulmonary circulation (3). If the bubble load is massive (in
case of violation of the decompression regimen), the
embolization manifests as a pulmonary DCS. In divers with
PFO, a paradoxical embolization to the systemic circulation
may occur and cause various, mostly neurological or cuta-
neous DCS symptoms even after a dive with an appropriate
decompression regimen (unprovoked DCS) (3).

Paradoxical embolization results from increased right

atrial pressure due to hemodynamic changes that occur in
divers. After submersion, blood redistributes from the pe-
riphery to the thorax, which results in an increased right
atrial pressure (23). Moreover, divers perform a Valsalva
maneuver frequently during the dive (to equalize pressure in
the middle ear), which further contributes to the increased
right atrial pressure and leads to transient right-to-left
shunting through the PFO.
PFO in divers. The connection between PFO and DCS was
first described in the 1980s (6,7). Since then, a high prev-
alence of PFO has been repeatedly reported in divers with
the neurclogical or cutaneous form of DCS (8,9). The
possible chronic sequelae of repeated exposure to asymp-
tomatic arterial embolisms have also been discussed. Knauth
et al. (10) reported an association of PFO with multiple
brain lesions in a follow-up study using magnetic resonance
imaging. However, we have to bear in mind that these
studies have several inherent limitations and are not
generalizable.

PFO or other right-to-left cardiac shunt is present in
about 27% of the normal population (11). However, the
management of divers with PFO remains unresolved.
Routine screening for PFO in divers is currently not ree-
ommended in most countries (24,25). Suggested recom-
mendations for divers with diagnosed PFO and a history of
DCS include the cessation of diving, a conservative
approach to diving (26), and PFO closure.

It has been suggested by several investigators that a
catheter-based PFO closure in divers might eliminate the
arterialization of bubbles and prevent unprovoked DCS
(12-14). No divers had arterial bubbles after PFO closure in
this study; both the Amplatzer septal occluder and the
Occlutech Figulla PFO Occluder N were highly effective. In
the deeper dive, where the nitrogen load was greater, arterial
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gas bubbles were observed in all divers with a PFO and
venous bubbles were detected. Moreover, 29% of these had
cerebral DCS symptomatology. This is in agreement with
the landmark case-controlled study by Germonpré et al.
(27), who found high prevalence of high-grade PFO in
divers suffering from unprovoked cerebral DCS. No divers
in the closure group had DCS symptoms after either the
20-m or 50-m dive.

It has been suggested that the transpulmonary passage

might also play an important role in the occurrence of post-
dive arterial gas emboli. Ljubkovic et al. (28) observed
arterial bubbles in 9 of 34 divers who tested negative for
PFO and argued that transpulmonary arterialization would
occur if a large amount of bubbles were produced and an
individual exhibited a higher susceptibility for the trans-
pulmonary passage. This was not observed in the closure
group in our study, where no arterial emboli were detected,
despite the fact that the occurrence of venous bubbles was
not different from the PFO group. Also, clinical studies
support the fact that PFO might be the major route of
paradoxical embolization in divers. Torti et al. (8) reported
that the odds of suffering a major DCS were 5x higher in
divers with PFO and that the risk paralleled PFO size.
Wilmhurst et al. (9) found that the incidence of PFO was
77% among 61 divers who had suffered the cutaneous form
of DCS, compared with 28% in control subjects.
Study limitations. The absence of symptom-based clinical
endpoints 1s the main limitation of this observational study.
A randomized prospective follow-up trial would be necessary
to assess the clinical efficacy of catheter-based PFO closure
in divers. The primary endpoint was the occurrence of
arterial bubbles, defined as 1 or more bubbles present. The
binary grading of bubbles (none or any) might not have
revealed a picture with enough differentiation. Another
potential limitation is the experimental setting of the study.
There is some evidence that wet dives generate more venous
bubbles than dry dives do (29). In our study, only dive A was
a dry dive, in dive B, the divers were submersed in a water
reservoir inside the hyperbaric chamber using their usual
scuba equipment.

Conclusions

We have demonstrated that in conditions of 2 simulated
dives, catheter-based PFO closure was associated with the
elimination of arterial bubbles. These results suggest that
PFO occlusion might lead to a reduction of unprovoked
DCS incidence in divers.

Reprint requests and correspondence: Dr. Josef Veselka,
Department of Cardiology, Motol University Hospital, V Uvalu
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Dlouhodobé sledovani
Honék J, Sramek M, Honék T, Tomek A, Sefc L, Januska J, Fiedler J, Horvath M,
Novotny S, Veselka J. Patent Foramen Ovale Closure Is Effective in Divers: Long-Term
Results From the DIVE-PFO Registry. ] Am Coll Cardiol. 2020 ;76(9):1149-1150. doi:

10.1016/j.jacc.2020.06.072.

Prvni ¢lanek této kapitoly se zabyva dlouhodobym efektem katetrizacniho uzavéru
PFO na vyskyt neprovokované DCS na zaklad¢ dat registru DIVE-PFO. PFO je spojeno s
vys$§im rizikem dekompresni nemoci (DCS) u potapéct v dusledku paradoxni embolizace
dusikovych bublin. Katetriza¢ni uzavér PFO vedla k eliminaci poctu arteridlnich bublin po
simulovanych ponorech, diikazy o jeho klinické Gi¢innosti jsou omezené.

Mezi lednem 2006 a prosincem 2018 bylo do registru DIVE-PFO zatazeno 829
potapéct. Pro detekci a hodnoceni stupné PLZ byli vSichni vysetfeni pomoci TCCS.
Demograficka data, pocty ponort a podrobnosti o eventudlni DCS byly zjistény pomoci
dotazniku pfi vstupnim vySetfeni a nasledné pfi telefonické kontrole. Katetrizacni uzavér PFO
byl provadény v péti centrech, nejcastéji byl pouzit okludér Occlutech Figula PFO Occluder
N.

Telefonicky se podafilo kontaktovat 748 (90%) potapéct, z nichz 702 se nadale
potapéelo. U 153 (22%) z nich bylo vstupné zjisténo vyznamné PFO, 55 podstoupilo
katetriza¢ni uzavér (intervenéni skupina) a 98 bylo doporuceno potapéni v bezpecném
konzervativnim rezimu (kontrolni skupina). U dvou potapéct (3,6%) doslo k mirnému
krvaceni v misté vpichu katetru, jiné komplikace se nevyskytly. Median doby sledovani byl
7,13 let u potapecu po katetrizacni okluzi PFO a 6,53 let u kontrolni skupiny. Neprovokovana

DCS probéhla u 11 potapéct v kontrolni skupin€ u zadného potapéce v intervencni skuping.
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Survival free from unprovoked decompression sickness in divers after catheter-based patent foramen ovale closure (closure group) and with a
high-grade patent foramen ovale (conservative group).

Porovnani vyskytu dekompresni prihody ve sledovacim obdobi u potapécii po
katetrizacnim uzaveéru PFO (modra kiivka) a potapécii s otevienych PFO, kteri se potdapéli

v konzervativnim, bezpecnéjsim rezimu.

Nase studie prokazala, ze katetriza¢ni okluze PFO je v prevenci neprovokované DCS
ucinngjsi, nez konzervativni piistup u potapéci s vyznamnym PFO. Mezi limity studie patfi
selekeni bias, self-reporting DCS a relativné nizky pocet DCS ve sledovaném obdobi. Pres
tato omezeni vSak naSe prace z dosud publikovanych na dané téma zahrnuje nejvetsi pocet
sledovanych potapéch a predstavuje dilezity krok k doplnéni znalosti v dlouhodobém

pristupu k potapectim s prokazanym PFO.
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Patent Foramen Ovale
Closure Is Effective
in Divers

]

Long-Term Results From the
DIVE-PFO Registry
Patent foramen ovale (PFO) is associated with
increased risk of decompression sickness (DCS) in
divers because of paradoxical embolization of nitro-
gen bubbles (1). These events can be unpredictable in
divers with a PFO (2). Catheter-based PFO closure led
to the elimination of arterial emboli after simulated
dives (3). However, the evidence of its clinical effec-
tiveness is sparse (4). This study aimed to evaluate
the long-term clinical effectiveness of catheter-based
PFO closure in the prevention of unprovoked DCS.

A total of 829 consecutive divers were prospec-
tively included in the DIVE-PFO (Decompression

VOL. 76, NO. 9, 2020
ISSN 0735-1097/536.00

Illness Prevention in Divers with a Patent Foramen
Ovale) registry between January 2006 and December
2018. The study was approved by the Ethics Com-
mittee of University Hospital Motol. Transcranial
color-coded sonography (TCCS) was used for the
detection and grading of a right-to-left shunt,
as previously described (2). Demographic data,
diving experience, and details of any DCS were
collected by means of questionnaires at enrollment
and on a telephone follow-up visit. For divers for
whom follow-up was not available, survival was
checked in the National Database of Deaths. Trans-
esophageal echocardiography was offered to divers
with: 1) DCS history; 2) high-grade shunt on TCCS; or
3) unsuccessful TCCS examination (insufficient bone
window). If the result of transesophageal echocardi-
ography was available, the higher grade of the 2
examinations was counted.

The PFO closure procedures were performed in 5
centers. The Amplatzer Septal Occluder (AGA Medical

FIGURE 1 Unprovoked Decompression Sickness Occurrence
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Survival free from unprovoked decompression sickness in divers after catheter-based patent foramen ovale closure (closure group) and with a
high-grade patent foramen ovale (conservative group).
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Corporation, Golden Valley, Minnesota) was used in
10 (18%) divers, and the Occlutech Figulla PFO
Occluder N (Occlutech GmbH, Jena, Germany) was
used in 46 (82%). The indication for the procedure
was the presence of a grade 3 PFO and either: 1) a
history of unprovoked DCS; or 2) diver’s preference
(not able to adapt to conservative diving recommen-
dations, i.e., professionals). Minor bleeding occurred
in 2 divers (3.6%); no other procedure-related com-
plications occurred.

The endpoint of the study was unprovoked DCS (2).
Estimates for long-term event-free survival were
made by the Kaplan-Meier method, and differences
were assessed by the log-rank test and the Gehan-
Breslow-Wilcoxon method.

The follow-up was available for 748 (90%) divers,
of whom 702 continued diving. Of these, a high-grade
PFO was diagnosed in 153 (22%) divers: 55 underwent
a catheter-based PFO closure (closure group), and 98
were advised to dive within the limits of recreational
diving (conservative group). The mean follow-up
time was 7.1 =+ 3.8 years and 6.5 + 3.2 years
(p = 0.339), numbers of new dives were 30,684 and
25,328 (p < 0.001), mean ages were 40.0 £ 7.9 and
37.3 + 9.8 years (p = 0.079), and 78.2% and 79.6%
(p = 0.893) of divers were male for the closure group
and conservative group, respectively. An unprovoked
DCS occurred in 11 (11%) divers in the conservative
group versus O in the closure group (p = 0.012)
(Figure 1).

There is still a large knowledge gap regarding the
optimal risk stratification and management strategy
in divers with PFO. To date, there are no prospective
studies to assess the clinical benefit of PFO closure in
divers. The present study is unique in its uniform
screening method and prospective participant inclu-
sion. The results are consistent with previous findings
that: 1) PFO closure eliminates arterial gas emboli;
and 2) PFO is a major risk factor for unprovoked DCS
(2,3). PFO closure is a safe procedure with a very low
complication rate (5). According to our data, PFO
closure is recommended in divers with a high-grade
PFO, with a history of unprovoked DCS, or at the
diver’s preference. Besides protection from DCS, PFO
closure also offers the diver lifelong protection from
PFO-associated stroke.

This study is subject to inherent limitations,
including selection bias. Although this study is, to our
knowledge, the largest available, the number of
endpoints is still low. The self-reporting of endpoints
is another limitation; the majority of cases were not
examined by a specialist at the time of the DCS event.

The results of the DIVE-PFO registry demonstrated
that catheter-based PFO closure was more effective in
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DCS prevention than the conservative approach in
divers with a high-grade PFO.
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The Need for and mn
Benefits of an

International Database

for Cardiac Tumors

The report by Sultan et al. (1) is an excellent review
that confirms both the rarity and poor long-term
prognosis of cardiac tumors, It represents the largest
collection of these tumors published to date.
Finally, we have a reasonably large group of pa-
tients with the diagnosis of primary cardiac



Hon&k J, Sramek M, Hon&k T, Tomek A, Sefc L, Januska J, Fiedler J, Horvath M,
Novotny S, Brabec M, Veselka J. Screening and Risk Stratification Strategy Reduced
Decompression Sickness Occurrence in Divers With Patent Foramen Ovale. JACC

Cardiovasc Imaging. 2022 Feb;15(2):181-189. doi: 10.1016/j.jemg.2021.06.019.

Cilem dalsi prace bylo zmapovat vyskyt DCS u potapéct, ktefi podstoupili
screeningové vysetieni na pritomnost PFO a byli rozfazeni do skupin dle stupn¢ zkratu a
rizika vzniku DCS. Do registru DIVE-PFO jsem zatadili 829 potapéct (prumérny vek 35 let,
81,5% muzi), ktefi byli screenovani na ptitomnost PFO s vyuzitim transkranidlni barevné
sonografie (TCCS). Potapectiim s vysokym stupném zkratu byl nabidnut katetrizacni uzaver
PFO (skupina uzavienych, 55 pac.), nebo bezpecny, konzervativni zptisob potapéni do
budoucna (skupina vysokého stupné, 98 pac.), zvoleny postup zalezel na jejich preferencich.
Potapécim s niz$im stupné zkratu byl doporucen bezpecny, konzervativni zptisob potapéni
(skupina nizkého stupné, 128 pac.) a potapéci bez prokazaného PFO byli tvorili kontrolni
skupinu (421 pac.). Ke zhodnoceni efektu screeningu a stratifikace do skupin dle rizika jsme
se zamé¢fili na vyskyt nevyprovokované DCS v obdobi pfed vstupnim screeningovym
vysetfenim a po ném.

Ke kontrole se podafilo telefonicky kontaktovat 748 potapéci (90%), z nich se 702
nadale vénovalo potapéni a byli tedy zarazeni do dalsi analyzy, podrobné viz graf ¢. 1
prilozeného ¢lanku. Priméma doba sledovani byla 6,5 let (= 3,5 let). Vyskyt DCS se
signifikantn€ snizil ve vSech skupinéch s vyjimkou skupiny kontrolni, kde byl zcela
minimalni jiz vstupn¢. Béhem doby sledovani neprobéhla zadna DCS ve skupin¢ uzavienych,
v nizko stupniové skupiné se snizila na Groven kontrolni skupiny a incidence DCS byla
nezménéna ve skupiné kontrolni. Ve skupiné s pietrvavajicim vysokym stupném zkratu doslo

k poklesu incidence DCS, nadale vSak ztistal nejvyssi ze vSech skupin potapéct.
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FIGURE 2 DCS Before and After PFO Screening and Risk Stratification
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Kaplan-Meier analysis: survival free from unprovoked decompression sickness. Comparison of retrospective (before) and prospective data (during FU).
Closure, divers with a catheter-based patent foramen ovale closure device; high-grades, divers with a high-grade patent foramen ovale that has not been
occluded; low-grades, divers with a low-grade patent foramen ovale; controls, divers with no patent foramen ovale. The number of dives is used as a
measure of time. FU = follow-up.

Porovnani vyskytu DCS pred screeningem (zelena kiivka) a po screeningu (oranzova
krivka). Grafy pro jednotlivé skupiny — nahove vievo potdpéci po katetrizacnim uzdavéru PFO,
nahore vpravo potapeci s ponechanym vyznamnym zkratem, dole vlevo s nizkym stupném

zkratu a dole vpravo kontrolni skupina.
Podarilo se nam prokazat, ze screening s vyuzitim TCCS a nasledné rozdéleni
potapect dle stupné zkratu a rizika rozvoje DCS vedlo ve sledovaném obdobi se snizeni

vyskytu DCS u potapécti s prokazanym PFO. U skupiny s nizkym stupném zkratu a skupiny
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po katetriza¢nim uzavéru se vyskyt DCS snizil na tiroven kontrol, u skupiny s vysokym

stupném zkratu se také signifikantné snizil, nadale vSak ztstaval nejvyssi z celého souboru.
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ABSTRACT

OBJECTIVES This paper sought to evaluate the occurrence of decompression sickness (DCS) after the application of a
patent foramen ovale (PFO) saeening and risk stratification strategy.

BACKGROUND PFO s associated with an increased risk of DCS. Recently, transcatheter closure was reported to reduce
DCS occurrence in divers with a high-grade shunt. However, to date, there are no data regarding the effectiveness of any
PFO sareening and risk stratification strategy for divers.

METHODS A total of 829 consecutive divers (age 35.4 + 10.0 years, 81.5% men) were saeened for PFO by means of
transcranial color-coded sonography in the DIVE-PFO (Decompression Illness Prevention in Divers with a Patent Foramen
Ovale) registry. Divers with a high-grade PFO were offered either catheter-based PFO closure (the closure group) or
advised conservative diving (high grades). Divers with a low-grade shunt were advised conservative diving (low grades),
whereas those with no PFO continued unrestricted diving (controls). A telephone follow- up was performed. To study the
effect of the screening and risk stratification strategy, DCS occurrence before enrollment and during the follow-up was
compared.

