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A. Patogeneze syndromu nahlého umrti kojence

1. Syndrom nahlého umrti kojence (Sudden Infant Death Syndrome,

SIDS)

Syndrom néhlého umrti kojence (Sudden Infant Death Syndrome, SIDS) je definovan
jako ve spanku vznikld nahla smrt kojence, ktera neni vysvétlitelna anamnézou,
prohledianim mista imrti ani pitevnim nalezem (Hunt 2001, Ozawa et al. 2002a).

Udaje o prevalenci SIDS se lisi v jednotlivych zemich a jsou velmi ovlivnény
dislednosti posmrtného vySetfeni a kvalitou pitvy (Coté et al. 1999). SIDS je nejcastéjsi
pri¢inou postneonatdlni umrtnosti v rozvinutych zemich. Reprezentuje asi 82 % vsech
nahlych neoc¢ekavanych umrti ve v€ku 1 mésice az 1 roku (Hunt 2001). Kolem roku 1997
Cinila prevalence v USA priblizné 0,64 (Ackerman et al. 2001), ve Velké Britanii 0,62
(Summers et al. 2000) a v Japonsku 0,37 na 1000 déti prezivSich novorozenecké obdobi
(Narita et al. 2001). K SIDS dochézi nejcastéji ve véku od 2 do 4 mésict.

Jak jiz bylo feceno, pitevni nilez nevysvétluje pri¢inu umrti. Tyto déti vSak mivaji
urcité charakteristické znamky — zejména mirny plicni edém, nitrohrudni petechie a
astrogliozu v mozkovém kmeni (Sawaguchi et al. 2002a). Uvedené patologické zmény jsou
charakteristické pro stavy hypoxie.

Japonskd skupina studovala mechanismy, jakymi rizikové faktory ovliviluji
fyziologické procesy. Ve spankové laboratofi pozorovali 20 000 kojenci, z nichz 40 nasledné
zemielo na SIDS. Mezi patofyziologické charakteristiky budoucich obéti SIDS patii ¢etnéjsi
obstruktivni a smiSené apnoické pauzy, coz dokladd poruchu respiracni a probouzeci
kontroly vazané na spanek. SniZena variabilita srdecni frekvence svéd¢i pro vétsi

sympatovagalni kontrolu a miize byt disledkem opakované expozice hypoxii. Byla zjisténa 1



sniZena ventila¢ni odpovéd’ a opoZdéna probouzeci reakce na hypoxii nebo hyperkapnii,
¢ili zivot ohrozujici stavy (Ozawa et al. 2002a).

Jednozna¢na pricina SIDS nebyla odhalena. Pravdépodobné jde o heterogenni
onemocnéni, na kterém se podili geneticka predispozice v kombinaci s vlivy z vnéjSiho
prostiedi jako je poloha na bri§ku, koufeni matky, nedonosenost atd. Dle vyse uvedenych
pitevnich a patofyziologickych charakteristik obéti SIDS se predpokladd vyznamnd role
poruch kardiorespira¢nich, autonomnich a probouzecich mechanizmi, proto se hledaji
kandidatni geny, jejichz produkty ovliviuji regulaci pravé téchto d&jo. Cast umrti
hodnocenych jako SIDS vSak mohou tvofit i jind onemocnéni, kterda mohou zpisobit ndhlou

smrt bez vyraznych patologickych zmén.

2. Kandidatni geny predisponujici k SIDS

Nasleduje ptehled kategorii kandidatnich genti, u kterych se na =zakladé
epidemiologickych a patofyziologickych charaketristik a patologickych nalezi u SIDS
piipadi predpoklada, ze mohou predisponovat a v kombinaci s faktory z vnéjSiho prostiedi

vést k SIDS. (Weese-Mayer et al. 2007)

2.1. Abnormalni serotoninergni funkce, gen pro serotoninovy transportér

Patofyziologické i1 patologické zmény u nékterych obéti SIDS ukazuji na poruchu
mozkového kmene. V mozku téchto déti byly zjistény zmény imunoreaktivity
neurotransmiterti, které mohou byt vysledkem bud’ opakované hypoxie nebo nezralosti

kardiorespiracnich center (obr.1).
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Obr.1. Zmény imunoreaktivity neurotransmitert v mozku obéti SIDS.

BG - bazalni ganglia, PAG - periakveduktalni Sedd hmota, LC - locus coeruleus, STN -
spindlni jadro trigeminu, VLM - ventrolateralni medulla, TH - tyrozin hydroxylaza
(katecholaminergni neurony), SP - substance P (zvySena u chronickych hypoxickych stavii),
TrH - tryptofan hydroxylaza (serotonergni neurony), GFAP - glialni fibrilarni kysely protein
(znaci astrocyty, glidzu)

Upraveno podle Ozawa et al. 2002.

V poslednich letech se objevily studie o vztahu mezi SIDS a deficienci serotonergnich
drah. Serotonin pusobi troficky béhem vyvoje, reguluje kardiovaskularni a respiracni aktivitu,
sttidani spanku a bdéni, regulaci teploty a cerebralni pritok (Jacobs and Azmitia 1992).
Pisobi na struktury v rostralni ventrolateralni medulle (VLM), kde se pfedpoklada lokalizace
generatoru respiracniho rytmu (Ozawa et al. 2002a).

U déti se SIDS se zjistila sniZena denzita receptori S5-hydroxytryptaminu typu 1A
a 2A v dorzalnim jadfe vagu, ncl. solitarius a VLM a naopak zvySena hustota téchto receptorti
v periakveduktalni Sedé hmoté. Tyto zmény mohou byt bud’ disledkem chronické hypoxie
nebo vyrazem poruchy dozravani kardiorespiracniho centra v nervovém systému (Ozawa et

al. 2002b). V medulle byl zjistén vEtsi pocet a hustota serotoninovych neuronti a nizsi hustota

serotonin 1A receptora (Paterson et al. 2006).



Mezi obét'mi SIDS a kontrolami byly zjistény signifikantni rozdily ve frekvenci alel
genl, které koduji serotoninovy transportér. U obéti SIDS byly vice zastoupeny alely L a
XL, které koduji transportér s vySSi schopnosti ptenaset serotonin. U nich dochazi
k efektivnéjSimu zpétnému vychytdvani serotoninu z extracelularniho prostoru, ¢imz se
zkracuje doba jeho plisobeni na receptory. L alela byla zjisténa u 22,2 % obéti SIDS oproti
13,5 % u kontrol, XL alela u 5,6 % obéti SIDS ve srovnani s 0,4 % u kontrol. Tyto alely by
mohly byt biologickym rizikovym faktorem pro SIDS (Narita et al. 2001), ale nikoliv jeho
jednoznaénou pticinou.

Weese-Mayer et al. popsali vyssi vyskyt polymorfismu VNTR s 12 kopiemi 16 bp
useku v intronu 2 5-HTT genu u SIDS pfipadii Afroameri¢ani ve srovnani s kontrolami.

(Weese-Mayer et al. 2003)

2.2. Geny ovlivitujici embryologii autonomniho nervového systému

PHOX2B homeobox gen koduje transkripéni faktor, ktery hraje klicovou roli ve
vyvoji autonomniho nervového systému a v diferenciaci neuronu, reguluje napftiklad
diferenciaci v motorické nebo serotoninergni neurony (Pattyn et al 2003). Osm polymorfismt
ve tietim exonu PHOX2B genu se vyskytlo vyznamné ¢astéji ve skupiné SIDS obéti nez u
kontrol (Rand et al 2006). PHOX2B genotyp ovliviiuje i srdecni autonomni regulaci a délku

srde¢niho cyklu, coz opét mize souviset s nahlym umrtim (Gronli et al 2008).

2.3. Geny ovliviiujici metabolismus nikotinu
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Na zdklad¢ souvislosti mezi SIDS, expozici tabadkovému kouii a dysregulaci
autonomniho nervového systému jsou geny ovliviiujici metabolismus tabdku dalSimi
kandidatnimi geny v etiopatogenezi SIDS. Nebyla zjisténa zadna asociace mezi SIDS a
polymorfismy v genech CYP1Ala GSTT1, kodujicich enzymy zodpovédné za metabolismuc
polycyklickych aromatickych uhlovodiki, hlavnich kancerogenti cigaretového koute. (Rand

et al. 2006)

2.4. Geny regulujici zanét

Znamky bakterialni infekce (Morris et al. 2006), hladina endotoxinu (Crawley et al.
1999) a mirné infekce hornich cest dychacich u SIDS ptipadt (Arnestad et al. 2001) vedly ke
zkoumani kandidatnich genti ovliviiujicich reakci na infekci a zanétlivou odpovéd’. Schneider
a Opdal zjistili signifikantné vyssi pocet ptipadi delece v C4B genu kodujicim C4 slozku
komplementu u SIDS obéti, které mély v anamnéze recidivujici infekce nebo znamky
infekece tésné pred smrti (Schneider et al 1989 a Opdal et al. 1994). Summers et al. zjistili
asociaci alely A v genu IL10 pro interleukin-10 (Summers et al. 2000), tato asociace vSak

potvrzena nebyla v jiné vétsi studii (Opdal et al. 2003).

2.5. Geny ovlivitujici produkci energie

Ve srovnani se zdravymi détmi SIDS obéti byvaji méné aktivni a spavé§jsi, coz vedlo
ke zkoumani energetického metabolismu a tedy mitochondridlniho genomu (Arnestad et al.
2002). Mitochondrialni genom ma dvé¢ regulacni oblasti (HVR I a HVR II). U ptipada SIDS

byla zjisténa véEtsi Cetnost substituci, které mohou poukazovat na nestabilitu mtDNA nebo
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pritomnost dal§i mutace v mtDNA (Opdal et al 1998). Bodové mutace v mtDNA byly

nalezeny u jednotlivych obéti SIDS (Opdal et al. 2004).

2.6. Geny ovlivitujici metabolismus glukozy

Korelace SIDS s niz$i porodni hmotnosti a intrauterinni ristovou retardaci, na kterych
se miize podilet hypoglykémie, vedla k tvahdm, Ze porucha gluk6zového metabolismu muze
byt jednim s predisponujicich faktorti SIDS. Forsyth et al. 2005 proto zkoumali polymorfismy
gentl pro klicové enzymy glukézového metabolismu, glukokinazu a glukéza-6- fosfatazu a

nezjistili statisticky signifikantni rozdil v zastoupeni zkoumanych polymorfismu.