RESULTS Follow-up was available for 748 (90%) divers. Seven hundred and 2 divers continued diving and were
induded in the analysis (mean follow-up 6.5 + 3.5 years). The DCS incidence decreased significantly in all groups, except
the controls. During follow-up, there were no DCS events in the closure group; DCS incidence was similar to the controls
in the low-grade group (HR: 3.965; 95% CI: 0.558-28.18; P = 0.169) but remained higher in the high-grade group (HR:
26.170; 95% Cl: 5.797-118.160; P < 0.0001).

CONCLUSIONS The saeening and risk stratification strategy using transcranial color-coded sonography was asso-
clated with a decrease in DCS occurence in divers with PFO. Catheter-based PFO closure was associated with a DCS
occurrence similar to the controls; the conservative strategy had a similar effect in the low-grade group, but in the
high-grade group the DCS incidence remained higher than in all other groups.
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ABBREVIATIONS
AND ACRONYMS

ASD = stdal septal defect
COP = conservative dive profile
DCS = decompression sickness
PFO =patent foramen ovde
TCCS = tramcranal color-

coded sonography

TEE = transe sophageal
echocardiography

patent foramen ovale (PFO) is associ-

ated with an increased risk of

decompression sickness (DCS) in
scuba divers (1). Divers breathe air or other
gas mixtures under elevated pressures dur-
ing the dive, and nitrogen dissolves in all tis-
sues. If the tissues become supersaturated
during ascent, bubbles form. This can be
observed sonographically in venous blood
in most divers after a single properly per-
formed dive (ie, without violation of the
decompression regimen) (2,3). In divers with a PFO,
these bubbles may embolize into systemic circula-
tion, lodge into peripheral capillaries, and cause
ischemic injury (4).

It has been previously demonstrated that a PFO is
associated with an increased risk of neurological and
cutaneous forms of DCS (5,6). This can range from
mild symptoms to severe permanent disability. In
previous reports from the DIVE-PFO (Decompression
Iliness Prevention in Divers with a Patent Foramen
Ovale) registry, we have demonstrated that: 1) a high-
grade PFO was associated with an increased risk of
unprovoked DCS in recreational divers; and 2)
catheter-based closure of a high-grade PFO prevented
DCS in a long-term follow-up (7,8). In this study, we
compared the retrospective data with a prospective
follow-up of the whole cohort (ie, divers with no
shunt, a low-grade shunt, and a high-grade shunt).
We aimed to analyze the effect of the PFO screening
and risk stratification strategy on the incidence of
DCS.

METHODS

PATIENTS AND STUDY DESIGN. A total of 829
consecutive divers (age 35.4 = 10.0 years, 81.5%
males) were screened for a PFO at our center between
January 2006 and December 2018 using transcranial
color-coded sonography (TCCS). All patients were
prospectively included in the DIVE-PFO registry.
The screening was offered to all registered
Czech diving clubs and was regularly promoted
through diving magazines, websites, instructor cour-
ses, and diving and hyperbaric medicine meetings.
Baseline data (ie, demographic data, diving experi-
ence, and DCS history) were collected from all divers
at the time of the initial screening examination.
Divers with a history of DCS filled out a detailed
questionnaire in order to reveal any violation of the
rules of safe recreational diving (Supplemental
Appendix). The questions included the number and
timing of all preceding dives, the maximum depth,
the bottom time, and any violation of the regimen
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advised by a diving computer or table (eg, exceeding
the maximum ascent rate or shortening the advised
safety stop). The same questions were asked during a
telephonic follow-up, which was performed at the
end of the study (June 2019). For the patients for
whom follow-up was not available, survival was
checked in the National Database of Deaths. To
ascertain the cause of death for deceased patients
who died outside hospitals, interviews or mail
communication with the general practitioner or next
of kin were performed. The study was approved by
the local ethics committee, and all study subjects
gave written informed consent to participate in the
study.

IMAGING AND RISK STRATIFICATION. TCCS was
used for the detection of a right-to-left shunt as
described previously (9). The shunt was graded as
follows according to the International Consensus
Criteria: grade 1, 1 bubbles-10 bubbles; grade 2, >10
bubbles but no curtain (uncountable number of
bubbles); and grade 3, curtain (10). TCCS was per-
formed by experienced neurologists (M.S. and A.T.)
blinded to the diver's DCS history. Transesophageal
echocardiography (TEE) was offered to divers: 1) with
a history of DCS; 2) with a grade 3 shunt on TCCS; and
3) in whom TCCS examination was unsuccessful
(insufficient bone window). The same grading system
was used for TEE examination. If the result of TEE
was available, the higher grade of the 2 examinations
(TEE or TCCS) was counted. Divers with a grade 3 PFO
were offered either catheter-based PFO closure (the
closure group) or advised conservative diving (the
high-grade group). Divers with grades 1 and 2 shunts
were advised conservative diving (the low-grade
group), whereas those with no PFO continued unre-
stricted diving (the control group) (8). The term PFO
was used for all right-to-left shunts detected by TCCS
because PFO is the most prevalent shunt, and timing
of the bubble signals after contrast agent injection is
inconsistent in the differentiation between intracar-
diac and extracardiac shunts (10).

PROCEDURES. The PFO closure procedures were
performed in 5 centers between February 2006 and
November 2018. The Amplatzer Septal Occluder
(AGA Medical Corporation) was used in 10 (18%)
divers. In the remaining 46 (82%) cases, the Occlu-
tech Figulla PFO Occluder N (Occlutech GmbH) was
used. The procedures were performed as previously
described (11). The indication for the procedure was
the presence of a grade 3 PFO according to the In-
ternational Consensus Criteria and either: 1) a his-
tory of unprovoked DCS; or 2) in highly individual
cases the procedure was performed in divers with no
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history of DCS who would not be able to adapt their
diving to conservative recommendations (ie, pro-
fessionals) (8).

There were no major complications. Bleeding at
the puncture site with no need for intervention
occurred in 2 patients (3.6%).

DEFINITIONS. An unprovoked DCS was defined as
any DCS symptom that originated <24 hours after a
dive or series of dives that complied with all the rules
advised to recreational divers, as described previ-
ously (7). Briefly, the diver had to perform no-
decompression air or nitrox (air enriched with
oxygen) dives according to a dive computer or table
to a maximum depth of 40 m (7,12).

STATISTICAL ANALYSIS. Normally distributed data
are presented as mean = SD and non-normally
distributed data as median with IQR. The distribu-
tion of data was evaluated by the Shapiro-Wilk
normality test. The Student’s t-test, Mann-Whitney
U test, Fisher exact test, and chi-square test were
used when appropriate.

Estimates for long-term event-free survival were
made by the Kaplan-Meier method, and differences in
survival were assessed by the log-rank and Wilcoxon
tests. We used Cox proportional hazards models to
compute a HR with a 95% CI. The number of dives was
used as a pragmatic measure of time. A P value
of =0.05 was considered to indicate a statistically
significant difference. When comparing before and
after screening, the robust generalized estimating
equation-based approach was used (13). In particular,
we used the Huber-White sandwich-ty pe estimator of
SEs (amounting to elaboration on an independence
working model) and also the robust score test
(reflecting lack of within-individual independence)
for hypothesis of interest. All reported P values were
2-sided. Statistical analyses were performed using
GraphPad Prism version 6 (GraphPad Software) and
survival library in R (13,14).

RESULTS

A total of 829 divers were screened for the presence of
a right-to-left shunt between January 2006 and
December 2018 using TCCS. The mean age was 35.4 =
10.0 years, and 81.5% were men. Follow-up was
available in 748 (90%) divers; 702 of them continued
diving during follow-up and thus were included in
the analysis (Figure 1). The mean follow-up was 6.5 =
3.5 years. The baseline characteristics are summa-
rized in Table 1. For the baseline characteristics of the
divers who were lost to follow-up or who stopped
diving, see Supplemental Table 1.
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FIGURE 1 Partidpant Flow

829 divers enrolled
— 4 divers died *
— 2diversrefused FU
— 42 divers quit diving

— 79 divers lost to FU **

— 702 divers available for analysis

The diagram represents the participant flow in the study. The numbers of divers and
reasons for study dropout are shown. FU « follow-up. *Divers died of causes not
associated with decomgression sickness. **FU was not avallable, but patients were alive
according to the National Database of Deaths.

During the follow-up, there were a total of 702
divers: 55 in the closure, 98 in the high-grade, 128 in
the low-grade, and 421 in the control groups,
respectively. Of the 702 divers, 616 (82%) had prior
diving history (at least 1 dive before screening) and
were included in the survival analysis of the retro-
spective data (55in the closure, 90 in the high-grade,
106 in the low-grade, and 365 in the control groups,
respectively). A survival analysis was performed, and
Kaplan-Meier curves were created for both the
retrospective and prospective data. The number of
dives was used as a measure of time. The incidence of
DCS was compared between the groups, and the
retrospective and prospective data were compared.

The DCS occurrence decreased significantly in all
groups, except the controls: closure group HR:
9.876€-10; 95% CI: 6.55¢-10 to 1.489¢-09; P < 0.0001;
high-grade group HR: 0.3327; 95% CI: 0.1857-0.5961;
P = 0.0002; low-grade group HR: 0.1154, 95% CI:
0.0279-0.4771; P = 0.0029; controls HR: 0.3653;
95% CI: 0.0711-1.877; P = 0.228). During the follow-
up, there were no DCS events in the closure group;
the DCS incidence was similar to the controls in the
low-grade group (HR: 3.965; 95% CL 0.558-28.18;
P = 0.169) but remained higher in the high-grade
group (HR: 26.170; 95% CL 5.797-118.16; P < 0.0001).
For the Kaplan-Meier curves, see Central Illustration
and Figure 2. Table 2 summarizes the number of dives,
the number of DCS episodes, and the DCS incidence
rate for all groups before and during the follow-up.
The incidence rate before PFO screening and during
follow-up is compared for each group.
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TABLE 1 Baseline Data
A L (4 o AvsBwsCvsD
Controls (n ~ 421) Coswre Growp (n -~ 55) High Grades (n - 98) Low Grades (n - 128) P Value

Follow-w (y) 65 +£34 714£39 65 £32 63140 0.750
Age (y)

Start of follow-up 35.2+98 403+78 373+ 98 B3+98 <0.001

End of follow-up 417+£104 474 £ 80 438 £100 39.7+£%07 <000
Male 358 (85) 44 (78) 78 (80) 94 (73) 0.024
Dives, total at the end of follow-up 22679 63,586 48,059 2,21

Mean + SD 553 £ 1,020 1,156 + 1,656 491 + 667 407 + 768 <0001
New dives during follow - 24521 30,689 23328 28,254 <0001

Mean + SD 296 + 696 558 + 757 258 + 407 221 £ 506
BMI (kg/m?)

Start of follow-up 260+34 277+£36 26236 249+36 <0001

End of fallow-up 265435 279+ 40 266 +37 255+37 0.002
Smoxing

Start of follow-up 65 (15) 8(15) 13(3) 21(6) 0.927

End of follow-up 56 (13) 9 () 10 (0) 19 05) 0679
Vaues are mean +50,n (%), or n.

BMI ~ body mass Index; OCS ~ decomprassion sickness.

DISCUSSION

Our results provide the first evidence that a PFO
screening and risk stratification strategy might lower
DCS occurrence in a large cohort of divers. The main
findings of this study may be summarized as follows:
1) after the application of the risk stratification strat-
egy, the DCS occurrence decreased significantly in all
groups, except the controls; 2) PFO closure was
associated with DCS occurrence similar to the con-
trols; and 3) the conservative strategy had a similar
effect in low grades, but in high grades the DCS inci-
dence remained higher than in all other groups.
UNPROVOKED DCS. DCS is caused by nitrogen bub-
bles that form in supersaturated tissues during a
diver’s ascent (15). These bubbles cause symptoms by
local tissue damage, embolization into pulmonary
circulation, or systemic arterial embolization (4). To
prevent DCS, divers routinely use specialized dive
computers or tables that are based on mathematical
models calculating nitrogen kinetics (1). Unprovoked
DCSisdefined as symptoms originating after a dive or
a series of dives that comply with the rules of recre-
ational diving, including the adherence to the
decompression model (7,12).

It has been speculated that paradoxical emboliza-
tion through a PFO might be the reason why some
divers develop clinical symptoms after a properly
performed dive (16). In our previous study, we
demonstrated that a high-grade PFO was a major risk
factor for unprovoked DCS in 489 scuba divers (7). In
this study, 7% of the divers experienced an
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unprovoked DCS after recreational diving. The fre-
quency of PFO was 97.2% in divers with a history of
unprovoked DCS and 35.5% in controls. In a multi-
variate analysis, PFO grade 3 was a major risk factor
for unprovoked DCS; there was a slight protective
effect of increasing age, and no difference was found
insex, body mass index, or the total number of dives.
On the other hand, in other studies that did not spe-
cifically focus on recreational diving, age, body mass
index, and repetitive diving were identified as risk
factors of DCS (2,17,18). By contrast, in a small case-
controlled study of divers with recurrent DCS, a
right-to-left shunt and a lack of changes in the way of
diving after a prior DCS were found to be the only
predictors of neurological DCS recurrence (5). In the
present study, DCS occurrence was higher only in the
high-grade group compared with divers with no PFO.
In divers after catheter-based PFO closure and in
divers with a low-grade shunt managed conserva-
tively, the DCS occurrence was similar to controls.

PFO SCREENING AND RISK STRATIFICATION.
Although the issue of PFO in divers has been studied
for nearly 4 decades, it is noteworthy that a
consensus among experts on practical issues such as
PFO screening recommendations and risk stratifica-
tion has not yet been reached (19). Routine
PFO screening in divers is currently not recom-
mended (19-21). Some authors have recommended
testing for the presence of PFO in divers with recur-
rent or severe neurological DCS (22,23). However, to
date, there are no prospective data evaluating any
PFO screening strategy. The most important practical
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CENTRAL ILLUSTRATION Comparison of Decompression Sickness Occurrence During Follow-Up
1m- lll; TN 1 :l T 11
1 UL il 1 11
£
90
&
g
-
§ 80 4 111 11
= Log-rank P < 0.0001
Wilcoxon P < 0.0001
Test for trend P < 0.0001
70 4
0 100 200 300 400 500
Dives
No. atrisk:
L Closure During Follow-Up 55 39 33 25 22 19
—L— Controls During Follow-Up a2 223 156 106 88 70
—L_ Low-Grades During Follow-Up 128 58 37 25 18 n
—L High-Grades During Follow-Up 98 44 32 23 17 15
Honek, J. et al. J Am Coll Cardiol Img. 2022;15(2):181-189.
Kaplan-Meler analysis: survival free from unprovoked de sickness. Comp of p data (during FU) between study groups.
Closure, divers with a catheter-based patent foramen ovale closure device; high-grades, dvers witha high-grade patent foramen ovale that hasnot been
occluded; low-grades, divers with a low-grade patent foramen ovale; controls, divers with no patent foramen ovale. The number of dves isused as a
measure of time. FU « follow-up.

questions discussed are how to risk stratify the divers
with a PFO and what preventive measures should be
recommended. Theoretically, there are 3 ways to
reduce the risk of DCS: cessation of diving, a conser-
vative approach to diving, and PFO closure. So far,
however, there has been a lack of clinical studies that
could support our clinical decisions.

In the DIVE-PFO registry, we screened all recrea-
tional and professional divers by means of TCCS. It
has been demonstrated previously that the risk of
DCS parallels the shunt grade (24). We have applied
the International Consensus Criteria for PFO grading
(10). A choice of catheter-based PFO closure or con-
servative diving was offered only to divers with a
grade 3 shunt (high grade), whereas divers with
grades 1 and 2 shunts (low grade) were advised to
conservative diving. This strategy led to a decrease in
DCS occurrence in all groups.

CONSERVATIVE DIVE PROFILES. Conservative dive
profiles (CDPs) are measures that should lead tolower

bubble production and a reduction in the incidence of
clinically overt DCS. This may be achieved by limiting
exposure to higher nitrogen partial pressures or by
allowing for more gradual tissue desaturation. To
reduce nitrogen exposure, various CDP recommen-
dations limit the maximum depth, dive time, or
number of dives per day or recommend the use of
oxygen-enriched gas mixtures (5,25). To slow down
tissue desaturation, a slower ascent rate and longer
safety stops are recommended (25). In our pilot study
in a hyperbaric chamber, we demonstrated the effect
of a slower ascent rate on the occurrence of venous
and arterial bubbles in divers with a PFO (26). In the
present study, we observed a reduction in the inci-
dence of DCS after CDP recommendations in divers
with a PFO compared with retrospective data.
However, the DCS occurrence was similar to controls
only in the low-grade group; in divers with a high-
grade shunt, it remained significantly higher. Be-
sides CDP, there is also experimental evidence that
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FIGURE 2 DCS Before and After PFO ng and Risk
‘00 TR TR TTRTTIN T AL ' i M4 1L i 1 'y IOO-
E 80 ; 804
g 504 Log-rank p <0.0001 g 07
: 4
E 40 Vilcoxon p < 0.0001 % 40 Lg-rankp< 00001
i § Wilcoxon p= 0.0004
w w
20 20
0 T T T T T 0 T T T T T
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Dives Dives
No. at risk: No. at risk:
55 39 33 25 22 19 98 44 32 23 17 15
55 27 7 3 8 7 €0 37 20 n 7 6
- Closure During FU - Closure Before - High -Grades During FU-~ High -Grades Before
100 1
100 wemmiibhan i e . R
§ 80 4 ; 95 4
g ! 904 Log-rank p = 0.210
w60 A Log-rank p < 0.001 u Wikoxonp = 0281
§ Wikoonp = 0.005 E
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0 100 200 300 400 500 0 100 200 300 400 500
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128 58 37 25 18 n a1 223 156 106 88 70
108 48 23 18 12 363 196 136 99 n 60
- Low-Grades During FU - Low-Grades Before < Controls During FU - Controls Bef ore
Kaplan-Meler analyss: survival free from unp de sickness. C of (before) and pr data (during FU).
Closure, dvers with a catheter-based patent foramen ovale closure device; high-grades, divers with a high-grade patent foramenovale that has not been
occluded; low-grades, divers with a low-grade patent foramen ovale; controls, divers with no patent foramen ovale. The number of dves is used as a
measure of time. FU « follow-up.

preconditioning methods, such as predive heat
exposure, oxygen administration, hydration, or ex-
ercise, might decrease the occurrence of venous
bubbles (27-31). None of these measures have been
tested in divers with a PFO.