3. Choroby imitujici SIDS

Krom¢ vysSe zminénych kandidatnich genti a jejich polymorfismi, které za urcitych
okolnosti mohou béhem vulnerabilniho obdobi ditéte zpisobit nahlé tmrti existuji jasné
definované monogenné podminéné choroby, které mohou vést k ndhlému umrti bez
pfedchozich varovnych pfiznakii a bez charakteristického patologického nalezu. Piestoze
pravdépodobné tvoii jen malou ¢ast piipadii SIDS, jejich vyznam tkvi vtom, Ze jsou
diagnostikovatelné novorozeneckym screeningem, a pokud jsou vcas lé€eny, je mozné jejich
disledkim vcetné nadhlého umrti prede;jit.

Dosud nejvétsi geneticky podminénou podskupinu SIDS pifedstavuji mutace v genech
pro syndrom prodlouZzeného QT intervalu (LQTS). Méné¢ vyznamnou, ale opakované
zkoumanou podskupinu tvoii poruchy beta oxidace mastnych kyselin. Existuji nepfimé
dikazy, které naznacuji, ze Cast déti s kongenitalni adrenalni hyperplazii unikéd klinické

diagnoze a naSe hypotéza proto znéla, Ze se mohou skryvat pravé pod diagnézou SIDS.

12



3.1. SIDS a syndrom prodlouzeného QT intervalu

Syndrom prodlouzeného QT intervalu (LQTS) je poruchou repolarizace, kterou
charakterizuje prodlouzeni ak¢niho potencidlu (QTc) na EKG, relativni bradykardie a

abnormality T viny (obr.2).

V2

Obr. 2: EKG kiivka typicka pro LQTS.

Prevalence poruchy se odhaduje piiblizné na 1:5000 (Ackerman et al. 2001).
Epizodicky mtze dojit pfi excesivnim prodlouZzeni akéniho potencidlu k reaktivaci L-typu
Ca®" kanalti nebo Na* kanalt a tim k Gasnym naslednym potencialim a torsades de pointes

(obr. 3), kterd miize vyustit ve ventrikularni fibrilaci (Towbin et al.2001).

Obr. 3: Torsades de pointes.
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Ta se pak projevi synkopou, kifeCemi nebo nahlou smrti (Li et al.2000). N¢kdy je
LQTS nazyvan ,,perfektnim zabijeCem®, protoze nezanechava zadné stopy pfi pitve. Nabizi se
tedy jako mozna pric¢ina SIDS (Ackerman et al. 2001, Bajanowski et al.2001).

V prospektivni studii u 34 000 novorozenci se zjistilo, ze 50 % z téch, kteti nasledné
zemieli na SIDS, mélo prodlouzeny QT interval. Celkovy pocet obéti SIDS v tomto souboru
byl 24, z nich 12 mélo LQTS. Matematicky bylo vypocitano, ze LQTS zvySuje riziko amrti
na SIDS 41x (Schwartz et al. 2001, Schwartz et al. 2000).

LQTS mize byt ziskany (vyvolany rGznymi druhy 1ékti nebo iontovymi zménami)
nebo vrozeny (podminény mutaci gend koédujicich iontové kanaly). Dosud bylo
identifikovano 10 gent zptsobujicich LQTS, mutace ve tfech z nich jsou zodpovédné za 75 %
ptipadi LQTS (Weese-Mayer et al.). Obecné plati, Ze mutace postihujici draslikové kanaly
vedou ke ztraté funkce, k opozdéni repolarizace a k prodlouzeni akéniho potencidlu. Naopak
mutace postihujici Na“ kanal ptsobi nadmérnou funkci (,,gain of function*), kanal ma
zménéné vlastnosti a dochézi k jeho pozdni inaktivaci a k ptetrvavani toku sodikovych iont
v ploché fazi akéniho potencidlu s prodlouzenim depolarizace (Schwartz et al. 2001b) (obr.

4).
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Obr.4. Podstata syndromu prodlouzené¢ho QT intervalu. Srde¢ni akéni potencial a nékteré

z geni zpusobujicich LQTS (dle Towbin et al. 2001)

Pét fazi akéniho potencidlu: 0 - rychla depolarizace podminéné proudem sodikovych iont do
buitkky (SCN5A); 1- rychla repolarizace v disledku tniku chloridovych iontii z buiiky; 2 —
plateau, rovnovédha mezi proudem sodiku a vapniku dovnitt buniky a proudem chloridu a
drasliku z nitra buniky; 3 - rychla repolarizace zptisobena proudem drasliku z nitra buiiky; 4 -
doba mezi maximalni negativitou a vrcholem nasledujiciho ak¢éniho potencidlu - rovnovéaha
mezi pomalym proudem sodiku do buniky a drasliku z nitra bunky.

V posledni dobé bylo identifikovano 134 novych mutaci (43 bylo zndmo dfive)
zpisobujicich LQTS (Splawski et al.2000). Nej€ast&jsi jsou mutace v genu KVLQT1. SIDS je
v$ak nejéastéji spojen s typem 3 (LQT3), ktery je zptisoben mutaci v genu SCN5A pro Na*

kanal a ptedstavuje asi 10-15 % vSech piipadi LQTS (obr. 5).
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Genetics of Ventricular Arrhythmias

LaTi Igs Lars LaTz Ier LaTE
EvLaT1:41p155 mink: 2122 HERG: 7q35-36 MIRF1:g-22

Obr. 5: Genetika komorovych arytmii. Lokalizace genii kodujicich srde¢nich iontové kanaly
(KvLQT1, minK, HERG, MIRP1, SCN5A), topologie iontovych kanalli a n¢které mutace
vedouci k poruchdm iontovych kandlii a k n€kterému typu syndromu prodlouzené¢ho QT
intervalu. Ixs- pomalu se aktivujici draslikovy kanal, Ik~ rychle se aktivujici draslikovy kanal,
I Na- sodikovy kandl (dle Towbin et al. 2001).

Jednotlivé genotypy se lisi svymi projevy. Pifi LQT3 dochdzi k ndhlému dumrti
v klidu nebo ve spanku (39 %), pii ndmaze pouze u 13 %. Naopak LQTSI1 se nejcasteji (v 62
%) projevi pfi cviceni a LQTS2 pii emociondlnim rozruSeni (ve 29 %) (Schwartz et al. 2001).

Vazbu mezi SIDS a LQTS dokladaji jednak jednotlivé kazuistiky, ale i retrospektivni
genetické analyzy u vétsich soubortt SIDS piipadi. V roce 2000 byla publikovana kazuistika
7tydenniho ditéte, které nasli rodice cyanotické a bez pulzu. Nasledn¢ bylo zachranéno
z dokumentované komorové fibrilace a bylo zjisténo, ze je nosicem de novo mutace v SCN5A4
genu (Schwartz et al. 2000). Podobné u ditéte zemielého ve véku 9 tydnli pod obrazem SIDS
byla dodatec¢né identifikovana de novo vznikla mutace v SCN5A genu (Wedekind et al.2001)

Prvni rozsahlejsi systematicka studie spocivala v molekularné genetické analyze péti hlavnich

LQTS genti u 93 déti zemielych na SIDS. U dvou z téchto déti byla nalezena mutace opét
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v SCN5A genu (Ackerman et al. 2001). V dalsi praci s41 vzorky SIDS obéti byla
identifikovana jedna mutace v KCNQ1 genu, ktery podminuje LQT1 (Wedekind et al. 2006).
Nejnovejsi vysledky ukazuji, ze 9,5 % déti diagnostikovanych jako SIDS ve skutecnosti nese
funkéné vyznamnou variantu nebo mutaci v jednom ze 7 gent pro LQTS (Arnestad et al.

2007, Wang et al. 2007).

3.2. SIDS a poruchy beta oxidace mastnych kyselin (FAOD)

Mastné kyseliny jsou nejprve aktivovany na acyl-CoA thioestery, které jsou pak
pomoci transportnich proteint a karnitinu pfeneseny do mitochondrii. Tam dochazi k vlastni
beta oxidaci, ktera zahrnuje né€kolik enzymaticky kontrolovanych reakci a vede k odstépovani

dvouuhlikatych jednotek acetyl-CoA (obr. 6).

ETF Dehydrogenaza
FAD FADH>
" >—< 0
H ! ETF + H ETF :
R—C—C—C—SCoA K A U
H  Hy H H
Acyl-CoA Acyl-Cof Dehydrogenaza Enoyl-CoA
o
i
T 3-Ketoacyl-CoA 2-Enoyl-CoA ‘/. s
- yi- -Enoyl-Co
AostyrGoA Tiolaza Hydrataza l
p i
R—CH—C—C—SCoA >_< R—C g C—SCoA
o H2 OH
NAD NADH 3-Hydroxyacyl-CoA

3-Ketoacyl-CoA s
4 3-HydroxyAcyl-CoA Dehydrogenaza

Obr. 6: Schéma beta oxidace mastnych kyselin (dle Vockley et al. 2002).

17



Tato acetyl-koenzymova rezidua vstupuji do cyklu kyseliny trikarboxylové a pies
redukujici latky a elektronovy transportni fetézec vedou k produkci ATP. V jatrech z acetyl-
CoA vznikaji ketolatky, které energeticky zasobuji predevsim mozek.

Procesu beta oxidace se ucastni alespont 25 enzymu a transportnich proteinti. Dosud
byla popsdna onemocnéni zpiisobena defektem 22 z nich. Porucha se projevi predevSim v
dob¢ hladovéni, kdy dochazi k nedostatecné produkci energie a k hromadéni intermediarnich
metabolitl, coz mize vyvolat epizody hypoketotické hypoglykémie s poruchou védomi,
nebo miize dojit k jaternimu selhani ¢i rhabdomyolyze s akutnim selhanim ledvin (Vockley et
al. 2002).

Nekteré dédicné poruchy metabolismu mohou zptlisobit ndhlou smrt a zanechat jen
nespecifické patologické zmény (napf. steatdozu jater). Proto mohou byt patologicko-
anatomicky zatfazeny pod diagnézu SIDS. Odhaduje se, Ze pfiiblizné¢ 3-6 % nahlych a
neoekavanych amrti je zplisobeno poruchou beta oxidace mastnych kyselin, piredevSim
deficitem MCAD (medium-chain acyl-CoA dehydrogenazy), VLCAD (very-long-chain acyl-
CoA dehydrogenazy; Mathur et al. 1999), LCHAD (long-chain hydroxyacyl-CoA
dehydrogenazy), SCHCAD (short-chain hydroxyacyl-CoA dehydrogenazy; Treacy et al.
2000) a CAT (karnitin-acylkarnitin translokazy; Nuoffer et al. 2000).

Pon¢kud niz8i zastoupeni metabolickych poruch vychazi zvelké studie z USA.
Pomoci tandemového hmotového spektrometru byla provedena analyza 7058 vzorka krve déti
zemielych do 1 roku zivota. Vice neZ polovina z nich zemfela na nezndmou pficinu. Zjistilo
se, ze 66 z nich (<1 %) pravdépodobné zemielo na nékterou vrozenou metabolickou poruchu.
Slo nejen o defekty beta oxidace mastnych kyselin, ale i o dal§i poruchy metabolismu

organickych kyselin (Chace et al. 2001).
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Moznosti prevence nahlého umrti u déti s jiz zndmymi poruchami beta oxidace
mastnych kyselin se ponékud lisi dle typu defektu. U vsSech poruch je dilezitd prevence
dlouhodobého hladovéni (nasogastrickd sonda na noc nebo podavani kukufi¢ného Skrobu) a
omezeni podilu tukd ve stravé, u deficitu MCAD navic podavani MCT (triglyceridii se
sttedn¢ dlouhym fetézcem) a u deficitu karnitinu jeho suplementace.

Vzhledem k tomu, Ze prvnim projevem defektu beta oxidace mize byt nahlé umrti,
probihaji v n€kterych zemich pilotni studie novorozeneckého screeningu téchto poruch ze

suché krevni kapky pomoci tandemové hmotové spektrometrie.

3.3. SIDS a kongenitalni adrenalni hyperplazie (CAH)

Kongenitalni adrenalni hyperplazie (CAH) je autozomalné¢ recesivné dédi¢na porucha
funkce klry nadledvin. Pfiblizné 95 % pfipadl je zpusobeno mutaci CYP21 genu, ktery
koéduje 21-hydroxylazu. Deficit 21-hydroxylazy vede ke sniZzeni produkce kortizolu a
aldosteronu. Nedostatek kortizolu vyvolava zvySenou sekreci ACTH, coz vede k hyperplazii
nadledvin a k nadmérné sekreci androgent. Podle miry potlaceni aktivity enzymu se CAH z
klinického hlediska déli na formu se solnou poruchou, formu prostou virilizujici a formu
neklasickou.
rozvratem s hyponatrémii, hyperkalemii, dehydrataci a Sokovym stavem. Pfedpokladdme, Ze
takové solna krize miZze vést az k ndhlému umrti. Fatdlnim koncem jsou ohroZeni predevsim
chlapci, nebot’ u nich chybi diagnostické voditko, jakym je virilizace zevniho genitilu u
divek. Nediagnostikovani chlapci mohou nahle zemfit v prvnich tydnech Zivota a tento stav
by mohl byt hodnocen jako SIDS v piipadé, Ze hyperplazie nadledvin pii pitvé unikne

pozornosti.
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Zatim existuji pouze nepiimé dikazy, ze malou podskupinu SIDS obéti mohou tvofit
déti s nepoznanou kongenitalni adrenalni hyperplazii. Studie ze Stredniho Vychodu poukazuji
na pravdépodobnou umrtnost nediagnostikovanych chlapci vzhledem k vétSimu poctu
diagnostikovanych divek (Lubani et al. 1990, Sack et al. 1997), naopak v rozvinutych zemich
je pomér diagnostikovanych chlapcii a divek podobny. Populacni studie v rozvinutych zemich
uvadeji umrtnost na diagnostikovanou SW-CAH v kojeneckém véku 0-4 % (Brosnan et al.
1999, Thilen et al. 1990, Van der Kamp et al. 2001), nicméné zcela chybi udaje o

nepoznanych umrtich a skute¢na umrtnost mize byt tedy vyssi.
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B. Retrospektivni diagnostika nepoznanych prifin nahlého umrti

kojence

Hlavnim cilem této studie bylo zjistit, kolik déti, které zemrely nahle na neznamou
pri¢inu vétSinou pod chybnou diagnézou syndromu nahlého umrti kojence (SIDS), ve
skute¢nosti zemrelo na nékterou monogenné podminénou a lé¢itelnou chorobu. Jak je
zminéno vyse, v soucasné dob¢ tvoii syndrom prodlouzeného QT intervalu nejvétsi podil
vysvétlitelnych nahlych tmrti imitujicich SIDS, na druhém misté jsou dle dostupnych zdroji
poruchy beta oxidace mastnych kyselin a na zédkladé neptimych dikazi se domnivame, ze
cast déti, predevSim chlapct stézkou formou kongenitdlni adrendlni hyperpldzie zlstava
nediagnostikovdna v zemich bez novorozeneckého screeningu a umiréa nahle v solné krizi.

Zjisténi prevalence téchto 1écitelnych chorob mezi nihle zemfelymi kojenci muze
poskytnout argument pro rozSifeni novorozeneckého screeningu. Archivovani
novorozeneckych screeningovych karticek se suchymi kapkami krve a mozZnost extrakce
DNA z nich poskytuje jedinecnou pftilezitost k retrospektivnim studiim zamétenym jednak na
detekci kandidatnich gend, jejichz polymorfismy mohou predisponovat k ndhlému amrti, a
jednak k retrospektivni diagnoze téchto monogenné podminénych lé¢itelnych onemocnéni.

Analyza SCN5A genu, jehoz mutace podmituji syndrom prodlouzeného QT intervalu
typu 3, vyzaduje vétsi mnozstvi DNA, nez lze extrahovat ze suchych krevnich kapek.Zaméfili
jsme tedy na detekci kongenitalni adrenalni hyperplazie a poruch beta oxidace mastnych
kyselin mezi ndhle a neocekavané zemielymi kojenci. Pfedev§im prvni ¢ast studie (souvislost

CAH a SIDS) byla v nasem ¢lanku publikovana poprvé.
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C. Uskali pouZiti archivovanvych suchych krevnich kapek

K provedeni zminéné retrospektivni studie jsme se rozhodli pouzit novorozenecké
suché krevni kapky na screeningovych kartickach, které jsou ve vétSin€é evropskych zemich
dlouhodobé skladovany. Nésledujici kapitoly shrnuji nékterd uskali pouziti dlouhodobé

skladovanych novorozeneckych screeningovych karticek (obr. 7).

o ) oy 5

KODOVE &isLo | | fs

Priezvisko a meno
diefata:

Obr. 7: Novorozeneckd screeningova karticka.

4. Zavislost koncentrace metaboliti na délce skladovani

Diulezitym aspektem pouziti novorozeneckych screeningovych karticek pro
retrospektivni studie je zména koncentrace diagnostickych metaboliti v suchych krevnich
kapkadch béhem dlouhodobého skladovani. Zmeéna koncentrace 17-hydroxyprogesteronu
béhem dlouhodobého skladovani a po autokldvovani byla jiz jasné definovéna (Tordk et
al.2002). Existuje vzorec pro korekci koncentrace dle stati vzorku.

Pro diagnostiku dédi¢nych poruch metabolismu je stézejni stanoveni koncentrace
acylkarnitinovych zbytkli a organickych kyselin pomoci tandemové hmotové spektrometrie.

Pro retrospektivni diagnostiku dédiénych poruch metabolismu je tedy stézejni zavislost
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koncentrace zminénych metaboliti na dobé skladovani, ktera je poprvé systematicky

zpracovana v nasledujicim ¢lanku.
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Abstract

Background: Dried blood filter cards, collected for newborn screening, are often stored for
long periods of time. They may be suitable for the retrospective diagnosis of inborn errors of
metabolism, but no data are currently available on the long-term stability of amino acids and
acylcarnitine species.

Methods: We analyzed amino acids and acylcarnitines by tandem mass spektrometry in 660
anonymous, randomly selected filter cards from 1989 through 2004. We assessed long-term
stability of metabolites by linear regression and estimated annual decrease of concentration
for each metabolite.

Results: Concentrations of free carnitine increased by about 7.6 % per year during the first
five years of storage and decreased by about 1.4 % per year thereafter. Alanine, arginine,
leucine, methionine and phenylalanine decreased by 6.5 %, 3.3 %, 3.1 %, 7.3 % and 5.7 %
per year, respectively. Acetylcarnitine, propionylcarnitine, citrulline, glycine and ornithine
decreased by 18.5 %, 27.4 %, 8.1 %, 14.7 % and 16.3 % per year during the first five years,
respectively. Thereafter the decline was more gradual. Tyrosine decreased by 1.7 % per year
during the first five years and 7.9 % per year thereafter.

Conclusions. The estimated annual loss may aid in the retrospective diagnosis of metabolic
disorders. However it should be used with caution and in the context of additional findings

consistent with the diagnosis as the error of estimate might be significant.

Introduction

Since the advent of newborn screening for phenylketonuria more than 35 years ago

many additional inborn errors of metabolism have been included in neonatal screening
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programs. (1,2) In particular, electrospray tandem mass spectrometry (MS/MS) has enabled
us to analyse a great number of different metabolites from 3 ul whole blood in less than 2
minutes. With its almost 100 % sensitivity and specificity it has become the mainstay for
neonatal screening of inborn errors of metabolism, including amino acidopathies, fatty acid
oxidation disorders and organic acidurias in many neonatal centers around the world. (3)

Filter cards from each newborn infant are stored for up to 10 years to provide valuable
material for epidemiological studies and forensic purposes. (4) Retrospective diagnosis of
inborn errors of metabolism may be of particular importance in children that died suddenly
and unexpectedly, in particular when a sibling has been diagnosed. (5-11) Retrospective
diagnosis of mutiple acyl-CoA dehydrogenase deficiency from a 12-year-old blood spot has
been reported. (12) The importance of retrospective diagnosis of metabolic disorders in
children who died suddenly of unknown reason is that of the possibility of genetic counseling
and early diagnosis and treatment of future siblings.