PFO CLOSURE. Several authors suggested that a
catheter-based PFO closure in divers might eliminate
the arterialization of bubbles and prevent unpro-
voked DCS (32-34). We have previously reported from
the DIVE-PFO registry that catheter-based PFO
closure was more effective in DCS prevention than
CDP in divers with a high-grade PFO (8).
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To date, there are no other prospective studies that
would assess the clinical benefit of PFO closure in
divers. However, some small retrospective studies are
available (35-37). Koopsen et al (35) retrospectively
reviewed records of 62 divers referred for TEE after
DCS. A PFO or an atrial septal defect (ASD) was found
in 35 (56%) of the divers, and a closure procedure was
performed in 21. Of the 14 divers with a PFO/ASD and
no closure, only 7 continued diving. In a telephonic
follow-up (mean = 6.8 years), no case of DCS was
found in either the divers with PFO/ASD closure or
the divers with no closure. In another study, Henzel
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TABLE 2 DCS Occurrence DCS Occurrence
Divers With Total of Unprovoked hddence Rate,
-IE:- Dives Urprovoked DCS DCS Eplsodes /1,000 Dives
Growp A 1] [ o o/ P Value
Contrals 363 Prior 108,158 5(14) » on 0259
a1 During 124,50 2(0.5 2 0.02
a1 Total 232,679 7070 14 0.06 -
Low grades 08 Prior 23883 14(13.0) 42 1.76 0.0005
128 During 28254 2(15) 8 028
128 Total 52,137 % (125) 50 0.96 -
Qasure 55 Prior 32,897 39 (70.9) 136 4.3 <0.0001
55 During 30,689 0(0.0) o 0.00
55 Total 63,586 39 (709 136 214 -
Hgh grades 90 Prior 22741 3367 m 525 <0.0001
o8 During 308 noLy 19 arx
Total 48,069 44 (449) 138 2.87 -
AL growps 616 Prior 187679 91(14.8) 309 165 <0.0001
R During 208,792 1520 p] LA
] Total 39647 106 (151) 338 085 -
Vs are n orn (%), wnless oth ndcated. G of o sckness Induding repeated episodes before patent foramen ovale screening
rioe) and during Sollow -up (during). Bold val wes notes statistically significant d¥ferences.
OCS ~ decompresson Sckness.

et al (36) followed by telephone 11 consecutive divers
in whom a device PFO closure was performed. During
the mean follow-up of 91 months after PFO closure,
no DCS episodes were observed even though the
divers returned to unrestricted deep diving. Ander-
son et al (37) followed 65 divers who volunteered for
participation in the study and tested positive for a
PFO/ASD in at least 38 different centers. Forty-two
divers underwent a catheter-based closure, and 23
continued diving without closure. They compared
retrospective data with a prospective follow-up. In
the closure group, the occurrence of confirmed DCS
decreased significantly compared with preclosure,
but this reduction was not significant in the conser-
vative group. Still, the primary end point (confirmed
DCS) was not different between the 2 groups (only 2
cases occurred in each group during the follow-up).
The present study, with its follow-up of 702 divers
who performed more than 200,000 dives, is the
largest available to date. In addition, the uniform
screening method by TCCS and prospective inclusion
in the registry are, so far, unique in this field. In the
present study, there were no DCS events in the
closure group during follow-up. This is consistent
with the results of numerous retrospective studies
that strongly suggest that PFO is the clinically rele-
vant route of paradoxical embolization in divers
(6,22,24,34,38). It has been suggested that the trans-
pulmonary passage of nitrogen bubbles might also
play an important role in the occurrence of postdive
arterial gas emboli (39). On the other hand, in a

previous experimental study, we had not observed
any arterial bubbles in divers after PFO closure even
after provocative dive exposures in a hyperbaric
chamber (40).

We must bear in mind that PFO closure is an
invasive procedure with potential major complica-
tions, even though the occurrence is generally low
(<1%) (41). In addition, a recent retrospective study of
59 divers after catheter-based PFO closure reported
recurrent DCS in 4 divers. In 3 of them, a residual
shunt was subsequently found; the fourth patient had
aggravating factors for his recurrent DCS (42).
Therefore, we believe that the decision for the inter-
vention should be very carefully considered and
performed in highly experienced centers. The
apparent risk reduction strategy is the cessation of
diving, but in our experience this suggestion is rarely
accepted. In this study, only 5% of the divers
reportedly quit diving. We believe that catheter-
based PFO closure may be an effective and safe pre-
ventive measure for divers who are unable toadopt to
strict conservative recommendations (ie, pro-
fessionals) or who wish to continue frequent or
technical diving (ie, deep diving, diving with gas
mixtures, etc.)

STUDY LIMITATIONS. This registry study with pro-
spective patient enrollment is subject to inherent
limitations, including selection bias. Therefore, the
prevalence of PFO and the incidence of unprovoked
DCS might not be generalizable to the overall popu-
lation of recreational divers. However, the incidence
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rate of DCS in the whole cohort was comparable with
previous reports (43,44). Although this study is, to
our knowledge, the largest available, the number of
end points is still low. The self-reporting of end
points is another limitation of the study because the
majority of cases were not examined by a specialist at
the time of the DCS event.

CONCLUSIONS

The screening and risk stratification strategy using
TCCS was associated with a decrease in DCS occur-
rence in divers with PFO. Similar DCS rates were
observed in the closure and low-grade groups; in the
high-grade group, the occurrence decreased but
remained higher compared with the controls. We
suggest that this strategy may be an effective tool in
DCS prevention in divers with PFO. However, for
divers with a high-grade shunt managed conserva-
tively, stricter recommendations may be considered.

ACKNOWLEDGMENT The authors acknowledge Eva
Hansvenclova for assistance with statistical analysis.

FUNDING SUPPORT AND AUTHOR DISCLOSURES

This research was supported by the project for conceptual develop-
ment of research organization (grant number 00064203) and the AZV
Grant, Ministry of Health, Czech Republic (grant number 15-34904A)
and was partially supported by the long-term strategic development
financing of the Institute of Computer Science (Czech Republic RVO
[3 ) and the Ministry of Ed Youth and Sporns of
the Czech Republic (Large RI Project LM2018129 Czech-Biolmaging).
The authors have reported that they have no relationships relevant
10 the contents of this paper to disclose.

JACC: CARDIOVASCULAR IMAGING, VOL. 15, NO. 2, 2022
FEBRUARY 2022:181-189

ADDRESS FOR CORRESPONDENCE: Dr Jakub Honék,
Department of Cardiology, University Hospital Motol,
V Uvalu 84, 150 06, Praha 5, Czech Republic. E-mail:
jakub.honek@gmail.com.

COMPETENCY IN MEDICAL KNOWLEDGE:
Screening and risk stratification for PFO was assod-
ated with a decrease in DCS occurrence in divers.

COMPETENCY IN PATIENT CARE: Divers should
be made aware that PFO is associated with an
increased risk of unprovoked DCS. This condition can
be ultrasonographically detected, and the risk of DCS
can be mitigated by subsequent preventive measures
(je, catheter-based PFO closure or conservative
approach to diving).

TRANSLATIONAL OUTLOOK 1: A prospective
randomized clinical trial would be beneficial to
confim the results of this study.

TRANSLATIONAL OUTLOOK 2: The inddence of a
high-grade PFO was high in this study, and divers
benefited from catheter-based PFO closure more than
the conservative approach. Therefore, stricter rec-
ommendations for divers with a high-grade PFO
should be considered.
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Souhrn
VySsetifovani potapéci na pritomnost PLZ probiha na naSem pracovisti od roku 2006 az

doposud a postupné se podaftilo vytvofit jednu z nejrozsahlejSich databazi daného zaméfeni na
svéte nazvanou DIVE-PFO (Decompression Illness Prevention in Divers with a Patent
Foramen Ovale). Vyznamna je jednak poctem vySetfenych potapéci a také délkou jejich
sledovani. Shromazdéna data jsou zakladem pro nase vyzkumné a publikacni prace, umoziuji
mimo jiné kontaktovat potapéce za ucelem dlouhodobého sledovani klinického stavu atd. O
problematiku PLZ je mezi potapécskou vetejnosti zajem, takze dosud neni problém s naborem
novych probandl a zajemci se objednavaji sami. Pro profesionalni potapéce policejni a
hasi¢ské je vySetfeni PLZ nezbytnou soucasti vstupni 1ékatské prohlidky a probiha nejcastéji
na naSem pracovisti. VySetiujeme vétSinou skupinu cca 10 potapéct s frekvenci jednou za
jeden az dva mésice. V ptipadé potieby je dalsi dovySetieni pomoci TEE a pfipadny uzavér
PFO provadén na Kardiologické klinice 2. LF UK a FN Motol. Uzavér PFO zvazujeme
zejména u potapec, kteti prodélali zavaznou DCS a omezit nebo pierusit potapéni je pro né
prakticky nemozné, vétSinou tedy jde o profesionaly IZS (policisté, hasici,...) a potapeécské
instruktory.

V soucasnosti (leden 2024) je v naSem registru zatazeno 1204 vySetenych potapéeci,
z toho 974 (81 %) muzi a 230 (19 %) Zen, prumérny v€k v dobé vysetieni je 35 let. Obvykle
udavany pomér muzil a zen mezi potapeci je 65 % ke 35 % zen, vyssi zastoupeni muzi
v naSem souboru je patrné zptisobeno vyznamnym, 39% podilem profesionalnich potapéct
(policisté, hasici,...) mezi nas§imi probandy.

Transkranialni ultrazvukové vysetfeni (TCCS) s podanim pulmolabilni echokontrastni
latky se nam osvedcilo jako vhodny screeningovy nastroj k odhaleni PLZ pro potapécskou

populaci. Moznym limitem vySetieni je nedostate¢na prostupnost temporalni kosti pro

ultrazvukovy paprsek, ktera se dle literarnich udajt vyskytuje ve 12 — 19,9 % ptipadd, vice u
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starSich pacientll a u zen (Postert, Federlein et al. 1997, He, Wu et al. 2022). V nasem registru
se tato limitace neprojevila jako vyznamna, z celkem 1204 potapécti nebylo vysetieni mozné
provést jen u sedmi jedincti (0,6 %) z divodu nedostate¢ného kostniho okna. Divodem mize
byt pfevaha mladSich osob a muzli mezi vysetfovanymi. Jedincim s nedostatecnym kostnim
oknem nabizime v ptipad¢ zajmu provedeni TEE na spolupracujicim klinickém pracovisti.
Potapéci zatazeni do naseho registru provedli celkem 290 097 ponort, béhem kterych
zaznamenali 1190 ptipadi DCS, nekteti prodelali DCS opakované. Celkové riziko DCS
v nasem souboru zlstava malé, jen 0,004 na jeden ponor. Neurologické ptiznaky se vyskytly
ve 103 pfipadech.

Pravo-levy zkrat jsme prokazali ve 479 (39,7 %) piipadech, tito potapéci uskuteénili
122 699 ponori a zaznamenali 932 DCS, v 89 ptfipadech s neurologickymi ptiznaky. Riziko
DCS je v této skupin€ 0,007 na jeden ponor.

Ostatni potapéci, celkem 718 (59,6 %), ktefi neméli prokazany PLZ, uskutecnili 165 456
ponort a zaznamenali 250 ptipadid DCS, z toho 11 s neurologickymi ptiznaky. Jejich riziko
vzniku DCS je 0.001 na jeden ponor.

Mezi potapéci s prokazanym PLZ ptevazovala intrakardialni lokalizace zkratu, tedy
pravdépodobné PFO ve 450 (94 %) ptipadech ze 479. Ve 29 (6 %) ptipadech se dle TCCS
jednalo pravdépodobné¢ o plicni zkrat, jejichz vyskyt je v literatufe udavan ve velmi Sirokém
rozmezi (Nakayama, Nawa et al. 2012, Lee and Oh 2020). VSichni potapéci se suspektnim
plicni zkratem jej méli jen v nizkém nebo stiednim stupni, které povazujeme za klinicky spise
nevyznamné pro dalsi potapéni. Proto jsme neprovadéli jejich dalsi dovysetieni (CT AG plic,
DSAG plic...) vzhledem k nutné zatézi radiaci a kontrastni latkou.

Vysledky z naseho registru byly podkladem pro praci vénujici se ovéieni souvislosti PFO
a vzniku DCS a piipadnému vlivu dalsich rizikovych faktort (Hongk, Sramek et al. 2019).

Analyzovali jsem data 489 potapeci vySetfenych mezi lety 2006 a 2014. Vyskyt PFO byl 97,2
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% ve skupin€ po prodélané DCS a 35,5% u kontrol, rozdil byl statisticky signifikantni
(p<0,001). Obe¢ skupiny se nelisily v ostatnich charakteristikach, tedy v zastoupeni pohlavi,
veéku, BMI nebo celkovém mnozstvi ponorti. Adjustované hazard ratio HR pro vznik
neprovokované DCS byl 60,0 (HRadj=60.0, 95%CI 8.2—438.5, p<0.001) pro potapéce s PFO
oproti potapeci bez PFO. Z vyse uvedenych vysledki se zd4, Ze doporucené dekompresni
postupy pro obecnou potapécskou populaci mohou byt nedostatecné bezpecné pro potapéce
s PFO.

Nase dalsi prace se vénuje riziku vzniku DCS s neurologickymi ptiznaky v zavislosti
na pritomnosti PFO (Sramek, Honek et al. 2022). Analyzovali jsme data 640 potapéct
vySetienych mezi lety 2006 a 2017 na pfitomnost PFO a také na stupen prokdzaného zkratu -
nizky, stfedni a vysoky. Soucasti vstupniho vySetfeni byla podrobna anamnéza se zaméfenim
na prodélanou DCS a potencialné rizikové okolnosti jejiho vzniku, zejména zda se jednalo o
opakované ponory v jednom dni, dekompresni ponor, ponor ve studené vodé, zda po ponoru
nasledovala fyzicka namaha nebo mu predchazela dehydratace. Ke zhodnoceni vyznamu
rizikovych faktori pro neprovokovanou DCS byla opét pouZita analyza pteziti.

Neurologickéa forma DCS se vyskytla u 44 (17,1 %) potapéci s PFO ajen u 5 (1,3 %)
bez PFO. Vyskyt neurologické formy DCS stoupal od 4,6 % ve skupiné s nizkym stupné
zkratu az k 57,1 % ve skupin€ s vysokym stupné zkratu nativné. Hazard ratio pro jakékoliv
PFO a neurologickou formu DCS je 11,806 (CI 4.670-29.843, p<0.001). Ve skupiné
v vysokym stupném zkratu po Valsalvové manévru zahrnujici celkem 131 potapéct prodélalo
30 (22,9 %) z nich neurologickou formu DCS, néktefi dokonce opakovang.

Ponory, po kterych doslo k rozvoji DCS s neurologickou symptomatikou, byly
provazeny v 75,5% nékterou z vySe uvedenych rizikovych okolnosti, nejcastéji se jednalo o
opakované ponory v jednom dni v 63,3%. Ve vyskytu téchto rizikovych okolnosti nebyl

rozdil mezi skupinou s PFO a bez PFO.
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Potapéci s PFO méli vyznamné vyssi vyskyt neurologické formy DCS a toto riziko
korelovalo se stoupajici zavaznosti zkratu. Predchazeni rizikovym okolnostem, jako jsou
opakované ponory, mize byt souc¢asti doporuceni pro potapéce s prokazanym PFO k prevenci
rozvoje DCS.

Soucasti nasi prace jsou také klinické experimenty, které probehly ve spolupraci
s pracoviStém hyperbarické a potapécské mediciny Oblastni nemocnice Kladno. Zdejsi
hyperbarickou komoru provozuje spolecnost Kiibeck s.r.o. a diky vstiicnosti jejiho vedouciho,
MUDr. Stépana Novotného, probéhlo nékolik experimentalnich ponorti s monitorovanim
vyskytu mikrobublin jak v pribéhu ponoru, tak hlavné po ném a to jak ve venozni, tak
arterialni krvi.