The diagnosis of inborn errors of metabolism is based on the quantitative analysis of
amino acids, acylcarnitines and certain ratios exceeding cut-off limits at the 99.5™ percentile
of the reference population. (2, 3) The levels of metabolites in affected infants are typically
significantly higher than the respective cut-off limits. For example, in children with PKU
blood phenylalanine (phe) levels may exceed 400 pmol/l compared to an upper cut-off level
of 100 or 150 umol/l. (13) In patients with malonyl-CoA decarboxylase deficiency
malonylcarnitine concentrations were found to be 3,9 to 8,8 fold higher than the respective
cut-off limits. (14) In some disorders, however, concentrations of diagnostic metabolites may
exceed upper cut-off limits only marginally. (13) In addition metabolite levels depend on
metabolic status, dietary intake (2) and maturity of the infants (15, 16), which may pose a
diagnostic challenge. Time dependent degradation of metabolites during long-term storage of

dried blood filter cards may prove to be an additional misleading factor when retrospective
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diagnosis is desired. However, only little data regarding the long-term stability of amino acids
and acylcarnitines in dry blood filter cards are available.

Consequently, we decided to investigate the long-term stability of these metabolites in
dried blood spots on filter cards stored in archives of neonatal screening centers. Our
objectives were to identify simplified mathematical models which could describe the time
dependent change of metabolite concentrations and adjust for random variation among

subsequent years.

Materials and methods

Subjects

60 randomly chosen screening filter cards of children born in January of each of the
following years 1989, 1991, 1993, 1995, 1997, 1999, 2000, 2001, 2002, 2003, 2004 (total
n=660) were retrieved from the archives in the Czech Republic. The blood was collected by a
capillary blood draw from all newborns between the fifth and seventh day of life until June
2003, thereafter between the third and fourth day of life (observed range 2-11 days).

The filter cards (Schleicher & Schuell 2992, Germany) were stored at ambient
temperature in a dry environment. The cards were sent from the respective birth clinics to the
screening centre through regular public mail in sealed and bagged envelopes, therefore the
effects of humidity, temperature, and light should be negligible. None of the filter cards was

autoclaved.

Acylcarnitine and amino acid analysis

All samples were analyzed as previously described (17) within three weeks by the

same tandem mass spectrometer (MS Wallac, Turku, Finland). Discs 3 mm in diameter
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(containing 3,2 ul of blood) were punched out (DBS Puncher, Wallac, Turku, Finland) of the
centre of the dried blood spots and transferred to a 96- well microtiter- plate (Greiner,
Frickenhausen, Germany). Subsequently 100 pl of methanol extraction-solution mixed with
deuterated internal standards (stable isotope standards, CIL, Andover, MA, USA) were added.
The concentrations of the internal standards were as follows: 2Ho- carnitine 0,76 nmol/ml,
?Hs- acetylcarnitine 0,19 nmol/ml, 2Hs- propionylcarnitine, *Hs- butyrylcarnitine, *Ho-
isovalerylcarnitine, 2Hs- octanoylcarnitine and ?Ho- myristoylcarnitine 0,04 nmol/ml, *H3-
palmitoylcarnitine 0,08 nmol/ml, 15N,2-13C-Gly 12,5 umol/l, 2H4- Ala, 2Hg- Val, 2Hsz- Leu,
?H;- Met, 2Hs- Phe, °Cq- Tyr, 2H3- Asp, 2Hs- Glu, 2H,- Orn.2HCI, 2H,- Cit, 2H,, °C- Arg.HCI
2,5 umol/l. The plate was sealed and mixed. The samples were then centrifuged and the eluate
was evaporated under vacuum. The samples were incubated with butanol and 10%
acetylchloride. The resulting solution of butyl-esters of acylcarnitines and amino acids was
again evaporated and subsequently reconstituted in 100 ul solvent of water/acetonitrile/formic
acid (2500:2500:1). Acylcarnitines and amino acids were detected by tandem mass
spectrometer. Source block temperature was 140°C, nebulizer gas was set at 160 I/h and
desolvation gas at 518 I/h. Acylcarnitines were measured by positive precursor ion scan of
m/z 85 and amino acids by different neutral loss scan functions. Their concentrations were
derived from the ratio of the ion intensity of the substance to the corresponding internal
standard. We included low and high controls with each batch of samples (i.e., per 96-well
plate). All samples and controls were analyzed in a single run sequence. A total of 7 runs were

performed to analyze all 60 samples.

Statistical analysis

Because the data were not normally distributed, all data were described by median and

interquartile range. Before further statistical computations, we transformed the concentrations
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of acylcarnitines and amino acids to a logarithmic scale. The effect of time of storage on the
concentration of each substance was assessed by two linear regression models. While for the
first model a constant loss of concentration over the period of 15 years was assumed, we
introduced a break point after five years of storage for the second model, allowing for two
different constant losses before and after five years of storage. The breakpoint was not
selected by means of statistical significance but rather determined in advance such that there
was an equal amount of available data before and after the breakpoint. Among all possible
choices for the breakpoint, our choice statistically guaranteed the most precise results. To
simplify interpretation of the results, we refrained from refining our regression models any
further. We verified the adequacy of the second model by testing the required additional
regression parameter for statistical significance. The parameter estimates from the regression
models could be interpreted as yearly declines in concentration, measured on the log scale.
Thus, we obtained the annual percent decrease of concentration (L%) from the parameter
estimates (B) by retransformation, L%=(exp(B)-1)*100%. The log transformation applied to
the original concentrations ensured that the residuals (observed minus predicted values) were
approximately normally distributed with equal variance. P-values <0.05 were considered
statistically significant. We used the SAS System v. 8.2 (SAS Institute Inc.) for statistical

calculations.

Results

With the exception of free carnitine (C0) and valine (val) all metabolite concentrations
showed a decrease (Table 1). CO increased during the first five years of storage, the largest
increase occurred during the first year of storage, when the concentration rose by about 40 %.
After storage for more than five years CO started to decrease gradually. Two different constant

losses/gains per year were assumed before and after five years of storage. Thus two curves
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(straight lines in logarithmic scale) fitting the data were obtained by linear regression (Fig. 1).
The concentration increased by about 7.6 % (5.8-9.3) per year during the first five years of
storage and decreased by about 1.4 % (0.5-2.4) per year thereafter. Valine (val) may be
regarded as stable, since no significant change of concentration was found during the time

period tested (Fig. 2 and Table 1).

Table 1. Estimated decrease per year of free carnitine
(CO), acetylcarnitine (C2), propionylcarnitine (C3), and
amino acids during the first 5 years of storage (years of
collection, 1999-2004) and between 5 and 15 years of
storage (years of collection, 1989-1999).

Decrease [or increase]

per year Decrease per year
(1999-2004), (1989-1999),
Metabolite $ (95% Cl) % (95% CI)
Free camnitine (CO) [7.6 (5.8-9.3))° 1.4(0.4-2.3)
Acetylcamnitine (C2) 18.5 (16.4-20.6) 7.5(6.5-8.4)
Propionylcarnitine (C3) 274 (23.7-31.2) 7.8(6.2-9.4)
Valine Mo charge Mo charge
Alanine 6.5 (5.8-7.2) 6.5 (5.8-7.2)
Arginine 3.3(2.9-3.7) 3.3(2.9-3.7)
Leucine 3.1(2.5-3.6) 3.2(2.5-3.6)
Methionine 7.3(6.7-8) 7.3(6.7-8)
Phenylalanine 5.7 (5.0-6.3) 5.7 (5.0-6.3)
Citrulline 8.1(6.5-9.7) 1.5(0.8-2.3)
Glycine 14.7 (12.8-16.6) 4.4 (3.6-5.3)
Ornithine 16.3 (14.2-18.4) 3.5(2.6-4.5)
Tyrosine 1.6(—1.5-4.9) 7.9(6.2-9.6)

2 Increase rather than decrease.
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The concentration changes for several amino acids, including Ala, Arg, Leu, Met and
Phe may be described by a simple exponential model as the estimated loss per year was
constant during the fifteen- year period tested (Table 1). The estimated percentile loss per year
for Ala, Arg, Leu, Met and Phe was 6.5 % (5.8-7.2), 3.3 % (2.9-3.7), 3.1 % (2.5-3.6), 7.3 %

(6.7-8.0) and 5.7 % (5.0-6.3), respectively (Table 1).
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Fig. 1. Free camitine.

Two straight lines fitting the data were obtained by linear regression. The x axis
(logarithmic) represents the year of blood collection, the y axis the concentration
in wmaol/L.
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Fig. 2. Valine.

Mo significant change of Val concentration was observad. A horizontal line fitting
the data was obtained by linear regression (see Fig. 1 in the online Data
Supplement for phenylalanine). The x axis (logarithmic) represents the year of
blood collection, the y axis the concentration in wmol/L.

The concentration of C2, C3, Cit, Gly and Orn decreased significantly during the first
five years of storage and more gradually thereafter (Table 1 and Fig. 3).

In contrast, the concentration of tyrosine was relatively stable, with an average annual
decrease of 1.7 % (-1.5-4.9) during the first five years of storage, whereas after more than five
years of storage the estimated annual decrease was 7.9% (6.2-9.6).

Most acylcarnitines including hexanoylcarnitine (C6) and octanoylcarnitine (C8),
crucial for the diagnosis of medium-chain acyl-CoA dehydrogenase deficiency, had to be
excluded from the study, since their concentrations are very low even in fresh samples and
further decrease could not be detected by the method used. Asp and Glu had to be eliminated
from the study as well, because they produce overlapping mass spectra and hence give

inaccurate results when analyzed by MS/MS.
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Fig. 3. Acetylcarnitine.

Two straight lines fitting the acquired data were obtained by linear regression
(see Fig. 2 in the online Data Supplement for propionylcarniting). The x axis
(logarithmic) represents the year of blood collection, the y axis the concentration
in prmol/L.

Discussion

Residual dried blood spot symplex following newborn screening konstitute an
important ressource for health professional, scientists and epidemiologists (17). Data on long-
term stability would be valuable for retrospective diagnosis of inborn errors of metabolism to
aid in genetic counseling of affected families. We investigated amino acid and acylcarnitine

concentrations, usany ESI-MS/MS, in dried blood filter cards stored for up to 15 years.

A numer of studies have examined the stability of genomic or viral DNA, thyroid-
stimulating hormone, 17-alfa hydroxyprogesterone, or vitamin A (18-21). Although these
studies used a similar approach to investigate long-term stability, the biochemical properties

of the investigated compounds are inherently different from acylcarnitine species and/or
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amino acids in dried blood spots. Consequently the results cannot be compared with those of

our study.

Interestingly, only free carnitine concentrations showed an increase after storage, due
to hydrolysis of esterified acylcarnitines (22, 23). Whereas we were able to demonstrate an
40% increase in free carnitine after 1 year of zorave, other investigators observed, on average,
a 20% increase dutiny the same time period (22, 23). The diference may result from different
storage conditions of the filter cards. After 5 years of storage, concentrations of free carnitine
gradually declines, libely because of reduced availability of the hydrolyzable esterified
acylcarnitines. Short-chain acylcarnitine species (C2, C3) followed a different pattern than
free carnitine, as hydrolysis continued (Table 1). The concentration of C3, and the ratios of
C3/C2 and C3/C0, are important for the diagnosis of propionic aciduria or methylmalonic
aciduria. The cutoff valu efor C3 in the Austrian screening laboratory is currently set at 3.5
umol/l. Concentrations observed in infants with propionic aciduria/ methylmalonic aciduria
typically exceed 10 umol/L (2). Accounting for a mean decrease of 27.4% per year dutiny the
first 5 years, a retrospective diagnosis of propionic aciduria is still feasible after 3 years of
storage. Values observed in some forms of methylmalonic aciduria, or defects of intracellular
cobalamin metabolism, range from 6 to 10 umol/L (2), indicating that concentrations in
symplex older than 2 years may not be flagged as abnormal without correction for storage

time.

Most medium and long acylcarnitine species, as possible indicators for fatty acid
oxidation defects could not be evaluated due to their low physiologic concentrations in
approximately two thirds of the neonatal screening population (24). Alternatively, the stability
of medium and/or long-chain acylcarnitine species can be evaluated using artificially enriched
dried blood spots. The stability of C6 and C8 acylcarnitine species, using blood spots enriched

with C6 and C8 and stored in sealed plastic bags at 4°C, has previously been established.
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After 4.5 years, the concentration decreases of C6 and C8 in blood were 17% and 15%,
respectively (22). Retrospective analysis of metabolites that are increased in inborn errors of
metabolism would also allow evaluation of their stability in dried blood spots following
prolonged storage. Dried blood filter cards from children with malonic aciduria were
reanalyzed at different time intervalsfor up to 900 days, and malonylcarnitine was found to
deacrease exponentially, with a half-life of 248 days (23).

Madira et al.(24) demonstrated a 50-60 % decrease of phenylalanine during the first
five years of storage at room temperature, although according to their graph, only ~20% were
lost during the first 4 years, which is similar to our estimate of ~25% decrease after the same
storage time. It is difficult to conceive why there should be a decrease of 30% during year 5.
The article did not report the actual number of samples tested, nor whether samples had been
autoclaved. To our knowledge no other studies addressing the issue of long-term stability of
metabolites have been published.

According to our findings Phe, Ala, Arg, Leu and Met decrease exponentially with a
constant loss during fifteen years of storage (Table 1). Methionine is the least stable of these
amino acids, which corresponds to the previous report of Chace et al. (25). These authors
investigated the stability of amino acids in dried blood filter cards at 37°C and found out that
the initial concentrations of Phe, Leu, Tyr and Val decreased by 15 to 17%, whereas that of
Met decreased by 24 % following 30 days of storage (25). More detailed information on
concentration changes during storage was not provided.

No significant decrease of Val was observed during the observation period, whereas
the concentrations of Leu/Ile fell by an estimated 3.1% per year. At this rate of decrease, the
intitial concentration would have to be at least 630 umol/L to exceed the 400 umol/L cutoff
after 15 years of storage. As the observed concentration range for samples from children with

maple syrup urine disease (319 to 3650 umol/L) overlaps with the normal values, false
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negative results may be obtained during neonatal screening, but in the majority of cases a
retrospective diagnosis would still be feasible, even after 15 years of storage (26, 27).

The concentration of citrulline fell by 8.1% per year dutiny the first 5 years and by
1.5% per year thereafter. Consequently, the initial concentration should exceed 103 umol/L to
exceed the 60 umol/L cutoff value after 15 years of storage. These values may be observed in
infants with classic citrullinemia, which would most likely be detectable after prolonged

storage without correction for storage time.

Other factors may affect the results obtained from trstiny of dried blood spot filter
cards. Limited freezer capacity and other constraints may prevent screening centers from
storage of filter cards at lower temperatures. The concentrations of most amino acids and
acylcarnitines vary considerably among the normal newborn population, depending on dietary
intake, time of blood collection, hematocrit, and positron of the punch within the dry blood
spot. The concentration of some metabolites may be affected by overlapping spektra with
other metabolites (2). Last, the concentration of free carnitine may be unpredictably affected

by hydrolysis of acylcarnitines dutiny Hample preparation (22).
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5. Zavislost koncentrace metaboliti na hematokritu a lokalizaci v suché

krevni kapce

Dal$im tskalim pouziti novorozeneckych suchych krevnich kapek nejen pro
retrospektivni diagnostiku, ale i1 rutinni screening nebo diagnostiku v Cerstvych vzorcich jsou
zmény koncentrace diagnostickych analytii v zavislosti na hematokritu a lokalizaci v suché

krevni kapce. Prvni studie zamétfena na tuto problematiku je uvedena v nésledujicim ¢lanku.
Clanek 2:

Holub M, Tuschl K, Ratschmann R, Strnadova KA, Miihl A, Heinze G, Sperl W, Bodamer
OA.. Influence of hematocrit and localisation of punch in dried blood spots on levels of amino
acids and acylcarnitines measured by tandem mass spectrometry. Clin Chim Acta 2006;

373:27-31
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Abstract

Background: Detection of amino acids (AA), acylcarnitines (AC), and guanidinoacetate
(GAA) in dried blood spots by tandem mass spectrometry has made it possible to detect
different inborn errors of metabolism in neonatal screening programs. Despite its proven
sensitivity many issues related to sample preparation remain unsolved. Hematocrit has a
profound effect on blood viscosity, and may thereby influence flux and diffusion properties of
the blood. As newborn infants show a considerable interindividual variability of hematocrit

levels, we investigated its effect on levels of AA and AC in dried blood spots.

Methods: Blood samples with defined hematocrit levels (20%, 30%, 40%, 50%, 60%) were
produced by diluting blood cells with plasma from a single donor. Forty dried blood spots
were made for each hematocrit level and a central as well as a peripheral 3 mm disk was

punched and analysed for AA, AC, and GAA, respectively.

Results: Levels of most AA and GAA increased significantly with increasing hematocrit
(p <0.001), while the effect of hematocrit on some AA was less pronounced. Total AC, free
carnitine, some long, medium and short chain AC correlated positively with hematocrit levels
(p <0.001). In samples with low hematocrit, levels of most AA and free carnitine were higher

in the peripheral than in the central disk (p < 0.0001).

Conclusions: Both hematocrit and position of the disk within the dried blood spot have a
significant and sometimes additive effect on levels of AA, AC and GAA in dried blood spots.

Theoretically, diagnoses may be missed depending on hematocrit and position of the disk.

Keywords: Neonatal; Screening; Blood spot; Amino acid; Acylcarnitine; Hematocrit
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Introduction

The integration of electrospray injection tandem mass spectrometry (ESI-MS/MS) into
newborn screening programs allows the detection of numerous metabolites that are relevant
for the diagnosis of many inborn errors of metabolism (IEM) [1], [2], [3], [4] and [5]. It has
become the mainstay for screening of IEM, including amino acidopathies, defects of fatty acid

oxidation and organic acidopathies [1], [2], [3], [4] and [5].

Newborn screening by ESI-MS/MS is based on the semi-quantitative analysis of
amino acids (AA) and acylcarnitine ester (AC) using stable isotopically labelled internal
standards in whole blood dried on filter cards. Recently, analysis of GAA, a characteristic
metabolite for guanidinoacetate-methyl-transferase deficiency, which represents an inborn
error in creatine synthesis, was included in our newborn screening program. Diagnosis of [EM
is suspected when certain AA, GAA or AC concentrations exceed population dependent cut-

off limits. These limits typically reflect the 99th to 99.5th percentile [2] and [3].

Most IEM detected by ESI-MS/MS in newborn screening programs show
characteristic metabolite profiles that unequivocally exceed the respective cut-off limits.
While this may be true for some disorders, diagnosis may be difficult for others. In addition
metabolite levels depend on the metabolic status, dietary intake and maturity of the infants
which may pose a diagnostic challenge requiring confirmatory tests such as further

biochemical testing, measurement of enzyme activity in fibroblasts or mutation analysis [1],

[2] and [4].

There may be additional factors that have a profound effect on the analysis of
metabolites. Hematocrit, for example, has a considerable effect on blood viscosity, and

thereby may affect flux and diffusion properties of the blood put on filter paper used for
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newborn screening. In addition there may be a significant difference of metabolite
concentrations between central and peripheral areas within the dried blood spot, due to
chromatographic effects. Neonates screened on the third day of life show considerable
interindividual variability of hematocrit levels and may therefore be particularly amenable to
changes of metabolite concentrations [6], [7] and [8]. This may be particularly true for

preterm infants and those who are critically ill on the day of screening [8].

Consequently, we devised a study to investigate whether hematocrit or the location of
the punch within the dried blood spot has any effect on concentrations of AA, free carnitine

(FC), total carnitine (TC), AC and guanidinoacetate (GAA) measured by ESI-MS/MS.