Pti prvni publikovaném experimentu jsme se zabyvali vyskytem plynovych bublin ve
vendzni a arterialni krvi po simulovaném ponoru u potapécii s prokdzanym PFO (Hongk,
Sramek et al. 2014). Cilem bylo ovéfit, zda pomalejsi rychlost vynofeni povede k redukci
vyskytu bublin oproti ponoru se standardni rychlosti vynofeni. Studie se zfi¢astnilo 46
potapect se znamym PFO, kteti prodélali simulovany ponor do 18 metrti v hyperbarické
komote, ale ve tfech rozdilnych rezimech liSicich se zejména rychlosti vystupu. Dva
standardnimu. Rezim s nejpomalejsi rychlosti vystupu vedl dokonce k uplné eliminaci
vyskytu bublin v arterialni krvi, které ale byly zachyceny u dalSich dvou rezimt. Nase prace
prokézala u¢innost konzervativniho, bezpe¢ného profilu ponoru na snizeni vyskytu bublin
plynu v Zilni i arteridlni krvi ve srovnani s obvyklym profilem ponoru. Tento vysledek je pro
nas oporou pro tvorbu doporuceni pro potapéce se zjisténym PFO.

Pti druhém publikovaném experimentu jsme srovnavali vyskyt bublin pfi dvou

¥ v o

riznych simulovanych ponorech u potapéca s PFO oproti potapéciim po katetrizatnim

¥ v o

uzaveéru PFO (Honek, Sramek et al. 2014). Mezi obéma skupinami potapéci nebyl
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signifikantni rozdil ve tvorb¢ bublin v Zilni krvi pfi obou ponorech, ale u skupiny potapéct po
katetriza¢nim uzavéru PFO doslo k iplné eliminaci vyskytu bublin v arteridlni krvi. Tento
experiment potvrdil zasadni roli PFO pro pfestup bublin z venézni krve do arteridlni a také
efektivitu katetriza¢niho uzavéru PFO v prevenci arterializace téchto bublin.

Na nasem souboru jsme si ovéfili souvislost mezi vyskytem DCS a ptitomnosti PFO
v nasi potapécské populaci, stejné tak TCCS jako vhodnou screeningovou metodu.
Experimenty v barokomote nam pfinesly poznatky o redukci mnozstvi bublin v krvi diky
pomalejSimu vynotovani a okluzi PFO a to vSe nas smétovalo k dlouhodobému sledovani
potapéct. Nasim dalsim cilem bylo zmapovat vyskyt DCS u potapéci, ktefi u nas byli
vySetieni na pfitomnost PFO a déle pokracovali v potapéni se zvlastnim zietelem na ty, ktefi
podstoupili katetriza¢ni uzavér PFO. Kontaktni tdaje (telefonni ¢islo, email) obsazené
v registru DIVE-PFO nam umoznily obeslat jednotlivé potapéce kontrolnim dotaznikem nebo
je kontaktovat piimo telefonicky.

Prvni publikovana prace v ramci folow-up se zabyva dlouhodobym efektem
katetriza¢niho uzavéru PFO na vyskyt neprovokované DCS (Hon&k, Sramek et al. 2020).
Z 829 potapect vysettenych mezi lety 2006 a 2018 se podarilo telefonicky kontaktovat 748
(90%), z nichz 702 se nadale potapélo. U 153 (22%) z nich bylo vstupné zjiSténo vyznamné
PFO, 55 podstoupilo katetriza¢ni uzaver (intervencni skupina) a 98 bylo doporuceno potapéni
v bezpe¢ném konzervativnim rezimu (kontrolni skupina). U dvou potapéci (3,6%) ze skupiny
katetriza¢n¢ uzaviranych doslo k mirnému krvaceni v misté vpichu katetru, jiné komplikace
se nevyskytly. Median doby sledovani byl 7,13 let u potapéci po katetrizacni okluzi PFO a
6,53 let u kontrolni skupiny. V kontrolnim obdobi probé&hla neprovokovana DCS u 11
potapéct v kontrolni skupiné a u zadného potapéce v intervencni skupiné. Tato prace
prokazala, ze katetrizacni okluze PFO je v prevenci neprovokované DCS ucinnéjsi, nez

konzervativni piistup u potapect s vyznamnym PFO.
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Cilem dalsi prace bylo zmapovat dlouhodoby vyskyt DCS u potapéct, kteii
podstoupili vstupni screeningové vysetieni na piitomnost PFO a byli rozfazeni do skupin dle
stupné zkratu a rizika vzniku DCS (Hongk, Sramek et al. 2022). Jednalo se o stejnou skupinu
829 potapeci jako v predchozim ¢lanku. Potapéctim s vysokym stupném zkratu byl nabidnut
katetrizacni uzavér PFO (skupina uzavtenych, 55 pac.), nebo bezpecny, konzervativni zpiisob
potapéni do budoucna (skupina vysokého stupné, 98 pac.), zvoleny postup zalezel na jejich
preferencich. Potapéctim s niz§im stupné zkratu byl doporucen bezpecny, konzervativni
zpisob potapéni (skupina nizkého stupné, 128 pac.) a potapeci bez prokazaného PFO byli
tvotili kontrolni skupinu (421 pac.).

Podatilo se telefonicky kontaktovat 748 potapéct (90%), z nich se 702 nadale
vénovalo potapéni a byli tedy zatazeni do dalsi analyzy. Primérna doba sledovani byla 6,5 let
(= 3,5 let). Vyskyt DCS se signifikantné snizil ve vSech skupinach s vyjimkou skupiny
kontrolni, kde byl zcela minimalni jiz vstupn¢. Béhem doby sledovani neprob¢hla zadna DCS
ve skupiné katetrizacné uzavienych PFO, v nizko stupiiové skupiné se snizil na aroven
kontrolni skupiny a incidence DCS byla nezménéna ve skuping kontrolni. Ve skupiné
s pretrvavajicim vysokym stupném zkratu doslo k poklesu vyskytu DCS ve srovnani s dobou
pred screeningem, nadale vSak zistal nejvyssi ze vSech skupin potapéct. Podatilo se nam
prokazat, Ze screening s vyuzitim TCCS a rozdéleni potapect dle stupné zkratu vedl ve
sledovaném obdobi se snizeni vyskytu DCS u potapéct s prokazanym PFO. U skupiny
s nizkym stupném zkratu a skupiny po katetrizacnim uzavéru se vyskyt DCS snizil na troven
kontrol, u skupiny s vysokym stupném zkratu se také signifikantné snizil, nadale vSak

zustaval nejvyssi z celého souboru.
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Diskuze

Diky ziskanym poznatklim jsme nyni schopni nejen potapéce dobte vysetfit na
ptitomnost PLZ, ale také jim poskytnout védecky ovéené doporuceni k dal§imu potapéni dle
jeho individualniho nalezu. Dosavadni doporuceni vyhrazuji screening PFO jen pro nckteré
rizikové skupiny potapéct (Smart, Mitchell et al. 2015, Pristipino, Germonpré et al. 2021). Na
zaklad€ nasi prace se vSak domnivame, Ze primarni screening potapécii na pritomnost PLZ je
smysluplny a sam o sob€ vede ke snizeni dalsiho rizika rozvoje DCS. Ptipadny katetriza¢ni
uzaver je vyhrazen spise pro profesionalni potapéce a mél by byt provadén po peclivém
individualnim posouzeni jinych moZnosti postupu na pracovisti, které tyto vykony provadi
rutinng (Pristipino, Germonpr¢ et al. 2021).

Je potieba poznamenat, ze PFO neni vylu¢nou pti¢inou DCS, protoze jsou
zaznamenané nevyprovokované DCS i u potapécti bez PFO. Pii jejich vzniku jsou zvazovany
n¢které dalsi mechanismy, jako napiiklad endotelidlni dysfunkce a dalsi (Madden and Laden
2009, Kemper, Rienks et al. 2015). Nicmén¢ z naSich dat i z publikaci jinych autort vyplyva,
ze PFO je faktorem nejvyznamnéjs$im (Apostolos, Drakopoulou et al. 2022).

Ke vzniku DCS samotna ptitomnost PFO nestaci, musi nastat situace pti které dochazi
k tvorbé bublin ve vendzni krvi, aby mohly nasledné ptejit do krve arterialni. Dle nasSich
poznatki jsou takovymi situacemi zejména hluboké ponory, opakované ponory v jednom dni,
dale také fyzicka namaha po ponoru, dehydratace pfed ponorem nebo ponor do studené vody.
potapéni u potapeéca s prokazanym PFO (Klingmann, Rathmann et al. 2012, Pristipino,
Germonpré¢ et al. 2021).

Krom¢ piihod nevyprovokovanych se dale vyskytuji ptihody zplisobené porusenim

dekompresniho rezimu, kterym se navzdory kvalitnimu vycviku neda vzdy vyhnout. V naSem
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souboru jich bylo 91 (7,6 %) z celkovych 1190 zaznamenanych DCS, coZ odpovida udajim
z literatury (Cialoni, Pieri et al. 2017).

Navzdory vyznamnému posunu v nasich znalostech stran souvislosti mezi PFO a
vyskytem DCS zlstavaji odpovedi na nékteré otazky nejasné.

Jako prvni bych zminil otdzku progrese velikosti zkratu u PFO pfi dlouhodobém
potapéni, ktera je uvadéna nekterymi autory (Germonpre, Hastir et al. 2005). V nasem
souboru jsme dosud jasné znamky progrese velikosti zkratu pfi telefonickych kontrolach ani
kontrolnich vySetienich nezaznamenali, ale v budoucnu planujeme podrobnou analyzu
zamétenou na tuto oblast.

Druhou zajimavou oblasti pro dal§i vyzkum navazujici na téma DCS s neurologickymi
ptiznaky jsou mozkové glidzy, kdy je n¢kterymi autory popisovan jejich vétsi vyskyt u
potapect s PFO, jini takovou souvislost nenachazi (Erdem, Yildiz et al. 2009, Kohshi, Tamaki
et al. 2014, Balestra and Germonpré 2016). Pfedmétem vyzkumu miize byt ovéfeni jejich
vyskytu na MR vysetteni, nalezeni souvislosti s PFO a ptipadny vliv na kognitivni vykonnost.

Potapéni jako pobyt v prostfedi, na které neni clovék evoluc¢né vybaven, zlstava
spojeno se zvySenym rizikem zdravotnich komplikaci. Krasa podvodniho svéta vSak bude i
ptes toto riziko dale pfitahovat pozornost lidstva, jak je tomu od nepaméti. Nasim tkolem

jako zdravotniki je pomoci omezit vyskyt zdravotnich komplikaci na nejmensi moznou miru.
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DIAGNOSTIKA PgAvo-LEVEHo §RD;6N|’H0
ZKRATU POMOCIi TRANSKRANIALNI
DOPPLEROVSKE SONOGRAFIE

MUDr. Ales Tomek, MUDr. Martin Sramek
Neurologicka klinika 2. LF UK a FN Motol, Praha

TCD s podanim pulmolabilni echokontrastni latky umoziiuje s vysokou senzitivitou detekovat pravo-levy srdeéni zkrat, kterym je nejéastéji
PFO. TCD umoznuje kvantifikovat miru, a tedy i riziko zkratu a dale odhadnout jeho lokalizaci (extra- nebo intrakardiélni). Oproti transe-
zofagealni echokardiografii ma TCD nizsi specificitu, ale je méné invazivni a Iépe umoziiuje detekci extrakardidlnich zkratu. VySetreni je
indikovéno u pacientil po ischemické cévni mozkové piihodé k prikazu mozné paradoxni embolizace, déle u sledovani téchto pacientt
po katetrizaénim uzévéru PFO. Dal$i moZnou indikaci je screening pacientl s migrénou s aurou a u potapécu s projevy dekompresni

nemoci.

Klicova slova: transkranidlni dopplerovské vySetfeni, pravo-levy zkrat, migréna, dekompresni nemoc.
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Seznam zkratek

ASA - aneuryzma septa sini

ASD - atrialni septalni defekt

HITS — hyperintenzivni tranzientni signél
iCMP - ischemicka cévni mozkova pfihoda
MBS — mikrobublina

MCA - arteria cerebri media

MRI - magnetickd rezonance

PFO - perzistujicf foramen ovale

PLZ — pravo-levy zkrat

TCD - transkranialni dopplerovské vySetfeni
TEE - transezofagedini echokardiografie
TTE - transtorakalni echokardiografie

Uvod

PLZ je pfimd komunikace mezi vendznim a arte-
ridinim fecistém umoznujici pranik vendzni krve do
systémového fecisté, aniz by proéla filtrem plicnich
kapilar. PLZ ma vztah k nékterym neurologickym
onemocnénim a jeho detekce je Castym Ukolem
neurosonegrafisty.

PLZ rozlidujeme intrakardialni (foramen ovale
patens, PFO; vzécné atridini septalni defekty, ASD)
—tvoff asi 90% v3ech PLZ a extrakardidini (nejéas-
t&ji plicni A-V fistuly) - asi 10% PLZ. Nejcastéjsi
pi¢inou PLZ je oteviené foramen ovale (PFO). Je to
reziduum embryonalné zalozeného sifiového zkra-
tu s dalezitou funkel v prenatalnim obdobi, kdy je
u lidského plodu vedena okyslicend krev z matefské
placenty do pupedni Zily a nasledn& Zilnim systé-
mem plodu do srdce. Po poredu a prvnich nadesich
dochdazi k rozvinuti plic a poklesu tlaku v plicnici. To
vede k pfesmérovéni krevniho toku z pravé siné do
pravé komory a plic. PFO, které je viastné stérbinou
mezi dvéma listy sifiové prepazky (septum primum
a secundum), se uzavie diky vzestupu tlaku v levé
sini, ktery pfitlaci oba listy k sobé. U vétsiny lidi do
jednoho roku sroste a otvor se Uplné uzavie. Asi

u 15-30% populace dle citlivosti pouZité metodiky
(10) vSak pifetrvavd rizné velka komunikace obou si-
ni. Za normalnich tlakovych pomérd byva PFO uza-
vieno pretlakem v levé sini. Pfi obéasném zvyseni
tlaku v pravé sini (tlak na stolici, zvedani bfemene)
muZe byt odtud protiadovéna krev i s pfipadnymi
bublinami nebo tromby do levé siné a dél do velkého
obéhu a dochazet tak k paradoxni embolizaci mimo
jiné do CNS. Klinicka vyznamnost PFO je déna ve-
likosti a morfologii PFO. Stérbinovity tvar defektu
dany embryologicky preristanim septum primum
a septum secundum umozfiuje typicky pouze jedno-
smerny zkrat z pravé do leveé sing, zejici otvor funkc-
né odpovidd malému ASD s obousmérnym zkratem.
Mensi ASD se sice vzéacné mohou poprvé projevit
iCMP, nicméné vétsinou se manifestuji pfiznaky kar-
didini insuficience pfi hemodynamicky vyznamném
levo-pravém zkratu.

Moznosti detekce
pravo-levého zkratu

V prikazu PFO jako nejéastdjsiho PLZ je zlatym
standardem semiinvazivni TEE vySetfeni s podanim
echokontrastni latky. Alternativou je katetrizaéni

vy$etfeni srdeénich dutin rentgenkontrastni latkou,
vétdinou v ramci celkového kardiologického vysetfe-
ni spide nez jen z divodu patrani po PFO. Méné sen-
zitivni metodou je transtorakdlni echokardiografie
(TTE) rovnéz s podénim echokontrastu. Pfi suspekci
na plicni A-V spojky Ize provést CT, CT angiografii
nebo klasickou angiografii plicniho fecisté.
Principem TCD vySetfeni PLZ je podéni pulmo-
labilni echokontrastni latky obsahujici mikrobubliny.
Za normdlnich okolnosti (tj. v nepfitomnosti PLZ)
dojde k odfiltrovani vzduchovych mikrobublin pfi
prichodu krve plicnim kapilamim fecistém. Je-li
PLZ pitomen, ¢ast mikrobublin proniké z pravé siné
pfimo do levé siné, dale do levé komory a do CNS,
kde je detekujeme TCD sondou monitorujici tok krve
v arteria cerebri media (MCA) (obrazek 1). Méfenim
¢asu od poddni mikrabublin do jejich pfipadné de-
tekce nad MCA je mozné zhruba uréit lokalizaci PLZ
(intrakardialni - nej¢astéji PFO, extrakardialni - nej-
Gastéji intrapulmonalni A-V spojky). Vy3etieni je
nehodnotitelné pfi t&sné stendze ¢i ckluzi ICA pod
vySetiovanou MCA. Z pottu zaznamenanych mik-
robublin (MBS) je mozné nepfimo usuzovat na vy-
znamnost PLZ i kdy? tato vyznamnost nemusi od-

Obrazek 1. Obraz dopplerovské kiivky MCA s patrnymi signaly mikrobublin pulmolabiini kontrastni
latky u pacienta s potvrzenym PFO
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povidat skuteénému potenciélu zkratu pro prichod
event. trombu ze Zilntho do arteridiniho fecisté.
Echokontrast je pfi TCD vySetfeni poddvan do ku-
bitalni vény, do srdce piitéka cestou horni duté Zily,
a je tedy krevnim proudem smérovan viéi septu sini
odlidné oproti krevaimu proudu z doini duté Zily, kte-
rd drénuje oblast nejcastéjdiho zdroje emboll (Zily
malé panve, DK).

Spravneé provadéné TCD vySetfeni PLZ se sen-
zitivitou blizi 100 %, specificitu mé ve srovnéni s TEE
nizsi, mj. pro lep§l moznost detekce extrakardiding
lokalizovanych zkratd, TCD a TEE se v diagnostice
PLZ vhodné doplriuji. V rdmci vySetfovani u para-
doxni embolizaci potencidiné ohrozené populace
muZe byt TCD pro svoiji prakticky nulovou invazivitu
dobfe pouzitelné jako screeningova metoda.