Materials and methods

Samples

Heparinised blood (50 ml) was taken from a healthy adult volunteer following written
informed consent. Blood was spun down immediately and the plasma was separated. Plasma
was then added in respective amounts to the corpuscular elements so that samples with
defined hematocrit levels (20%, 30%, 40%, 50%, 60%) were obtained. Forty dried blood
spots were made for each hematocrit level using standard filter cards (Schleicher, SS 2992).
Blood spots were generated by dispensing blood into the centre of the circle on the filter card
using a pipette with constant pipetting speed and pressure. The application of blood was
stopped as soon as the 15 mm circle was filled by diffusion of blood from the centre of the
circle and the filter paper was saturated (i.e. the card was filled with blood on both sides
within the circle). The filter paper used was from a single lot and used on a single day in the
same laboratory room (i.e. the dryness of the paper as well as room temperature and humidity

were identical for all specimens). A central and a peripheral 3 mm disk at a distance of
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5.5 mm were punched into polypropylene, round bottomed 96-well microtiter plates (Greiner,

Frickenhausen, Germany) and analysed for AA, AC and GAA by ESI-MS/MS.

To investigate potential effects of the printing on the filter paper on blood spreading
characteristics, identical blood volume of 70 ul were pipetted in printed and unprinted areas of
the filter card. By measuring the width of a single blood spot in either direction we have not
been able to demonstrate any differences between printed and unprinted areas of the paper

(printed: mean 13.38 mm; S.D.: 0.53 vs. unprinted: mean: 13.42 mm; S.D.: 0.51, n.s.).
Acylcarnitine and amino acid analysis

Each 3 mm disk was eluted in 100 pul methanol containing deuterated AC and AA
standards (CIL, NSK-B, Andover, MA, USA) and a deuterated GAA standard (Sigma,
Germany). The samples were dried during centrifugation under vacuum and subsequently
butylated. Butyl esters of free carnitine and various AC species, as well as AA and GAA,
were detected by ESI-MS/MS (MS? Wallac, Turku, Finland) in positive electrospray mode.
Individual AA and AC species and GAA were quantified by comparing their yield to the
respective deuterated standard. Total carnitine (TC) was calculated as the sum of all AC and
free carnitine (FC). The assay of all samples took approximately 9 h and was performed in
random order in a single run on a single day. The tandem mass spectrometer is also used for
newborn screening. Consequently drift of the detector response is checked routinely and is

negligible in day-to-day analysis.

The following metabolites were analysed: alanine, arginine, aspartic acid, citrulline,
glutamine, glycine, methionine, ornithine, phenylalanine, leucine, tyrosine, valine,
guanidinoacetate, FC, TC; acetylcarnitine (C2), propionylcarnitine (C3), butylcarnitine (C4),

methylmalonylcarnitine (C4DC), isovalerylcarnitine (C5), 3-hydroxyisovalerylcarnitine
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(C50H), glutarylcarnitine (C5DC), hexanoylcarnitine (C6), octanoylcarnitine (C8),
decanoylcarnitine  (C10), dodecanoylcarnitine (C12), tetradecanoylcarnitine (C14),
palmitoylcarnitine (C16), hexadecenoylcarnitine (C16:1), stearoylcarnitine (C18),

oleylcarnitine (C18:1), linolenylcarnitine (C18:2) [9].

Statistical analysis

Variables are described as mean + standard deviation. Comparison of groups of
measurements was done by using analysis of variance (ANOVA) with locus of disk (central
or peripheral) and hematocrit (20%, 30%, 40%, 50%, 60%) as fixed effects and filter paper as
random effect. While locus is a within-block factor, hematocrit was experimentally varied
between blocks. As the evaluation of the 31 metabolites considered leads to inflation of type I
error, p-values for testing the main effects of locus and/or hematocrit and for testing the
interaction of locus and hematocrit were corrected using the Bonferroni-Holm correction
[10]. According to the corrected p-values for the interaction and the main effects test,
parameters were divided into three groups: (a) metabolites showing a significant interaction of
locus and hematocrit, (b) metabolites showing significant main effects of locus and/or
hematocrit, and (c) metabolites showing no significance. For group (a), pairwise comparisons
of hematocrit levels to the reference level 60 were done within both levels of locus. The two
loci were compared at each level of hematocrit. For group (b), each level of hematocrit was
compared to the value 60, pooling both loci, and loci were compared while pooling all levels
of hematocrit. No further comparisons were done for group (c). p-values <0.05 were
considered as indicating statistical significance. The SAS System V8.2 (SAS Institute Inc.,

2001, Cary, NC, USA) was used for statistical calculations.

Results
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Levels of most AA and GAA increased significantly with increasing hematocrit
(p <0.001), while the effect of hematocrit on aspartate and tyrosine was less pronounced and

not statistically significant (Table 1).

Tahle 1
Effect of hematocrit on levels of A4, GAA FC and AC in central punches
Analyte Concentration in pmol/] {mean, 5.00), hematocrit (%)

20 L 40 50 Gl
Ala (a) 1611, 44 34 213,56, 5] 4%+ 2647, 51.E ns 2640, 514 ns 2ELE 577
Arg (a) 200, G e 245, 4 v 390,42 23.3, 4w 367, 4.5
it (a) 105G, 2 5% 143, 1 5%+ 17.6, 1.7 = 17.3,22m= 1E3, 1.7
Cily (a) 1106, 25.2%%* 155.8, 12.9%%* 194, 1, 9.3%** 21E.9, 26,5« 231K 13K
Met (a) 9.5, 1LE*** 121, 1.1%** 14.5, 1.1 n= 14.6, 2.9 ns 152, 0.9
Crn fa) 2245, 460 IRT, 25 325 26" 373, 51m 366, 3.2
Phe (a) 203, 7.5%% 265, 6.7 329 HE2ms 317, 75ms 364, 9.5
Leu () GEA, 24 54 D41, 2H v 103.4, 25.0* 11498 39 % ns 1TE% 26K
Tyr (h) 229 1130 332,119 m= 352, 120m 4000, 14.4* 362,119
Wal (b IGE, 34 34 1327, 3R (+* 10K, 446, 9% 1581, 449.4 n= 66 B, 4461
(A A (B 1.7, 0,3%** 2.0, 034 26,03%%* 24,03% 2E,03
FC (a) 142, 4 3% %+ 181,33%** 2R 39m 19.2, 4.2 216,36
AL (a) 3.2, 0LG** 4.5, 0.5%* 55,05% G4, 10" TH909
TC (&) 174, 4,74 22T, 344 283, 4.0 s 257, 4.6 29.5 39
C2(h) Lo, Dgeee 2T, Mg 33,054 40, DT 446,006
C3(h) 4], M]3 056, 1] 5eee NED, L ]geee MEL, (L ]geee 131, 0,33
C4 (k) (L20, e 024, 0.11%* 027, 008 ns N1, ] #ee 0249 0
C4DC () 016, O+ 020, 0.11%** 02K, 0.13%** 034, 0.11** 042, 014
CS0H (h) 013, D0G*** 018, O gt 022, 0.10%** 028 0.12* n3s o
C16 (k) 011, Gpsees 018, D07 023, 00E*** 031, G 10*** 035, 0w
C1E (k) (LT, (g e OL11, Qs e 017, Qyee* 023, (e 026, 0U0E
C1E:1 (h) 11, D 020, DyTees 024, DL 034, (e 042, D
C1E:2 (b) LS, (g e OLE, D5 11, D 5ees .13, (LyTee OL1E, (UG

Concentrations (umald) at cach respective hematocernit level were compared to the respective concentrations at 60% hematocrit *p<c(L05, ** p<(U0], *** 0 <0L0001. (2)
Parameters showing a significant interaction of loms and hematocrit, (b) parametens showing significant main effects of loos andior hematoernit. For group (a),
pairwise comparizons of hematoerit levels to the reference level 60 were done within both levels of lnous, The two loci were comparad at each level of hematocrit. For
group (b, cach level of hematocrit was compared to the value &0, pooling both loci, and loci were compared while pooling all levels of hematocrit.

Total carnitine, FC, some long chain AC (C16, C18, C18:1, C18:2) as well as some medium
and short chain AC (C2, C3, C4, C4DC, C50H) correlated with hematocrit (p < 0.001) (Table
1 and Table 2). For other AC species (C6, C8, C10, C12, C14) a significant correlation was

not observed (data not shown).
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Table 2
Effect of hematocrit on levels of A4, (GAA FC and AC in peripheral punches

Analyte Concentration in pmaold (mean, 5.00), hematoorit (%)

b} 30 40 50 il
Ala fa) Z120, 46 2% 2340, 515w 250.3, 47.9 ns 2TR.T, 483 ms 2779, 51.6
Arg (a) 24.5, 53 5.2, 4. Ewwe 35.1, 4.2 s 240,330 33.2, 35
Cit {a) 13.5, 1.5%** 14.7, 1.3*** 16.7, 1.7 172,13 = 17.8, L7
Gly (a) 143.6, 13.5%** 167.1, 14.1*** 193.6, 10.0%** 1255 121 m= II1E 154
Met (a) 124, Lo¥** 13.5, L.o*** 14.6, 1.0 ns 154,10 s 14.9, 1.1
Orm (a) 283, 36" 9.3, 3.6%%* 30.5, 2.0** 317,31 m= 34.7, 10.2
Phe (a) 16,5, 73+ IE.5, 4.5% 319, 6.9 ns 358,97 318, 0.6
Leu (b) DiLE, 29 O 1013, 24,1 *%+ 1086, 23.0* 1226, 31.3 m= 116.4,27.9
Tyr(h) 19,2, BEve 9.7, 9.7 ns 252, 123 ms 37.5,143% 31 110
Wal (h) 143.8, 44,8+ 1697, 65,1 ** 147.0, 40.3* 169.6, 48.9 ns 1776, T9
GAA (b) 20,02 2.2, 0.2%* 27,02%% 2.5, 0.2%** 30,08
FC (a) 209,33 s 209, 3.8 ns 22 19m 228,40 ms 21.0, 4.0
AC (a) 3.8, 0.6 4.5, .G 6.1, DGwe 6.6, LB 7510
TC {a) 24.7,3.6% 5.4, 4.0 283, 2Ems 293,41 ms 8.5, 4.5
C2(b) 22,044 LE, 0.5 3, D Agwee 4.0, DG 45,06
C3 (b} 043, D16 .56, 0L1E*** 097, L7 0L, D30*** 1.26, 0.3%
C4 (b} 024, D10*** 0,24, D 032, 011 n= 023, 0.01%** 028, 011
CADC (h) 016, D 020, 11*** 028, 012 032, 0.12% 035 011
CS0H (h) 013, 005*** 1%, D 024, DL11*** 032, 0.01* 033, 012
C16 (h) 0,13, Dubgees 017, DT 0.23, DLE*e 031, OE *ee 037, 010
C1E (h) DUDE, Dges 012, OLe* OL1E, Dubahe 022, [ e 0.29, 0,07
C18:1 (b} 016, ek 0,20, LE 0.25, DLEe 036, 0.0 04l 01l
C18:2 (b} 0K, 005+ L0, 0% ** 013, 0a* 015, 006+ 0.17, 07

Concentrations (umoll) at each respective hematocrit level were compared © the respective concentrations at 60% hematocrit, * p<0.05, **p <001, ***p<0,0001. {a)
Parameters showing a significant interaction of loms and hematocrit, (b) pamameters showing significant main effects of locus and'or hematocrit. For group (a),
pairwise comparnisons of hematocrit levels to the reference level 60 were done within both levels of loous. The two loci were compared at each level of hematocrit. For
group (), each level of hematocrit was compared to the value &0, pooling both loci, and loci were compared while pooling all levelk of hematocrit.

Location of the disk within the dried blood spot had an effect on levels of various analytes
(Table 3, groups a and b) and was significantly affected by the respective hematocrit in a
subgroup (Table 3, group a). At low hematocrit, concentrations of most AA and FC were

significantly higher in the peripheral than in the central disk (Table 3).
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Table 3.
Effect of punch location on levels of AA, GAA, AC, and FC measured by ESI-MS/MS

Analyte | Central vs. peripheral punches, hematocrit (%)

20 30 40 50 60
Ala (a) p <0.0001 | ns ns Ns Ns
Arg (a) p <0.0001 | ns p <0.0001 | Ns p <0.0005
Cit (a) p <0.0001 | ns p <0.05 Ns Ns
Gly (a) p <0.0001  p<0.005 | ns Ns p <0.05
Met (a) p <0.0001 | p<0.0001 | ns p<0.005 | Ns
Orn (a) p <0.0001 | ns ns p <0.05 Ns
Phe (a) p <0.0005 | ns ns p <0.05 p<0.05
Leu (b) p <0.05 p <0.05 p <0.05 p <0.05 p <0.05
Val (b) p<0.005 | p<0.005 p<0.005 |p<0.005 |p<0.005
GAA (b) | p<0.0001 p<0.0001 | p<0.0001  p<0.0001  p<0.0001
FC (a) p <0.0001  p<0.005 | ns p <0.0001 | Ns
AC (a) p<0.005 | ns p <0.0005 | ns p <0.05
TC (a) p <0.0001  p<0.005 | ns p <0.0001 | Ns
C18:2(b) | p<0.05 p<0.05 p <0.05 p<0.05 p<0.05
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For each hematocrit level central and peripheral punches were compared. (a)
Parameters showing a significant interaction of locus and hematocrit, (b) parameters showing
significant main effects of locus and/or hematocrit. For group (a), pairwise comparisons of
hematocrit levels to the reference level 60 were done within both levels of locus. The two loci
were compared at each level of hematocrit. For group (b), each level of hematocrit was
compared to the value 60, pooling both loci, and loci were compared while pooling all levels

of hematocrit.

Discussion

Newborn screening programs employing tandem mass spectrometry rely on
population based cut-off values for different metabolites in dried blood filter cards that are
typically sampled on day of life three [3] and [4]. In addition, this analytical set-up is used for
selective metabolic diagnosis and retrospective analysis of stored filter cards [11], [12] and
[13]. For analysis a 3 mm disk is punched from the filter card, the metabolites eluted and
typically derivatised to yield corresponding butyl ester prior to analysis [3] and [9].
Quantification of metabolites is based on the fact that a disk of 3 mm contains approximately
3.1 pl of whole blood with a hematocrit of 50.1% or approximately 3.2 pl with a hematocrit of
53% [14] and [15].

The concentrations of metabolites may vary between plasma and cellular compartment
within a blood spot and are therefore amenable to changes of hematocrit. The blood volume
within a given 3 mm disk may increase significantly with increasing hematocrit levels. This
has been previously shown for a series of 3 mm disks with increasing hematocrit levels from
40% to 70% and analysis of the corresponding blood absorption volume [14]. Hematocrit

levels in neonates vary significantly from each other and frequently differ from the assumed
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value of 50.1% or 53% [5] and [6]. Up to 5% of newborn infants in the United States are
polycythemic, having a hematocrit of 65% or higher [16]. On the other hand premature
infants especially those who are critically ill may have significantly lower hematocrit levels at
the time of screening [17]. In addition metabolites may be distributed according to
chromatographic effects within the spot and therefore location of the punch may have a
significant effect. To our knowledge the effects of hematocrit levels and position of the disk
within the blood spots on metabolite concentrations relevant to neonatal screening have not
been systematically evaluated.

Consequently we tested the effects of five increasing hematocrit levels in combination
with two different positions of the disk on 31 metabolites. For all metabolites that showed a
correlation with the hematocrit, concentrations were found to be significantly higher in
samples with high hematocrit and significantly lower in those with low hematocrit

irrespectively of the position of the disk (Table 1 and Table 2). At low hematocrit the total

blood volume that is put on the filter card to completely fill a given area is smaller than at
high hematocrit (data not shown) which may in part explain the observed differences in
metabolite concentrations [14].

The effect of the punch position on levels of some AA was more pronounced in
samples with low hematocrit, in which higher metabolite concentrations were found in
peripheral compared to central punches due to chromatographic effects.

In cases where metabolite concentrations exceed unequivocally their respective cut-off
levels (i.e. classic PKU) hematocrit and/or location of disk do not affect decision making.
However, as an example, diagnosis of combined methylmalonic aciduria and homocystinuria
(cblC defect) may be difficult by newborn screening as demonstrated by two recent cases in
Austria [18]. In this circumstance metabolite concentrations (i.e. C3 and C3/C2) were only

marginally above and below their corresponding cut-off levels. It is conceivable that in
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atypical cases of such IEM variation of metabolite concentrations due to hematocrit and/or
location of the disk may positively or negatively influence decision making and thus the
diagnosis [3]. It is conceivable that the diagnosis of a variant IEM could be missed in a central
disk of a dry blood spot at a low hematocrit, although this has not been formally tested in the
present study.

In summary we found that most metabolites used for newborn screening depend on
hematocrit and on position of the disk. The effects of hematocrit and position of the disk were

sometimes additive and sometimes even synergistic.
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D. Retrospektivni diagnostika CAH a FAOD mezi nahle

zemrielymi kojenci

Pfi stanoveni retrospektivni diagnézy jsme brali v uvahu pravé zmény koncentrace
metabolitd béhem dlouhodobého skladovani. Vliv hematokritu a lokalizace v suché krevni
kapce jsme pro nase ucely povazovali za zanedbatelny.

Do studie se kromé Ceské Republiky zapojilo i Rakousko. V obou zemich jsme
vyhledali novorozenecké screeningové karticky déti narozenych v poslednich 12 letech, které
zemiely nahle a neocekdvané na neznamou pfic¢inu do véku 1 roku, nékteré z nich spliovaly
kritéria SIDS. Celkovy pocet nalezenych vzorkd byl 257. Rakouské karticky vSak nebyly
vhodné pro analyzu tandemovym hmotovym spektrometrem za ucelem detekce FAOD,
protoze byly autoklavovang.

Voprvni c¢asti jsme se zamétili na detekci CAH stanovenim hladiny 17-
hydroxyprogesteronu (17-OHP), diagnéza byla nasledné¢ potvrzena genetickou analyzou.
Zjistili jsme, ze 3 z242 déti zemielych na neznamou pfi¢inu ve skuteCnosti podlehlo
nepoznan¢ CAH.

Druhym krokem byla retrospektivni diagnostika dédi¢nych poruch metabolismu
(pfedev§im FAOD) pomoci tandemové hmotové spektrometrie. V celkovém poctu 179
analyzovatelnych vzorkd se nam podatilo objevit jedno dit¢ s nepoznanym deficitem long-
chain hydroxyacyl coenzyme A dehydrogenazy (LCHAD). Vysledky prvni c¢asti byly

publikovany v nasledujicim ¢lanku.
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Abstract

The study was aimed to estimate the number of infants who died of unrecognized
congenital adrenal hyperplasia (CAH) in Austria and the Czech Republic within the past
thirteen years, before the introduction of adequate neonatal screening. The study was based on
retrospective analysis of neonatal screening cards of 242 infants who died suddenly between 7
days and 12 months of age and whose cause of death could not be identified. 17-
hydroxyprogesterone (17-OHP) was measured by fluoroimmunoassay and positive samples
were subsequently genotyped. Three infants out of 242 may have had unrecognized CAH due
to CYP21 (steroid 21-hydroxylase) gene defect. Their newborn 17-OHP levels and CYP21
genotypes were 706 nmol/l and del/conv//del/conv, 53 nmol/l and 12//12 and 811 nmol/l and
12//GIn318Stop, respectively. Conclusion: CAH due to CYP21 defect can lead to sudden
unexpected death without prior symptoms typical for the condition. Hence, newborn
screening would have prevented these deaths had it been available. In addition, we have
shown that 12 point mutation that is expected to lead to simple virilizing form may lead to

fatal outcome.

Keywords: Sudden infant death syndrome, neonatal screening, congenital adrenal hyperplasia

Introduction

Congenital adrenal hyperplasia (CAH) due to steroid 21-hydroxylase deficiency

(P450C21) is an autosomal recessive disorder of adrenal steroidogenesis with an incidence

ranging from 1:10,000 to 1:18,000 in Europe. The classical form is characterized by impaired

cortisol synthesis and excess of androgens leading to prenatal virilization in females. About
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three-quarters of affected infants suffer additionally from clinically significant aldosterone
deficiency, predisposing to attacks of adrenal crisis with vomiting, lethargy, hyperkalemia,
hypoglycemia, acidosis and hyponatremic dehydration [13].