Metodika TCD detekce
pravo-levého zkratu

K detekei PLZ pomoci TCD pouzivéme na na-
Sem pracovisti protokol vychazejici z doporuceni
ESNCH (European Society of Neurosonology and
Cerebral Hemodynamics) z roku 1999, ktery jsme
postupné modifikovali a v sou¢asné dobé jej s uspo-
kojivymi vysledky pouzivame vice nez 5 let.

Nezbytnou podminkou k vySetieni je TCD pfi-
stroj vybaveny softwarem k detekci hyperintenziv-
nich tranzientnich signali (HITS), nejlépe ve dvou
vzorkovacich objemech v definované vzdalenosti od
sebe k lepsimu odliseni artefaktd, a déle zafizenim,
umoznujicim fixovat transkranidini sondu na hiavé
pacienta po dobu vySetfeni (fixacni helma, ¢elen-
ka). Vyhodou, ale dle nasich zkusenosti nikoliv ne-
zbytnosti, je moznost monitorovat dvéma sondami
soucasné MCA na obou strandch. Dalsi materidlové
naroky jsou minimaini — postacuji dvé injekéni stfi-
kaéky o objemu 20ml, trojcestny kohout, kanyla,
spojovac haditka a stopky.

V doporucenf echokontrastni pulmolabilni latky
panuje v literatufe urcitd nejednotnost, kdy nékteré
prace neshledavaji rozdil mezi srovnavanym ak-
tivovanym fyziologickym roztokem (aFR) a latkou
Echovist (1), jiné popisuiji lepsi vysledky pfi pouziti
Echovistu; Vy38i senzitivitu na prikaz PLZ, vy$si
pocet zaznamenanych MBS pfi pozitivnim nélezu
ve srovndni s aFR (11). Vzhledem k nedostupnosti
Echovistu byl na nagem pracovisti zpocatku pouzi-
van aFR, pomémé brzy byl vdak nahrazen hydro-
xy-etyl-Skrobem (HAES) o kencentraci typicky 6%
(alternativné 10%) aktivovanym vzduchem. Takto
pfipravend echokontrastni |atka je ve srovnani s aFR
v éase stabilnéjsf a poet detekovanych MBS pii pro-
kazaném PLZ zkratu je vy33i, Ize tedy pfedpoklddat
i pravdépodobné vy$si senzitivitu pfi prikazu PLZ
o minimalnich rozmérech. Nezadouci U¢inky po apli-
kaci echokontrastni pulmolabilni latky nejsou znamy

Obrazek 2. Pfiprava pulmolabilni echokontrastni latky. Agitace smési HAES 6% a vzduchu v poméru
9:1 pomoci trojcestného kohoutu

z literatury ani ze zkudenosti autor(i a to bez ohledu
na jeji druh (aFR, Echovist, aHAES).

Pacienta vySetfujeme v poloze vleze na zédech,
pfipravou k vySetfeni je zavedeni i.v. kanyly o mini-
malnim priméru 18G (zelend) do kubitaini zily, na
kterou je pak pomoci spojovaci hadicky napojen
systém trojcestného ventilu a dvou injekénich stfika-
Gek (obrazek 2). Jejich obsah (tj. 36 ml HAES a 4ml
vzduchu) promichavdme pod dobu cca 10s, poté
otevirame kohoutem cestu do periferni Zily a apliku-
jeme 10ml aHAES po dobu maximalné 5s. Méfime
¢as v sekunddch od zacatku aplikace echokontrastu
do detekce prvni mikrobubliny - first bubble time*
a samoziejmé pocet MBS. Do celkového poétu za-
hrmujeme MBS detekované do 405 od podatku apli-
kace echokontrastu.

Pii souCasné provadéném TCD vydetfenim
s podanim echokontrastu a TTE jsme opakované
pozorovali pfitomnost MBS v pravé srdeéni sini po
dobu nékolika srdecnich kontrakei, v nékterych pfi-
padech az nékolika minut. Z tohoto divodu dodrzu-
jeme minimainf rozestup mezi jednotlivymi pokusy
nejméné jednu minutu. VySetfeni opakujeme 3x
a prokazujeme jim piitomnost permanentniho PLZ.
Neni-li pfitomen hemodynamicky zavazny PLZ (v li-
teratufe definovan jako high-grade, definice viz nize),
provadime déle vysetieni s Valsalvovym manévrem.
Manévr si pacient zkousi po ukonéeni nativnich
vydetieni nejprve bez podani echokontrastu a bé-
hem této doby dojde k degradaci viech mikrobublin
v obéhu po piedchozich vySetfenich. Pacienta vy-
zveme k vytvafeni protitlaku profi ruce vySetfujiciho
tladici plochou dlani na jeho bficho, kritériem sprav-

nosti provedeni VM je pokles systolické pritokové

rychlosti nad MCA minimalné o 30 %.

Poté pfistoupime k vySetfeni s VM a podanim
echokontrastu k ovéfeni pfitomnosti latentniho PLZ.
Manévr provadime po hlubokém nddechu nejdéle
5s od poédtku podévani echokontrastu a pacient
v ném setrvd 5s. Uginnost provedeni se ov&fi pokle-
sem prUtokové rychlosti nad MCA alespon o 30 %.
Stejné jako u pfedchoziho vySetfeni zaznamenavé-
me ¢as prvni MBS a jejich celkovy pocet.

Pfi hodnoceni PLZ rozliujeme jeho vyznam-
nost ve 4 stupnich:

1) neprokazan,

2) nevyznamny, low-grade (do 10 MBS),

3) stfedné vyznamny, medium-grade (poéitatelné
mnozstvi MBS vétsi nez 10),

4) wvysoce vyznamny, high-grade (obraz sprchy,
z anglického shower - nepocitatelné mnozstvi
MBS). Déle hodnotime, zda je zkrat permanent-
ni ¢i latentni, event. je-li low-grade permanentné
a high-grade latentné. Doba do detekce prvni
MBS nam umozni pfiblizné uréit, zda se jedna
o zkrat intrakardidlni {first bubble time do 12s,
typicky 6-8s) ¢i extrakardidini, nejcast8ji intra-
pulmonélni A-V fistule (first bubble time nad 14,
typicky 16-20s).

Vysledky zapisujeme do prehledné tabulky uvé-
déjici pocet MBS zaznamenanych pfi jednotlivych
vydetfenich a hodnotu first bubble time zejména
pro mozné podrobné srovnani v budoucnu (napf.
po uzavéru PFQ). Zavérem zhodnotime pfitomnost
zkratu, jeho stuperi, pficemz rozhodujici je nejvy3si
dosazeny pocet MBS pfi jednotlivém pokusu, dale
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zda je nativni ¢i pfitomny jen pfi Valsalvové manévru
a nejpravdépodobnéjsi lokalizaci (intra- &i extrakardi-
alni). Celé vySetfeni véetné administrativy a pouceni
pacienta zabere 15-30min. v zavislosti na rychlosti
nalezeni temporalniho okna, které se v obtiznych pii-
padech 1épe hledd se sondou vyjmutou 2z fixaéniho
zafizeni a az po jeho nalezeni opét zafixovanou.

Pravo-levy zkrat: klinické pouziti

V pfedchozi stati jsme prokézali, ze pomoci TCD
Ize spolehlivé detekovat a kvantifikovat PLZ, jehoz
podkladem je nejéastéji PFO. Jaké je ale praktické
vyuZiti tohoto Udaje?

1) Kryptogenni ischemickd CMP

Prvni dUkaz o mozném vztahu iCMP a PFO byl
podan Cohnheimem jiz v roce 1877 (5). Nicméné
pochybnosti o PFO jako pfiging ICMP pretrvavaji do-
sud. Uéast PFO a paradoxni embolizace byla nejvice
studovana u skupiny pacientl bez jinych typickych
pficin iCMP i pfes detailni a kompletni etiologické
vySetieni. Tyto pfihody jsou historicky nazyvany
kryptogennimi CMP i kdyz je dnes jasné, ze jejich
znaénou ¢ast je mozné pfipsat pravé na vrub PFO.

Podil kryptogennich iCMP zavisi na rozsahu
provedenych vysetfeni a pouzitych kritériich, nicmé-
né i pfi dneSnich moZnostech je udavan od 23,7 do
45% vsech ICMP (14). Vy3si podil kryptogenicity je
uddvan u souborl pacienti mladsich 55 nebo 45 let,
tj. s absenci pokrogilé aterosklerézy. A prévé u mlad-
Sich pacientt s kryptogenni CMP je PFO detekovano
zhruba v poloving pfipad, tj. asi dvakrét éastéji nez
v bézne populaci (16).

Predpoklddanym mechanizmem je paradox-
ni embolizace vendzniho trombu, ktery vycestuje
z Zilniho systému, v pfipadé PFO z pravé siné do
levé siné tunelem PFO a embolizuje do arterialni-
ho fecisté mozku. Tuto teorii potvrzuji dokumento-
vané kazuistiky pacientl se zachycenym venéznim
trombem pfimo v tunelu PFO (22). Nicméné je treba
podotknout, Ze trombus mtze vzniknout bud pfimo
v misté stagnujiciho krevniho toku ve viastnim tunelu
PFO, nebo pfi sifiovych arytmiich (které jsou Castéjsi
u pacientti s PFO) pfimo v levé sini srdeéni.

Pro¢ tedy nema tfetina populace s PFO ische-
mickou CMP? Roéni riziko iCMP u celé populace
s PFO je pouze 0,1% (18). Rizikovym faktorem CMP
se PFO stavd aZ v pfipadé existence venézniho
zdroje embolizace a v piipadé hemodynamicky vy-
znamného pravo-levého zkratu.

Zdroj embolizace z vendzniho fe¢isté byva po-
pisovan u pacientd s kryptogenni CMP a PFO v 9 5-
57% v zavislosti na pouzité metodice (sonografie,
flebografie & MR flebografie) a dle &asového odstu-
pu vySetteni od iCMP (17, 22). To zhruba odpovida
situaci pfi masivni plicni embolizaci, kdy u tfetiny pa-

cientl neni prokdzan zdroj trombdzy. V anamnéze

je éasto pitomen protromboticky stav, af uz vrozeny

(trombofilni mutace), ¢i ziskany (imobilizace po ura-

2u, infekee).

Daldim prokazanym tizikovym faktorem iCMP
je hemodynamicka vyznamnost PFO. Vy3( riziko
iCMP maji trvale oteviené PLZ (ne jen pii Valsalvo-
vé manévru) (7), PFO s v&tdim rozmérem tunelu (8)
a vyraznéjsi mobilitou septa pfi TEE (12).

Jinym stavem predikujicim zvySené riziko vzniku
iCMP je aneuryzma septa sini (ASA), a to zejména ve
vazbé s PFO. Asi 60% pacientll s ASA méa zarover
PFO, ato s vyznamnéj§im PLZ nez u pacient( s izo-
lovanym PFO (12). Prevalence kombinace ASA+PFQ
u pacientd s kryptogenni iCMP je asi 20%. Pravé
podskupina pacientl s ASA+PFO patfi mezi vibec
nejrizikovéjsi z hlediska dalsi recidivy iCMP.

Rizikovym faktorem je téZ zkrat hodnoceny dle
TCD jako high-grade, zejména s obrazem ,shower".
Pacienti se zkratem dle TCD hodnocenym jako low-
grade méli roéni riziko rekurence iCMP 0,66 % oproti
8,2% rocniho rizika u high-grade PLZ (2).

Jak usvédcit PFO jako pficinu kryptogenni iCMP
u konkrétniho pacienta? Jde vidy o souhrn nepfi-
mych dikazU, v idedinim pfipadé jde o nasleduijici:
1) Klinicky embolizaéni CMP.

2) Valsalviv manévr v (vodu iktu (typicky defeka-
ce, zvedani bfemene, porod).

3) Pritomnost Zilni trombdzy (panev, DK).

4) Protrombotické” situace ¢i trombofilie.

5) Konkomitantni embolizace do plicniho fetisté
nebo jiné arteridini embolizace (sitnice, ledvi-
ny).

6) Hemodynamicky vyznamny PLZ (high-grade
dle TCD, anatomicky a funkéné vyznamny PLZ
dle TEE, vazba s ASA).

Mame-li vyznamnou klinickou suspekei na kau-
zalitu PFO u daného pacienta, pak mame tfi moz-
nosti v sekundarni prevenci: antikoagulaéni 1écbu,
antiagregadni 1éEbu a uzavér PFO (katetrizaéni ne-
bo chirurgicky). Soucasny stav poznani naznacuje
vy$si efektivitu katetrizaéniho uzévéru ve snizeni ri-
zika recidivy kryptogenni iCMP. Rocni riziko recidivy
iCMP nebo TIA po katetrizaénim uzavéru je v dosud
publikovanych souborech 1,62 %, oproti tomu me-
dikamentdzni 1é¢ba nese vy3si riziko 4,22% (15).
Riziko vzniku zavazné komplikace pfi uzavéru hrozi
asi v 1,6%, coZ je zhruba srovnatelné s jednorog-
nim rizikem zavazného krvaceni pfi antitrombotické
16¢bé. Nicméné vzhledem k dosud malému poctu
takto lé¢enych pacientli a k neexistenci dostatec-
né statisticky silnyich zaslepenych klinickych studii,
nefiguruje katetrizaéni uzavér PFO v doporucenich
jako moZnost prvni volby. Je vyhrazen pouze pro
pacienty se selhanim medikamentézni sekundarni
prevence. Na nasem pracovisti indikujeme na zékla-
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dé zndmych dat katetrizaéni uzavér i u pacientd po

prvni kryptogenni iCMP maji-li:

1) Znamky klinicky némého multiinfarktového po-
stizeni na MRI mozku.

2) Protromboticky stav &i vrozenou trombofilii.

3) Prokézany zdro] embolizace v Zilnim systému
a zaroven vysoce rizikovy PLZ (viz vyse).
VyuZiti TCD vySetfeni u pacientti s pfedpo-

L4 o hali

p f i je tedy nasledu-

jici:

1) Rychly a relativné neinvazivni screening pfitom-
nosti PLZ u pacientt po iCMP jeho kvantifikace
stran rizikovosti mozné paradoxni embolizace.

2) Neinvazivni kontroly pacientl po katetrizagnim

uzavéru PFO na pfitomnost rezidualniho zkra-

tu.

Monitorace mozné embolizace z trombu nase-

dajfciho na levosifiovou stranu implantovaného

okludéru. Monitoraci provadime bez podani kon-
trastni latky detekei mikroembolickych signal

(HITS) po dobu 30 minut sondou umisténou nad

MCA bilateralné.

3

2) Migréna

Od roku 1998, kdy byla popséna vyrazné vyssi
prevalence PFO u pacientl s migrénou s aurou (9)
a zejména od roku 2000, kdy bylo zaznamenano
vymizeni migrény u ¢asti pacientl po katetrizatnim
uzavéru PFO (25), je detekce PLZ u migreniky velmi
Zivym tématem. Prevalence PLZ u migrény s aurou
je podle pouzité metodiky udavéna od 41 do 62 %,
0z je vyznamné vice nez u migrény bez aury (16—
25%) a u kontrolnich skupin (16-25%) (21). A nao-
pak pacienti s prokdzanym PLZ maji vys8i frekvenci
migrény s aurou, ale obdobnou frekvenci migrény
bez aury ve srovnani s populaci bez PLZ. Dosud
chybi obecné uznavana teorie vztahu mezi vznikem
migrény a PLZ. Moznym vysvétienim je drobnd para-
doxni embolizace jako spousf ataky anebo zvysena
dodévka serotoninu do CNS diky obeiiti plicniho filt-
ru, kde je normalné metabolizovan.

Vzhledem k naristajicim diikazim o efektivité
uzévéru PLZ (PFQ) v kontrole migrény s aurou bylo
zahajeno nékolik klinickych studii majicich za kol
zhodnotit pfinos uzavéru PFO u pacientli s migré-
nou bez potvrzené paradoxni embolizace. Predbéz-
né vysledky dosud jediné dokonéené z téchto studii
(MIST 1) prokézaly, Ze u 42% pacientd po uzévéru
PFO doslo po 6 mésicich k peklesu poétu dni s bo-
lesti hlavy nejméné o polovinu, oproti pouze 23 % pa-
cientl z kontrelni skupiny, ktefi podstoupili placebo
proceduru uzavéru (sham procedure, véetné oprav-
dové incize ffisla). Zajimavym zklamanim studie
MIST | bylo nedosazeni primarniho cile, tj. nebyl po-
tvrzen rozdil mezi uzavienymi a placebem v Uplném
vymizeni bolesti hlavy, podobné jako u dosavadnich
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profylaktik. To miZe souhlasit s navrhovanymi teorie-
mi, kdy sice snizime mnozstv spoustécich signall
migrény (embolizace, serotonin), ale neodstranime
individudlni vnimavost oSetfenych pacientd (6).
Otdzkou do budoucna zlstdva posouzeni rizika
vlastniho uzévéru, které aé je velmi nizké a s novymi
okludéry se stéle bude snizovat, jisté prevySuje rizi-
ka medikamentdzni terapie migrény.

Vyuziti TCD v migrény s aurou: Obdobné
jako u kryptogennich iCMP relativné neinvazivni
screeningové metodika PLZ, u pacientl s migré-
nou s aurou a detekovanym PLZ nedoplfiujeme
automaticky TEE, vénujeme v3ak této podskupiné
zvydenou pozornost — vySetiime agregaéni para-
metry trombocytd, trombofilni stavy a zejména sub-
klinickou paradoxni embolizaci (némé ischémie na
MRI). Konsekvenci mize byt pouziti antiagregaéni
terapie v profylaxi migrény, Uzavér PFO je zatim dle
naseho ndzoru vyhrazen jen pacientlim s paradoxni

3) Dekompresni nemoc - paradoxni
hyperbaricka vzduchova embolizace
Wilmshurst v roce 1986 poprvé upozomil, Ze PLZ
muze byt priéinou paradoxni plynové embolizace
2 Zilniho systému do arteridiniho fecisté u potapécl,
t]. I1. typu dekompresni nemoci (24). Picinou e opét
mechanizmus paradoxni embolizace, kdy pfi vystupu
2 hloubky (dekompresi) dochézi ke vzniku bublin du-
siku, které dosahuji nejvetsi velikosti v Zilnim systé-
mu a embolizuji do arteridIniho fedisté via PFO.
Moon v roce 1989 prokazal PFO u 10 z 18 po-
tapéca, ktefi méli zavazné dekompresni piznaky
(19). VSechny nasledujici studie zkoumaly vyskyt
PFO v souvislosti se stanovenim rizika dekompresni
pfihody u sportovnich potapécu. Metaanalyzou pu-
blikovanych vysledki o PLZ a dekompresni nemoci
II. typu bylo prokézano, ze riziko potapéce s PFO je
zhruba 2,5x vy8&l nez bez néj (3). Riziko zévainé
dekompresni pfihody u potépéce s PFO je asi 5 na

znamnéjsim zkratem dle TEE a TCD mé riziko vazné
dekompresni pfihody jednou na 100 ponord, coz je
jiz nezanedbatelné nebezpeci (13). Tvorba bublin
muze byt ovlivnéna habituding (obezita, vy$si vék,
spotieba kysliku, zptsob potapéni) a dodrzovanim
pravidel pfi sestupu a nasledné dekompresi (4).

Vyuziti TCD u potdpééi: Opét je vhodnym
screeningovym vySetfenim. Nade vysledky naznagu-
ji, Ze vySetfeni vedouci k diagnostice PFO je vhodné
provést pfi opakované dekompresni piihodé, u viech
potapéch s vétsim mnozstvim ponord a u instruktor(
nebo profesiondll, Vystupem je pouteni vySetfova-
ného o vhodném zplsobu potapéni a dekomprese.
Pii opakovanych zévainych dekompresnich piho-
dach lze zvazit katetrizadni uzavér PFO.

MUDr. Ales Tomek
Neurologicka klinika 2. LF UK a FN Motol

embolizaci.
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Souhrn: Uvod: P¥icinou dekompresni nemoci potapécti (DCS) je worba plynovych bublin v tkanich a Zilni krvi pfi vynofeni. Potdpéci
s otevienym foramen ovale (foramen ovale patens - PFO) majf zvyiené riziko paradoxni vzduchové embolizace do mozku nebo jinych
organt. Cilem nasi studie bylo zjistit vyskyt PFO u potapéct s DCS, srovnat tuto skupinu s kontrolni skupinou asymptomatickych po-
tapéch a porovnat kontrastnf ultrazvukové metody vhodné pro screeningové vySetrenf. Metodika: VySetfili jsme 28 aktivnich potdpgct
(vice nez 100 ponortl). U viech pacientd bylo provedeno vySetfeni pravolevého zkratu bublinkovym kontrastem na pfitomnost PFO
transtorakélnim echokardiografickym vysetfenim (TTE) a transkranialnim dopplerovskym vySetfenim nad arteria cerebri media (TCD).
U potapéci se zkratem bylo provedeno transezofagealini echokardiografické vySetfeni (TTE) na prikaz PFO. Vysledky: 15 potapéci mélo
v souvislosti s vynofovanim DCS. Ve skupiné s DCS byl v 53 % (8 z 15) prokdzdn PFO. Anamnestické tidaje u téchto potdpécl vzdy svéd-
¢ily pro paradoxni embolii (neurologickou formu DCS). Ve skuping asymptomatickych potapéct byl PFO na zékladé screeningu pravo-
levého zkratu prokdzan jen u jednoho potapéce (8 %, 1 z 13). TCD prokazalo pravolevy zkrat u viech potdpéch s PFO. Zdvér: De-
kompresn( pithoda mize poukézat na zkratovou vadu, do té doby klinicky némou. PFO je rizikovym faktorem pro paradoxni emboliza-
ci u potdpéél. TCD je vhodnym screeningowm vyetfenim, TEE zlistdvéd zlatym standardem. Nade wysledky naznaluji, Ze vydetbenl
vedouci k diagnostice PFO je vhodné provést pii opakované dekompresni ptihodé a rovnéz u viech aktivnich potdpééi a instrukrord.

Kliova slova: foramen ovale patens - potdpéni - dekompresni nemoc

Paradoxical Embolization and Patent Foramen Ovale in scuba divers: screening possibilities

Summary: Introduction: The cause of decompression sickness (DCS) in scuba-divers is bubble formation in tissues and in venous blood
during ascent. Divers with patent foramen ovale (PFO) have an increased risk of paradoxical embolization to the brain or other vital
organs. The aim of our study was to assess the incidence of PFO in scuba-divers with DCS, to compare the group with asympromatic
controls, and to evaluarte ultrasound contrast methods suitable for screening. Methodology: We examined 28 scuba-divers (more than
100 dives). The right-to-left shunt detection was performed by bubble contrast transthoracic echocardiographic examination (TTE)
and transcranial Doppler sonography over arteria cerebri media (TCD) in all divers. In divers with shunting, transoesophageal echo-
cardiography (TEE) was performed to prove PFO. Results: 15 divers had DCS associated with the ascent. In this group, PFO was dia-
gnosed in 53 % (8/15). The symptoms of all of them retrospectively were of paradoxical embolization (neurological form of DCS). In
the group of asymptomatic divers, PFO was proven on the basis of right-to-left shunt screening in 1 diver (8 % 1/13). TCD proved
right-to-left shunt in all divers with PFO. Conclusion: DCS can unmask a so far asymptomatic intracardiac right-to-left shunting. PFO
is a risk factor for paradoxical embolization in divers. TCD is suitable for screening; TEE is a gold standard in PFO detection. Our
results showed that PFO detection is a useful clinical tool after repeated DCS and in all frequent divers and instructors.

Key words: patent foramen ovale - scuba diving - decompression sickness

Uvod

Potépén(s dychacim pfistrojem se od
dob vyndlezu ,,aqualungu® (Cousteau
a Cagnane 1943) stalo popularnim
sportem. Jen v nasi republice je odha-
dem vice nez 50 000 registrovanych
potapéch. Znalost zakladnich fyzikal-

Vnitf Lék 2007; 53(2): 143-146

nich principl chovéni vdechovénf
plynii a jejich smési pod vy33im okol-
nim tlakem je zdsadni pro pochopent
patofyziologie poruch vznikajicich je-
jich stlacenim a rozpinanim. Pro nasi
potfebu zminime jen, Ze pfi konstant-
ni teploté je zména objemu plynu ne-

pfimo umérnd tlaku (Boyliv zdkon).
To znamend, Ze dany objem plynu na
hladiné (atmosféricky tlak - 0,1 MPa)
se pfi ponofeni do hloubky 10 m
(tlak 0,2 MPa) stla¢i na jednu polo-
vinu. PFi vynofeni svilj objem 2krat
zvétsi. Dekompresi dutin nebo plienf
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Paradoxni embolizace p¥i foramen ovale patens u potapéci: moznosti screeningu

PFicina

Rizika

Lokalizace

a pived bublin
Pocdtek symprom(
Piznaky

Efekt prvni pomoci
veetnd kysliku
Lé¢ba

paradoxni embolie - neurologicka forma DCS
PFO, plicnf zkrat po barotraumatu
nedodrZeni dekomprese, pfilis rychly vystup
bubliny v tepnach

nékolika minut nebo brzo po vynokenf
bezvédomi, neurologické postizeni rizného
stupné nebo srdecni pfihoda

pfiznaky se mohou zlepsit nebo odeznit

rekomprese v hyperbarické komofe

Tab. 1. Srovnan{ paradoxni plynové embolizace a dekompresni nemoci (DCS).

dekompresni onemocnéni (DCS)
bubliny dusiku tvoFicf se rychle v tkanfch
nedodrzeni dekompresnfho postupu

dusikové bubliny ve tkanich a kapilarach

nékolik minut az dn po vynofent, 99 % do 6 hodin
rliznorodé: obvykle bolesti nebo paresterzie;
nejcastéji postizeni kize a kloubd; mohou se zhor-

3it k ochrnutf, $oku; mohou byt podobné embolii

priznaky se mohou zlepsit nebo odeznit

rekomprese v hyperbarické komofe

tkdné vznikaji ruptury - barotraumata.
V tkénich, a hlavné v Zilni krvi se pfi
vynotovani uvolfiuji bublinky dusiku
¢i jiného inertniho plynu pouzitého
v dychacf smési. Soudi se, Ze vznikajf
expanzi z plynovych jader existujicich
za atmosférického tlaku v kloubech
vcetné patefe (pfi kavitaci - lupanf
v kloubech) nebo v potnich Zlazach
a koznich pérech [1,2]. Patogeneze
poskozeni tkané vlivem tvorby dusiko-
wych bublinek spoéiva v piimém tlaku
na nervova zakoncen( [3] anebo po-
skozenf endotelu a naslednou trombé-
zou a ischemii [4]. Zaroveri probtha
aktivace koagulace, komplementu
i leukocytth s naslednou extravazaci
plazmy [5]. Nejcastéjsi manifestaci
tzv. dekompresni nemoci (decompres-
sion sickeness - DCS) jsou velice riz-
norodé piiznaky lokélniho charakteru,
jako bolesti kloubl, v oblasti patere
a bolest a barevné zmény kize [2].
Z tkéni a z Zilnf krve se bublinky do-
stanou do plic, kde se zachytf a jsou
vydechovdny. Ve vétifm mnoZsovl je
prekrocena filtra¢ni kapacita plic
a bublinky se dostanou do arteriali-
zované krve [6]. Masivni plynova em-
bolie zwysi tlak v plicnici a mazZe byt
fatalni [7]. PFi intrakardialnim (vzacné
i plicnim) zkratu mize mit paradoxnf
plynova embolie vazné nasledky s neu-
rologickou nebo jinou symptomato-
logii. Tato problematika, pravdépo-
dobné nedocenéna, viak neni dosud
podrobné prostudovana a piznaky
se Casto prekryvaji (tab. 1). Casty vy~
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skyt bublin v zZlnf krvi po vynofeni
a paradoxni embolizace bublin ces-
tou PFO pfi dekompresi byly proka-
zany experimentalné i v klinické studii
[8-10].

Nejéastéjsi pFicinou pravolevého
zkratu je oteviené foramen ovale
(PFO). Vyskyt PFO je udavan v 22 az
29 %. Patofyziologicky mize PFO
zplisobit paradoxni embolizaci trom-
bd nebo bublinek do levé siné a dal
do velkého se viemi dlsledky.

Potdpédskd medicina je dnes samo-
statny obor a dekompresni problémy
jsou jejim tstfednim tématem. Uz od
roku 1986 byl PFO davan do vztahu
k paradoxni embolizaci u potapéct
[11,12] a nésledné se Fada autorh po-
kougela stanovit rizika pro sportovnf
potdpéni vcetné metaanalyz [13,14].
Povédomost o tomto faktu pronikla
i do Fad potdpécli a mize vést k opar-
Fenim snizujicim rizika paradoxni em-
bolizace, aniz by byl potdpé¢ pro ten-
to sport diskvalifikovdn [15]. Na nut-
nost komplexntho kardiologického
vySetieni u pacientll potdpéci s po-
dezfenim na neurologickou formu
DCS jsme jiz upozornili [16]. Scree-
ningem PFO u potdpéci se u nés sy-
stematicky nikdo nezabyval. Cilem nasi
studie bylo zjistit vwskyt PFO u pota-
pécii s DCS, srovnat tuto skupinu
s kontrolni skupinou asymptomatic-
kych potapéch a porovnat kontrastni
ultrazvukové metody vhodné pro scree-
ningové vySetieni.
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Materidl a metodika

Vyetfili jsme 28 sportovnich potapéca
(1 zena), pramérného véku 35 roki
(21-58). Kritériem pro vstup do stu-
die bylo nejméné 100 ponort. Pota-
péci uvedli viechny své obtize, které
se objevily po nebo béhem vystupu
pfi pFistrojovém potdpéni i pfes po-
uzitl poditace. Cilenymi otdzkami jsme
se zaméfili na viechny pFiznaky dekom-
presni nemoci: bolesti kloubt, pod-
kozni otok, bolest, mramorovanf a své-
déni kiize, extrémni tinava, bolest hlavy,
tinitus, zdvrat, paréza, plegie konéetin,
porucha <iti, inkontinence, poruchy
vidéni nebo sluchu, zmatenost, poru-
chy Feci. P¥i odbéru anamnézy jsme
nerozlisovali potize spide odpovidaji-
¢i paradoxni embolizaci a pfiznaky
DCS odpovidajici ristu bublin piimo
v tkanich, protoZe se mohou az na
typické p¥ipady znacné prekryvar
(tab. 1). V3ichni potdpéci méli zdgjem
o zjidténi PFO a souhlasili s provede-
nim vdech vySetfovacich metod s ohle-
dem na svoji zalibu provadénou vétsi-
nou na trovni instruktorstvi nebo tzv.
technického s potdpéni (se zvlastnim
vybavenim umozriujicim dlouhodoby
pobyt pod vodou a pldnovanou de-
kompresi), ve 2 ptipadech se jednalo
o profesiondly policejni jednotky. Po-
tdpéci byli vySetfeni kardiologem
aneurologem. U viech bylo provedeno
transtorakalni echokardiografické vy-
etfeni (TTE) vcetné opakované kont-
rastn{ studie pfi volném dychani
a pak 3krat za pouzit/ Valsalvova
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Tab. 2. Soubor potapééi (n = 28).

Pacient VEk  Pocet ponorii Dekompresni ponory Pfiznaky DCS TTE TCD TEE
1 35 1000 20 opakovana bolest bficha 2 2 ASD
2 39 209 12 0 0 0
3 40 300 100 opakovand ztrata zraku 0 3 PFO
4 31 280 80 bol. kloubti 0 0
5 39 200 0 0 0 0
6 55 250 100 bol. kloubt 0 0
7 52 100 50 hemiplegie s Gpravou 0 3
8 44 603 300 0 0
9 a9 180 0 0 0 3 PFO

10 45 2 000 100 unava, bolesti kloubu 1 3 PFO

n 31 200 50 mramorovani a edém kize 0 0

12 39 500 150 tnava, bolesti hlavy, barokomora 1 3 PFO

13 31 200 20 0 0 0

14 45 1000 200 mramorovani kize 0 0

15 58 800 50 0 0 0

16 31 200 20 0 0 0

17 33 1000 300 Unava, opakované bolesti hlavy 0 3 PFO

18 44 800 50p porucha Feci, zmatenost 3 3 ASD

19 40 204 50 porucha zraku 0 i PFO

20 37 1000 300 0 0 0

21 43 500 100 paraparéza s reziduem 0 0

22 63 500 50 0 0 0

23 32 600 200 mramorovani a otok kiize 0 0

24 49 100 10 0 0 0

25 33 770 100 Unava, mramorovan{ kiize 0 3 PFO

26 24 100 30 0 0 0

27 21 160 30 0 0 0

28 51 250 120 0 0 0

DCS — dekompresni nemoc, TTE — transtorakdlni echokardiografie, TCD — transkranidlni dopplerovskd sonografie, TEE — t fagedlni

echokardiografie, PFO — foramen ovale patens, ASD — defekt sitiového septa
Ve sloupcich TTE a TEE jsou Cisly oznaceny stupné kontrastniho vysetfeni podle Spencera (do 5 bublin 1. stuperi, 5—20 bublin 2. stupen a nad

20 bublin 3. stuper)

manévru [4]. Nésledné bylo provedeno
transkranidlni dopplerovské sonogra-
fické vyetfeni na prikaz arterializace
plynovych bublinek v arteria cerebri
media (TCD). Pacientdim, kteff méli
emboliza¢ni DCS v anamnéze nebo
méli pozitivni TTE nebo TCD, jsme
provedli jicnovou echokardiografii
(TEE) k potvrzeni diagndzy a zobra-
zeni morfologie sifiového septa veetné
kontrastniho vySetfeni (tab. 2).

Vysledky

Z 28 aktivnich potapéct mélo 15 de-
kompresni problémy. 7 15 symptoma-
tickych potdpéct mélo PFO 8 (56 %).
Véech & mélo pfiznaky retrospektivné
odpovidajici embolické formé dekom-

Vnitf Lék 2007; 53(2): 143-146

presniho poskozeni (tab. 2). V kon-
trolnf skupiné 13 asymptomatickych
potdpécli byl PFO zistén na zdkladé
screeningu pravolevého zkratu po-
moci TCD jen Tkrét (8 %) a tento rozdil
byl vyznamny (Fisher(v test p = 1,032
E-5). Morfologicky byl zjistén u 6 po-
tapé&l PFO, 2krit defekt septa sini
(ASD) a 1krat PFO ve formé Gzké
3térbiny (bylo to u asymptomatické-
ho pacienta). Siflovy zkrat jsme pro-
kazali pomoci kontrastniho TTE v po-
loving pFipadi (4/8). TCD byl vysoce
pozitivni (vice nez 20 bublin - stuper
2 a 3 podle Spencera) ve viech 9 pfi-
padech. (Do recenze &lanku byla
v Motolské nemocnici provedena do-
sud nepublikovana srovnavaci studie

TEE/TCD u asymptomatickych pro-
fesiondld, kterd potvrzuje vysokou
senzitivitu TCD pro detekei pravole-
vého zkratu — pozn. autora). U jednoho
pacienta s paraplegii dolnfch konce-
tin a bez PFO jsme nalezli vyhtez
kr¢ntho disku a vySetten( tak pFispélo
ke stanoveni spravné diagnozy [16].
Druhy potdpéc s neurologickou symp-
tomatologii a bez PFO mél hemiple-
gii a fatickou poruchu po vynofeni
s Upravou. Anamnesticky mél bolesti
na hrudniku béhem vystupu, z kterych
Ize soudit na plicni barotrauma s ar-
terializacf bublin a naslednym zhoje-
nim. U zbylych 5 potapéct s kloubnimi
bolestmi a mramorovanim kiiZe Ize sou-
dit na DCS z lokélni tvorby bublin.
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Diskuse

Wilmhurst v roce 1986 upozornil, ze
pravolevy zkrat v srdci miiZe byt u po-
tapéct pricinou paradoxni plynové
embolizace [11]. Moon v roce 1989
naSel PFO v 61 % ze skupiny 18 potd-
peca, ktefi méli zavazné dekompresni
pfiznaky [12]. Véechny nasledujicf stu-
die zkoumaly wskyt PFO v souvislosti
se stanovenim rizika pro dekompresnf
pfthody u sportovnich potdpéci. Me-
taanalyzou publikovanych vysledkd
a dal3imi studiemi se prokazalo, Ze ri-
ziko potapéce s PFO je zhruba 2,5krét
vy33i nez bez PFO a Ze je asi 5 velkych
dekompresnich pfihod na 10 000 po-
nort [13-15]. Potdpéc s vyznamnéj-
§fm zkratem md riziko vazné dekom-
presni ptthody jednou na 100 pono-
ri, coz je nezanedbatelné nebezpeci.
Nase studie prokazala zkrat v 8 pFipa-
dech z 15 symptomatickych potdpéc,
tj. v 56 % u jedinct s vice nez 100 po-
nory a naopak potédpéci bez zkratu
neméli problémy. Mezi 13 potdpéci
kontrolni skupiny, ktefi byli asympto-
matictf, byl jen jeden PFO (8 %) a ten
byl charakteru dlouhého kanalku s pra-
volewym zkratem jen pFi Valsalvové
manévru [16]. Tvorba bublin a tedy
vznik DCS moazZe byt déle ovlivnéna
habitudlné (vys3i vék, obezita, spotfe-
ba kysliku) a dodrzovanim pravidel
[17]. Podle opakovani stejnych pfi-
znakid (poruchy vidéni, Fe¢i, bolesti
hlavy, bolesti bricha) lze soudit, ze
i paradoxni embolizace skrze PFO
muze byt ovlivnéna nejen velikostf ko-
munikace, ale pravdépodobné i jinak
(valvula Eustachii, tlakové poméry
v sinich a komorach,odstupy vétvi
zoblouku aorty). Podle nékterych zprav
se PFO v case zvétuje [18]. TCD vy-
Setfeni mélo v nasem souboru 100%
senzitivitu pro zjisténi PFO. Je dob-
rym screeningovym a funkénim testem,
keery odhali kazdy zavazngjsi pravolevy
zkrat. Jeho dalsi whodou je moZnost
dobrého provedeni Valsalvova ma-
névru pii dobré fixaci ultrazvukové
sondy na rozdil od TEE a TCD. Sou-
¢asné provedeni TTE a TCD je nejvy-
hodnéj3f pro objektivizaci kontrastniho
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vySetfeni a ndcvik sprévného provedent
TCD. Sitiovy defekt nebo PFO je moz-
no uzavfit intervencné Amplatzerovym
septélnim okludérem, jedna-li se o opa-
kovanou embolickou pfihodu [19].

U sportovniho potapéni je samo-
ziejmé nasnadé zanechani potapéni
nebo opatrnéjsi pFistup. Pro bezpec-
nost potidpén( se v zahrani¢i opako-
vané diskutuje doporuceni screeningu

PFO pro registraci [20].

Zavér

Dekompresni pfihoda miize odhalit
do té doby klinicky némou zkratovou
srdecni vadu. PFO je rizikovym fakto-
rem pro vznik neurologické formy DCS
pfi sportovnim potapéni, U prokdza-
ného PFO doporucujeme zanechat
potdpéni nebo konzervativni postupy
dekomprese. V indikovanych pfipa-
dech je mozno zavift defekt inter-
venéné. Doporucuje se rovnéz vydetfit
PFO u viech aktivnich potapéch.
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Patent foramen ovale: transcatheter closure or conservative dive

profile in decompression sickness prevention in divers?

Foramen ovale patens: katetriza¢ni uzavér nebo konzervativni profil
ponoru jako prevence dekompresni choroby potapéci?

Novotny §12 Honék J*5, Januska J*, Sefc L?, Horvath M3, Fiedler J, Sramek M>$, Veselka J*, Honék T2,

Tatar M?
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Novotny S, Honek J, Januska J, Sefc L, Horvath M, Fiedler J, Sramek M, Veselka J, Honek T, Tatar M. Patent
ovale: transcath closure or conservative dive profile in decompression sickness preven-
tion in divers? Cardiology Lett. 2014;23(3):223-227
Abstract. Aim: The aim of this study was to compare the influence of transcatheter patent foramen ovale
(PFO) closure and safe diving recommendations limiting bottom time and depth on the occurrence of arte-
rial bubbles after simulated dives in a hyperbaric chamber.
Methods: Forty-seven divers with a PFO were enrolled in this observational trial. Nineteen divers with PFO
performed a decompression dive to 18m for 80 min (control group), 15 divers after a transcatheter PFO
closure performed the same dive (group 1) and 13 divers with PFO performed a dive to the same depth
for a non-decompression time of 51 min (group 2). In all divers venous and arterial bubbles were screened,
venous bubbles by means of transthoracic echocardiography, arterial by means of transcranial Doppler
ultrasonography.
Results: Venous bubbles were detected in 74% divers in the control group, in 80% in group 1 (p=1.0) and
in 31% in group 2 (p=0.03); arterial bubbles in 32% divers in control group, in 0% in group 1 (p=0.02), in
15% in group 2 (p=0.42).
Conclusion: Safe diving recommendations avoiding decompression procedure led to the decrease in occurr-
ence of venous bubbles but not the elimination of arterial bubbles in divers with PFO. Transcatheter PFO
closure led to elimination of arterial bubbles. The results suggest that transcatheter PFO closure might be
an effective treatment in prevention of DCS: the effectivity of the up-to-date safety recommendations used
needs to be further tested, especially in longitudinal clinical studies. Fig. 1, Tab. 1, Ref. 18, Online full text
(Free, PDF) www.cardiology.sk
Key words: patent foramen ovale - decompression sickness — simulated dive — transcranial Doppler ultra-
sonography — paradoxical embolism

Novotny S, Honék J, Januska J, Sefc L, Horvath M, Fiedler J, Sramek M, Veselka J, Honék T, Tatar M. Foramen
ovale patens: katetrizaéni uzavér nebo konzervativni profil ponoru jako prevence dekompresni choroby
potapéca? Cardiology Lett. 2014;23(3):223-227

Z 'Hyperbarické komory a poradny pro potipéte, Kladno, Ceskd Re- Do redakcie prislo dna 21. februara 2014; prijaté dia 15. mdja 2014

publika; *Ustavu fyziologie a patologické fyziologie, Jeseniova lékafska Adresa pre kore§pondenciu: MUDr. Stépan Novotny, Potapécskd a hyper-
fakulta UK, Martin, Slovenska republika; “Kardiologické Kliniky, FN Motol barickd medicina KUBECK s.r.o, Vanéurova 1548, 272 59 Kladno, Ceskd

a 2. LF UK, Praha, Ceska republika; “Nemocnice Podlesi as., Trinec; republika, e-mail: step.novotny@seznam.cz
Ceska republika, sUstavu patologické fyziologie 1. 1¢katské fakulty UK,

Praha, Ceskd republika a “Neurologické Kliniky, FN Motol a 2. LF UK,

Praha, Ceska republika

23

104



Cardiology Lett. 2014;23(3):223-227

Abstrakt. Cil: Cilem této préce bylo srovnat vliv katetriza¢niho uzévéru foramen ovale patens (PFO) a bez-
pecnostnich doporuceni omezujicich dobu a hloubku ponoru na vyskyt arterialnich dusikovych bublin po
simulovaném sestupu v hyperbarické komofe.

Metodika: Této observacni prifezové studie se zl¢astnilo celkem 47 potapéch s PFO. Kontrolni skupinu tvofilo
19 potdpécl s PFO, ktefi se zUcastnili dekompresniho ponoru do 18 m na 80 min. Skupinu 1 pfedstavovalo
15 potapécd, ktefi v minulosti podstoupili katetrizacni uzavér PFO a provedli stejny ponor jako kontrolni
skupina. Skupinu 2 tvorilo 13 potapéch s PFO, ktefi provedli ponor do stejné hloubky po maximélni dopo-
ru¢enou bezdekompresni dobu 51 min. U viech byla do 60 min od vynofeni provedena detekce vendznich
bublin pomoci transtorakéini echokardiografie a arterilnich bublin pomoci transkranidlni dopplerovské
ultrasonografie.

Vyssledky: Venodzni bubliny byly detekovany u 74 9% potdpécl v kontrolni skupiné, ve skupiné 1 u 80 % (p =
1,0), ve skupiné 2 u 31 % (p = 0,03). Arterialni bubliny byly detekovany u 32 % potapéca v kontrolni skuping,
ve skupiné 1 u 0 % (p = 0,02), ve skupiné 2 u 15 % (p = 0,42).

Zdvér: Bezpe¢nostni doporuceni omezit ponor tak, aby nevyzadoval dekompresni zastavku, vedlo k snizeni
poctu vendznich bublin u potdpécli s PFO, k eliminaci arterialnich bublin ale nedoslo. Katetriza¢ni uzavér
PFO vedl k eliminaci arteridlnich bublin. Vysledky naznacuiji, Ze katetrizacni uzavér PFO by mohl byt efek-
tivni lécbou v prevenci dekompresni choroby potapéci, efektivitu v soucasnosti uzivanych bezpecnostnich
doporuceni bude nutno dale ovéfit zejména v longitudindlnich klinickych studiich. Obr. 1, Tab. 1, Lit. 18,
Online full text (Free, PDF) www.cardiology.sk

Kli¢ova slova: foramen ovale patens — dekompresni nemoc - simulovany ponor - transkranialni dopplerovska

sonografie — paradoxni embolizace

Pristrojové potdpéni je populdrni sport pritahujici miliony
zdjemct po celém svété. V Ceské republice je v soucasné
dobé registrovano pfes 250 potapéeskych kluba a potdpéni
provozuje aktivné 50 - 100 tis. lidi. Obecné lze potdpéni
povazovat za velmi bezpe¢ny sport (0,0005 % tumrti na
ponor) (1). Na druhou stranu je pobyt pod vodni hladinou
spojen se specifickymi riziky, se kterymi je vefejnost vietné
zdravotniki stdle malo sezndmena.

Dekompresni nemoc (DCS) je zptisobend vznikem dusi-
kovych bublin v pfesycenych tkanich pfi vystupu potapéce
k hladiné. V priibéhu ponoru dochézi k syceni tkani dusikem,
ktery je pod vodni hladinou dychdn pod zvyienym parcidlnim
tlakem. Pfi piili§ rychlém vystupu na hladinu (dekompresi)
pak maZe dojit k prekroceni kritické hladiny a vzniku in-
travaskuldrnich a extravaskuldrnich bublin. Intravaskuldrni
bubliny vznikaji, vzhledem k tlakovym pomérim, prede-
véim ve venozni krvi. Tyto bubliny ndsledné embolizuji do
plic. Pro zamezeni vyskytu DCS probihd vynofeni potapéce
podle dekompresnich postup omezujicich rychlost vystupu
a v ptipadé potteby dodrzovanim tzv. dekompresnich zastd-
vek v definovanych hloubkich, aby se umoznila bezpe¢na
eliminace pfebyte¢ného dusiku z krve a tkani. Pfesto i pii
dodrzeni téchto postupti v nékterych piipadech dojde k roz-
voji DCS (nevyprovokovand dekompresni pithoda). Malé
mnozstvi dusikovych bublin vznikd béiné ve vendzni krvi
i po jednom ponoru pii dodrZeni bezpecnostnich predpist
(2, 3). Vetéina takovych prihod probihd subklinicky, protoze
plieni kapildrni filtr zachyti pritomné bubliny a umo#ni jejich
postupné rozpuiténi. U potdpéci s foramen ovale patens
(PFQO) dochazi k pravo-levému (paradoxnimu) zkratu pres
mezisiniovou piepazku a bubliny, které projdou do velkého
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obé¢hu, mohou vést ke vzniku DCS (nejcastéji neurologické
a kozni). K intermitentnimu pravo-levému zkratu pres PFO
pritom dochazi pfi piistrojovém potdpéni ¢asto. Jednak
potdpé¢ pravidelné provadi Valsalviiv manévr k vyrovndni
tlaku ve stfednim uchu, navic dochdzi v priabéhu ponoru
k redistribuci krve z periferie do hrudniku a ke zvy3eni tlaku
v pravé sini (4).

Souvislost mezi PFO a DCS byla poprvé popséna v 80.
letech 20. stoleti (5, 6). Od té doby byla opakované zazname-
nana vyssi prevalence PFO u potapéci s neurologickou a kozni
formou DCS (7, 8). Knauth et al. (9) popsali také chronické
nésledky opakovanych asymptomatickych embolizaci do CNS
v podobé mnohocetnych 1ézi na magnetické rezonanci mozku.
Piesto neni dosud vyfesena otdzka screeningu a dalstho po-
stupu u potdpéci s PFO. Vyskyt PFO v populaci je pfitom
vysoky (27 %) (10).

V na$i pfedchozi prici jsme prokdzali vysoky vyskyt
venoznich i arteridlnich bublin po simulovanych dekom-
presnich ponorech potapéca s PFO (11). Cilem této prdce
bylo porovnat vyskyt arteridlnich bublin po dekompresnim
ponoru potapéci s PFO, po katetrizaénim uzavéru PFO a po
bezdekompresnim ponoru dle soucasnych bezpecnostnich
doporuceni pro potapéce s PFO.

Material a metodika

V této prifezové observacni studii bylo zafazeno celkem
47 potapéct s PFO ¢i po jeho katetriza¢nim uzavéru. Potdpéci
absolvovali simulované ponory v hyperbarické komore a po
vystupu byly sonograficky sledovdny Zilni a arteridlni bubliny.
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Kritéria pro zatazeni do studie byly: vék = 19 let, diagnosti-
kované PFO nebo stav po provedeni katetrizaéniho uzdvéru
PFO v minulosti a souhlas s uéasti ve studii. Kritéria pro
vylouceni ze studie byly: provedeni jiného ponoru < 24 hod
pfed simulovanym sestupem a nesouhlas se zafazenim do
studie. Studie byla schvalena Etickou komisi Fakultni ne-
mocnice Motol a vSichni potapéci podepsali informovany
souhlas s ucasti ve studii.

Katetrizatni uzavéry byly provddény ve dvou centrech
mezi unorem 2006 a dubnem 2013. U 5 (25 %) potapécu
byl pouzit okluder Amplatzer septal occluder (AGA Medical
Corporation, Golden Valley, USA) u 15 (75 %) byl pouzit
okluder Occlutech Figulla PFO Occluder N (Occlutech
GmbH, Jena, SRN). Vykon byl providén, jak bylo drive
popséno (12). U viech potépéca byl uzavér indikovdn na
zakladé probéhlé nevyprovokované DCS (ptiznaky DCS po
provedeni ponoru bez porugeni pfedepsanych dekompres-
nich pravidel).

Kontrolni skupina byli potapéci s PFO, kteii se ucastnili
dekompresniho simulovaného ponoru v dekompresni komore
(HAUX Life Support, Karlsbad-Ittersbach, Némecko) do 18
m na 80 min podle tabulek US Navy Air Decompression
Procedure 1996, s vystupovou i sestupovou rychlosti 9 m/min
a s dekompresni zastavkou po dobu 7 min v 3 m. Skupina 1
byli potapééi po katetrizacnim uzavéru PFO, ktefi se uc¢astnili
stejného ponoru. Skupina 2 byli potdpéci s PFO, ktefi se
ucastnili ponoru do 18 m podle dekompresni tabulky Biihl-
mann na maximélni ¢as nevyzadujici dekompresni zastivku
(51 min), se sestupovou a vystupovou rychlosti 10 m/min
a bezpecnostn{ zastivkou 1 min v 3 m.

Sonografické vysetten{ bylo provedeno u viech potapéci
do 60 min od vynofeni. Venozni bubliny byly detekovany
pomoci transtorakdlni echokardiografie. Byl pouzit piistroj
Philips HD 10 (Philips, Amsterdam, Nizozemsko) s multi-
frekvenéni sondou s rozsahem 2 — 3,7 MHz. Bubliny byly
sledoviny po dobu jedné minuty pulznim dopplerovskym
vySetienim ve vytokovém traktu pravé komory v paras-
terndlnim zobrazeni na kritkou osu. Arteridlni bubliny
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byly detekoviny pomoci stejného pfistrojového vybaveni.
Po dobu jedné minuty byl pfi nativnim dychdni sledovin
pulznim dopplerovskym vysetfenim vyskyt bublin v arteria
cerebri media. Poté byly bubliny sledovany stejnym zptiso-
bem tfikrit po dobu 40 sekund po provedeni Valsalvova
manévru. Testy byly povaZoviny za pozitivni pri vyskytu
> 1 bublin.

Data byla testovdna na normalitu pomoci Kolmogoro-
vova-Smirnovova testu. Parametrickd data byla statisticky
zhodnocena pomoci jednosmérné analyzy rozptylu, nepara-
metrickd data pomoci Kruskalova-Wallisova testu a Manno-
va-Whitneyho testu. Nomindlni proménné byly zhodnoceny
pomoci Fischerova testu a Chi-kvadritu. Primarnim cilem
byl vyskyt arteridlnich bublin.

Vysledky

Celkem 47 potdpéci bylo sonograficky vysetfeno na
piitomnost arteridlnich a venéznich bublin po simulovaném
sestupu v hyperbarické komorte. Kontrolni skupina (n =
19) byli potdpéci s PFO, ktefi provedli dekompresni sestup
do 18 m na 80 min. Skupina 1 (n = 15) byli potapeci po
katetriza¢nim uzdvéru PFQ, ktefi provedli identicky sestup
jako potapéci v kontrolni skupiné. Skupina 2 (n = 13)
byli potapéci s PFO, ktefi provedli bezdekompresni ponor
do 18 m na 51 min. Charakteristika skupin je uvedena
v tabulce 1.

Vendzni bubliny byly detekoviany u 74 % potdpéct
v kontrolni skupiné, ve skupiné 1 u 80 % potipécu (p =
1,0), ve skupiné 2 u 31 % potapéct (p = 0,03). Arterialni
bubliny u 32 % potdpéca v kontrolni skupiné, ve skupiné 1
u0 % (p=0,02)ave skupiné 2 u 15 % (p = 0,42). Vyskyt
arteridlnich a vendznich bublin je pfehledné srovnan na ob-
razku 1. U dvou potapéchi ze 6 (33 %), ktefi manifestovali
v kontrolni skupiné arteridlni bubliny, byly zaznamenany
piiznaky DCS. Oba potdpédi byli tspéiné léceni rekom-
presi v hyperbarické komote s promptni tlevou obtizi. Ve

Tabulka I Zakladni charakteristika skupin
Table 1 Baseline characteristics of study groups

Skupina 1 Skupina 2 Kontroly
(Group 1) (Group 2) (Controls)
(n=15) (n=13) (n=19)
Vek (roky) (Age in years) 406 85 365 9.0 330 7.6
Muzské pohlavi (Male sex) (%) 79 77 80
BMI (kg/m?) 27.4,24,7-30,9 25,2, 24,0 - 30,7 26,0,22,2- 29,7
Pocet ponor ( Number of dives) 500, 100 - 1 880° 127,40 - 364 100,39 - 150
Pocet dekompresnich ponort
(Number of decompression dives) 150, 5 - 400 3,1-50 2,0-15
DCS v anamnéze (DCS history) (%) 100 62 53

BMI - index télesné hmotnosti (bady mass index), DCS - dekompresni nemoc (decompression sickness). Data jsou uvedena jako primér - smérodatna odchylka respektive
medidn, interkvartilni rozsah; *p < 0,05 (Data are shown as mean  standard deviation or median, interquartile range); * p<0.05
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EZ3 Skupina 1 (Group 1)
EZ3Skupina 2 (Group 2)
E=Kontroly (Group 3)

Vendzni bubliny
(venous bubbles)

Arterialni bubliny
(Arterial bubbles)

Obrézok 1 Vyskyt arteridlnich a vendznich bublin

Figure 1 Occurrence of arterial and venous bubbles

Srovndni vyskytu vendznich a arteridlnich bublin u skupiny 1 (potdpéci
po katetrizaénim uzavéru foramen ovale patens, dekompresni sestup),
skupiny 2 (potapéci s foramen ovale patens, bezdekompresni sestup)
a kontrol (potdpédi s foramen ovale patens, dekompresni sestup).
(Comparison of venous and arterial bubbles accurrence in group 1 (divers after
transcatheter patent foramen ovale (PFO) closure, decompression dive), group 2
(divers with a PFO, non-decompression dive) and controls (divers with a PFO,
decompression dive),

skupiné 1 ani skupiné 2 nebyly zaznamenany projevy DCS
u zadného potapéce.

Diskuse

PFO je u potapécii spojeno se zvysenym rizikem vzniku
DCS zejména s kozni a neurologickou symptomatologii a to
i tzv. nevyprovokovanych pfihod, kdy potapéc neporusi dopo-
ruceny dekompresni reZim (7, 8). Diskutovany jsou i mozné
trvalé nasledky opakovanych asymptomatickych arteridlnich
embolizaci do mozku (9). Prevalence PFO v populaci je
pritom velmi vysokd, kolem 27 % (10). Tato situace pravem
vzbuzuje obavy potdpécské vefejnosti a Casto i lékata, ktefi
jsou stile s problematikou DCS milo sezndmeni. Ve vétsiné
zemi véetné Ceské Republiky zatim neexistuji doporucené
postupy, které by tuto problematiku fesily. Spolehlivou pre-
venci opakovanych DCS je ukondeni potapécské Cinnosti,
ale toto feden{ je z nalich zkufenosti pro vétsinu potdpécské
vefejnosti nepfijatelné. Néktefi autofi navrhuji v této indikaci
katetriza¢ni uzavér PFO a zejména u profesiondlnich potdpéca,
kde by jinak hrozila ztrita zaméstnéni, je jiz tento vykon
individualné provadén (13, 14). Jinou moZnosti je doporucit
konzervativni pristup k potapéni, tedy soubor bezpe¢nostnich
doporuc’em’ s omezenim maximdlni hloubky a doby ponoru,
ktery by vedl k sniZené tvorbé a paradoxni embolizaci bublin
(15). Problémem takovych doporuceni je nedostatek dikaza,
které by podporovaly dlouhodoby efekt jak katetriza¢niho
uzavéru, tak konzervativniho pfistupu k potédpéni.

V naéi studii jsme na malé skupiné potapécu po si-
mulovaném sestupu v barokomofe piimo srovnali vyskyt
vendznich a arterialnich bublin. Jako model dekompresniho
sestupu byl u kontrolni skupiny vyuZit sestup do 18 m na 80
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min (s dekompresni zastivkou po dobu 7 min v 3 m), ktery
v nadf prici generoval vendzni bubliny u 74 % potdpéci a u
32 % potipéca byly detekovany i bubliny arteridlni. To je ve
shodé s difve popsanym faktem, Ze ke vzniku bublin dochazi
jiz po jednom ponoru i pfi dodrzeni dekompresniho rezimu
(2, 3). V kontrolni skupiné doslo u jedné tetiny potapéci
s arterialnimi bublinami k rozvoji pfiznaki DCS. U potapéct
po katetrizatnim uzavéru byl podle o¢ekavani nalezen stejny
pocet vendznich bublin, nicméné doslo k eliminaci bublin
arterialnich a Zadny potapé¢ nemél priznaky DCS. Zkracenim
doby ponoru na bezdekompresni ¢as, doporuceny Buehlman-
novymi tabulkami uréenymi pro rekreacni potdpéce, doslo
k vyznamnému snizeni poétu vendznich bublin, ale k uplné
eliminaci arteridlnich bublin u potipéc¢a s PFO nedoglo.

Tvorba bublin je individudlni a zdvisi na fadé faktor
jako je vék, index télesné hmotnosti, pohlavi, ¢i hydratace
pied ponorem (16, 17). MnozZstvi rozpusténého dusiku z4-
visi zejména na dobé expozice a hodnoté parcidlniho tlaku
dusiku. Ke vzniku bublin pak dojde pii hypersaturaci tkani
pti prili§ rychlém vystupu na hladinu (18). Tvorba bublin
tedy zdvisi také na vystupové rychlosti (17). Pomalejs$i vystup
na hladinu by mohl u potdpéce s PFO vést k dalsi redukci
vyskytu arteridlnich bublin.

Z vysledkil usuzujeme, ze katetrizaéni uzdvér vedl
k eliminaci arterialnich bublin po simulovaném sestupu
v barokomore a mohl by tak byt efektivni 1é¢bou rekurentni
nevyprovokované DCS u potdpéct s PFO. Aplikace soucas-
nych bezpeénostnich doporuceni pro potdpéce s PFO vedla
k niz§imu vyskytu vendznich bublin, ale nezabranila jejich
paradoxni embolizaci do systémového obéhu a je tedy potfe-
ba k takovym doporucenim pfistupovat obezfetné zejména
s ohledem na klinické obtiZe potipéce. Otdzkou zastavaji
dlouhodobé nasledky asymptomatickych paradoxnich em-
bolizaci. Odpovéd na dlouhodobou efektivitu obou postupt
by mély ptinést vysledky longitudindlnich studii s klinickym
sledovédnim potapech s PFO.

Zavér

PFO miZe ohroZovat potépéce vznikem takzvané nevypro-
vokované dekompresni piihody s vyskytem akutnich symp-
tomu i pfi dodrzeni dekompresnich pravidel. Bezpeénostni
doporuéeni pro potipéce s PFO by mély omezovat zejména
maximalni hloubku a dobu ponoru a nejspie i doporucit delsi
bezpecnostni zastévky, pomalejdi vystupovou rychlost a do-
statecnou hydrataci pied ponorem. Jejich efektivitu je nutno
ovéfit v longitudindlnich klinickych studiich. Katetriza&ni
uzavér PFO se zda byt moZnou vysoce efektivni alternativou.
Pristup k potdpéci s PFO by mél byt individudlni, zdkladem
prevence DCS naddle zlstdvd zejména dukladnd edukace
potdpéce. Simulovanym sestupem lze ovéfit individudlni
riziko vzniku bublin.
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KONTROVERZE

CONTROVERSIES

Komentar ke kontroverzim
Uzavirat foramen ovale patens?

Closure of foramen ovale patens?
Comment on controversies

Uzavér foramen ovale patens (PFO) u pa-
cientl po kryptogenniischemické cévni moz-
kové pithadé (ICMP) je téma dlouhodobé
diskutované mezi cévnimi neurology, do ne-
davné doby viak pro rozhodovani o zplsobu
lécby pacientd chybéla solidni data z rande-
mizovanych studii. Publikované vysledky stu-
dii PCTRIAL, CLOSURE a RESPECT byly jistym
zklamanim, nebot sice shodné prokazovaly
pozitivni trend ve prospéch okluze PFO oproti
konzervativni terapii v prevenci rekuren-
nti CMP, nicméné ani v jedné z téchto stu-
dii nebylo dosaZeno statistické vyznamnosti.
V zaf letosniho roku viak byly publikovany
vysledky dalsich tiif studii (CLOSE, REDUCE,
RESPECT — prodlouzena doba sledovani),
které nejen potvrdily pozitivnl trendy pred-
chozich praci, ale navic dosahly statistické vy-
znamnosti [1-3]. Klicem k takevému vysledku
byly lepsf vybér pacientl a prodlouZend doba
sledovani.

Navzdory témto pozitivnim vysledkim
viak zstavaji v otdzce indikace uzavéru PFO
po kryptogenni CMP nékteré nejasnosti.

Vzhledem k difvéjsi dobé zahajeni studii
(2003 RESPECT, 2008 REDUCE, CLOSE) maji
nekolik omezeni, kterd se tykaji etiologic-
kého vysetfeni prodélané CMP a terapeutic-
kého rezimu v konzervativni vétvi. Prikladem
je nedodstatecna detekce paroxysmalni fib-
rilace sini dlouhodobou monitoracf, kterd je
v dnesnf dobé standardem. Do studif také
mohli byt zafazeni pacienti s vyraznym ate-
rosklerotickym postizenim karotid (stendza
do 50 % ve studii REDUCE, resp. do 30 %

ve studil CLOSURE), u kterych je etiolo-
gicky vyznam PFO na prodélané CMP mélo
pravdépodobny.

Uginnost uzavéru PFO v prevenci reku-
rentni CMP byla porovnéavana s lécbou
antiagregacni a nikoli antikoagula¢ni s ne-
podstatnou vyjimkou ve studii RESPECT, kde
bylo 19 % pacientl v konzervativni vétvi |é-
Ceno warfarinem. Vzhledem k pfedpoklada-
nému mechanizmu vzniku CMP embolizaci
Zilnich trombU cestou PFO do mozku ¢i tvor-
bou trombu in situ v kanale PFO s jeho na-
slednou embolizaci se antikoagulacni terapie
jevi jako logictéjsi varianta oproti terapii an-
tiagregaéni. Ve studii CLOSE byla sice zvladt
vyclenéna skupina pacientd lécenych anti-
koagulancii, ale byla porovnévéna s pacienty
na antiagregacni terapii a nikoli se skupinou
po okluzi PFO. Pozorovany rozdil ve vyskytu
recidivy CMP pro malou velikost vzorku ne-
dosahl statistické vyznamnosti. Studie take
neodpovidajl na otazku, jakd je Géinnost uza-
véru PFQ ve srovnani s newarfarinovymi anti-
koagulancii, kterd predstavujl bezpecnéjsi al-
ternativu v antikoagulaénf lécbé.

Da studii mohli byt randomizovani pa-
cienti az do véku 60 let, pramérny vék cinil
42,9-459 roku, coZ jsou hodnoty vy3si oproti
typickému pacientovi s kryptegenni CMP, jak
jej znéme z klinické praxe. Nicméné v suba-
nalyze vékovych podskupin pfetrvaval pozi-
tivni efekt uzavéru PFO i v kategorii 46-59 let
(REDUCE), resp. 46-60 let (RESPECT).

Uvedené studie tedy na nékteré otazky
tykajici se uzavéru PFO odpovédely, nadale
viak v této oblasti zlistava celd fada nejas-
nosti. Zvazovat uzavér PFO u pacienta po
iICMP bychom méli aZ po peclivém vy3etieni
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etiologie iktu se zvldstnim zfetelem na dlou-
hodobu monitoraci srdeéni akce (30 dni).
Definitivni rozhodnuti o uzavéru PFO ma
vzejit ze spolecné diskuze neurcloga, ktery
prevazné rozheduje o indikaci, a kardiologa,
ktery hodnoti proveditelnost vykonu, a sa-
moziejmé po zohlednéni pfdnf pacienta.
Pacienty odesilame na kardiologické inter-
vencni pracovisté s dostatecnym poctem
vykond, a tedy nizsim vyskytem periproce-
durdlnich komplikaci.

Uzavér PFO by mél i nadéle zustat neru-
tinni metodou sekundarnf prevence CMP in-
dikavanou jen pro peclivé vybranou skupinu
pacient(.
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similar to the mean maximum depth of dives of the
control group at 48 + 21 m.

Those supposedly doing “conservative diving”
were actually performing provocative dives.
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REPLY: The So-Called "Conservative Diving” Was
Highly Provocative

»™
We thank Dr Wilmshurst for his thoughtful letter in
response to our study.' Dr Wilmshurst has pioneered
the research on patent foramen ovale (PFO) in
divers. We would like to point out a few important
factors to consider.

We agree that divers with a high-grade shunt PFO
should dive conservatively, if they do not undergo
catheter-based closure. We have published our
experimental data on this topic previously, and it is
also one of our conclusions in the present study.” The
question that is yet to be answered is how
conservative divers should be. We agree that
limiting maximum depth to 15 m while using
common air decompression algorithms is probably
very safe, but there are no data to support this
depth restriction. Also, limiting the discussion to
maximum depth only is an oversimplification. Main
factors to be considered are maximum depth,
exposure time, safety stops, and
number of repetitive dives. In the DIVE-PFO

ascent rate,

(Decompression Illness Prevention in Divers with a
Patent Foramen Ovale) registry, we recommended
that divers stay within the limits of recreational
diving (eg, 40 m maximum depth, no-
decompression air dives), to preferably perform
shallow dives, and avoid doing more than 2 dives
within a single 24-hour period.

Dr Wilmshurst discusses in his letter a supple-
mental table that we provided to illustrate compli-
ance with our recommendations. The number of
dives/day (2.2 + 1.0 vs 2.7 + 1.3), maximum depth of
any dive during follow-up (44 + 23 m vs 64 + 27 m),
and self-reported compliance (75.5% Vs 43.6%), all
significantly differed between high-grade and closure
groups, respectively. Moreover, it is important to
note that the definition of unprovoked decompres-
sion sickness was strictly limited.® Thus, any
symptoms after a dive exceeding the limits would
not be considered as an endpoint. In fact, the mean
maximum depth of the deepest dive preceding the
endpoint event was 23 m! Therefore, we cannot
agree with a statement that the divers were
performing “provocative dives.”

We believe that the main message of our study
remains clear: screening and risk stratification strat-
egy is effective, and screening for PFO should be
offered to any diver. If a diver is diagnosed with a
high-grade shunt, a shared decision with the treating
physician is to be made. Catheter-based closure is a
safe and effective measure that is best reserved for
divers that are unable to adapt to strict diving rec-
ommendations, for example, professionals. For the
majority of divers, the options are to either quit div-
ing or to proceed with conservative diving. Any
guidelines for conservative diving will have to bal-
ance safety and restrictiveness.
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