If unrecognized and untreated, the adrenal crisis may be life-threatening due to
hyperkalemia [28] or dehydration, which mostly occurs during the first weeks of life [4].
Female salt wasters are typically born with ambiguous genitalia (Prader III and higher,
according to [11]) and are consequently more likely to be diagnozed prior to the onset of any
adrenal crisis. In turn, affected males may remain unrecognized and are at risk of dying during
the first salt-wasting crisis. To reduce CAH associated morbidity and mortality through early
diagnosis and treatment, neonatal screening based on the detection of 17-hydroxyprogesterone
(17-OHP) has been introduced in some countries [3].

However, so far there has been only indirect evidence or single case reports that some
CAH patients might have died unrecognized and misdiagnosed as SIDS. One such case was
identified retrospectively four years after the child’s death [10]. The indirect evidence is based
primarily on a higher incidence of CAH detected by newborn screening when compared to
previous case surveys of clinically detected patients [8]. Secondly, females are
overrepresented among clinically diagnosed children, and thirdly, a higher mortality in
infancy was observed in previous siblings of patients with CAH when compared to infant
mortality within the reference population [5].

This study aimed to establish the retrospective diagnosis of CAH from dried blood
spots on newborn screening cards in a large cohort of infants from the Czech Republic and

Austria who died suddenly and whose cause of death could not be identified.
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Study cohort and methods

Study cohort

Infants who were born between 1989 and 2001 in the Czech Republic and Austria and
who died between 7 days and 12 months of life without known cause were included in the
study. The list of subjects was based on data provided by the Czech Institute of Health Care
Information and Statistics (UZIS), by the Department of Forensic Medicine in Prague and by
the Austrian ,,SIDS-Arbeitsgruppe. The corresponding newborn screening cards (156 from
the Czech Republic and 101 from Austria) with dried blood spots were retrieved from the
neonatal screening archives in Prague and Vienna. The blood was typically collected by heel-
prick between the fifth and the seventh day of life (observed range 2-11 days in individual
subjects). The cards were subsequently stored at room temperature and standard humidity.

The individuals were divided into three categories according to the criteria approved at
the SIDS International Meeting in San Diego in 2004 [6]. One hundred and sixty-five infants
(84 from the Czech Republic and 81 from Austria) were assigned to the category IB that
includes children with features of SIDS but incomplete documentation. Seventy-nine children
(60 from the Czech Republic and 19 from Austria) were assigned to category II that includes
children fulfilling the SIDS criteria except for the age limit. Growth abnormalities and/or
marked inflammatory changes (bronchitis, otitis etc.) and/or other abnormalities not sufficient
to explain death were acceptable whithin this group. Thirteen children (12 from the Czech

Republic and one from Austria) could not be classified as SIDS.

Detection of congenital adrenal hyperplasia due to steroid 21-hydroxylase
deficiency
All 156 samples from the Czech Republic and 86 samples from Austria (the remainder

of the infants was born following the introduction of neonatal screening for CAH) were
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analyzed by a solid phase fluoroimmunoassay (DELFIA Neonatal 17-OHP kit, Wallac,
Turku, Finland) to determine the concentration of 17-OHP.

All samples were analyzed twice, and arithmetic means were calculated. Samples
exceeding the cut-off value of 30 nmol/l were regarded as positive. Positive samples of
premature babies were re-evaluated with birthweight and age adjusted cut-off levels [7]. In
order to eliminate the effect of autoclaving which decreases the measurable amount of 17-
OHP by approximately 32%, values from autoclaved cards were recalculated using the
formula: x= (y+1.177): 0.68 [12]. Similarly, to eliminate the effect of storage time, the results
from older native samples were corrected by the formula: y= e exp — 62.6+0.032x [12].

All positive samples were subsequently analyzed for detection of the nine most
prevalent CAH-causing mutations of the CYP21 gene at the Children’s Hospital, Ziirich,
Switzerland. Gene-specific PCR and ligase-mediated mutation detection was used as

described previously [1].
Ethics

The study was approved by the Ethical Committee of the 31 Faculty of Medicine,

Charles University, Prague.

Results

Congenital adrenal hyperplasia due to steroid 21-hydroxylase deficiency

In five out of 242 samples, concentrations of 17-OHP following correction for
autoclaving and storage time exceeded the cut-off levels adjusted for birth weight and age. In
three cases, diagnosis of CAH due to steroid 21-hydroxylase deficiency was confirmed by

CYP21 genotyping. In two additional samples none of the nine most common CYP21
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mutations was identified, rarer mutations were not totally excluded as there was not enough
material available, but the presence of a rare mutation in both alleles would be extremely
unlikely. Although not proven we assume that the increased 17-OHP levels might have been
caused by contamination, e.g. addition of EDTA into the blood samples. The results and the

data on children with elevated 17-OHP levels are summarized in Table 1.

Table 1. Data on five deceased children with 17-OHP levels over the cut-off limit and the

corresponding CYP21 genotypes.

Case |Category of Sex Birthweight (g) Age at 17-OHP CYP21
SIDS death (nmol/T) genotype

1 unclassified M 4150 14 days 706 del/conv//
del/conv

2 II M NA 6 months |53 12//12

3 II F NA 3 months 811 12//Q318X

4 IB M 4050 3 months |37 gene defects
not detected

5 IB F 3000 2 months 80 gene defects
not detected

F - female; M - male; NA - not available; 17-OHP - 17-hydroxyprogesterone. Category of
SIDS corresponds to the criteria approved at International SIDS Meeting in San Diego [6].
Concentrations of 17-OHP are given following correction for storage time [12]. CYP21 was
genotyped to detect nine most prevalent disease causing gene defects. CYP21 gene defects:
del/conv — chimericCYP21P/CYP21; 12 - 656 A/C>G); Q318X - GIn318stop.

Case 1: The boy had asymptomatic hypoglycaemia during the first day of life and

failed to thrive, none of which evoked any suspicion of CAH. Autopsy revealed bilateral

adrenal enlargement.
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Case 2: The male infant died suddenly and was classified as SIDS. Adrenal
enlargement was not documented at autopsy.

Case 3: The girl acquired rhinitis shortly before death. The autopsy revealed interstitial
pneumonitis, alveolar edema and vacuolized hepatocytes. No signs of virilization were

noticed clinically or at autopsy. Adrenal glands were found to be normal at autopsy.

Discussion

Three out of 242 children in our study population probably died of unrecognized
CAH. To our knowledge, this is the first direct evidence confirming the link between SIDS
and CAH due to steroid 21-hydroxylase deficiency.

Our data suggest that the real incidence of SIDS due to CAH may differ from previous
indirect estimates. During the 13-year period covered by our study, over 2 million children
were born in the Czech Republic and Austria. Hence, the number of deceased children is
lower in comparison to the mortality rate assessed by the MEWPE study group predicting
about 2-3 missed CAH cases per 400,000 live births [5].

However, three detected cases with confirmed CYP21 gene defect may extend
substantially the clinical understanding of risks associated with unrecognized CAH. Whereas
the first case was very typical, including sudden death at 2 weeks of age, adrenal enlargement
at autopsy, very high neonatal 17-OHP levels and the most severe CYP21 genotype, the two
additional cases require additional consideration.

The second male infant died at 6 months of age. No adrenal enlargement was revealed
at autopsy and the moderately elevated neonatal levels of 17-OHP were not typical for severe
form of CAH. His genotype was 12/12. The 12 mutation leads to an aberrant mRNA splicing

usually causing the more severe salt wasting form of CAH. Sometimes there is some residual
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normally spliced mRNA leading to the simple virilizing form [4]. This may explain the only
moderately increased neonatal 17-OHP, longer survival and normal autopsy findings.
Prolonged fasting and/or intercurrent illness might have led to the sudden death.

The third case was a female who died at 3 months of age. Her genotype was 12/Q318X
and neonatal 17-OHP was markedly elevated (811 nmol/l). As the phenotype is determined by
the less severe mutation (I12), clinical symptoms may have ranged from most severe to milder
forms of CAH. However, the 17-OHP level would support a severe clinical form. The lack of
clinically ascertained virilization may only be explained by inaccurate subjective assessment.
One case of salt-wasting form of CAH in a girl with low-grade virilization (Prader 2) missed
on clinical examination has been reported previously [2]. Thus, also female infants may be at
risk of sudden death if not recognized and treated early.

To conclude, out of 257 children who died suddenly and unexpectedly in infancy three
out of 242 probably died due to unrecognized and untreated steroid 21-hydroxylase deficiency
and would have benefited from the neonatal screening programme to detect CAH. Our
findings underline the importance of early diagnosis and therapy of CAH, which is an

essential prerequisite for the introduction of neonatal screening.
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7. Prevalence of fatty acid oxidation disorders among sudden infant deaths

in the Czech Republic and Austria

Introduction

Inborn errors of metabolism have long been associated with SIDS. In 1966, Porter
hypothesised that some cases of SIDS may result from a combination of subclinical
aminoacidopathy, immature neonatal liver function and protein overloading. (Porter et al.)
Since then, such an association has been supported by numerous case reports (Harpey et al.
1987, Nuoffer et al. 2000, Ronald et al., Thanka et al. 2005), subsequent diagnosis in siblings
(Poplawski et al. 1999), necropsy findings and recently also by retrospective analyses of
larger cohorts of suddenly deceased infants (Boles et al. 1998, Chace et al. 2001, Wilcox et al.
2002, Lundemose et al. 1997). The deaths of these children might have resulted from acute
metabolic decompensation precipitated by fasting or infection (Vockley et al. 2002) or by
acute arrhythmia due to accumulation of toxic acylcarnitines, which interact with cardiac ion
channels (Bonnet et al.). Suspicious autoptic findings such as liver steatosis and/or
cardiomyopathy may be absent in these cases. The correct diagnosis may be established only
by specific tests, e.g. acylcarnitine profiling by MS/MS, which was added to the protocol of
post-mortem examination of sudden death cases only in 2003 (Rognum et al. 2003). Until

then, some cases of IEM might have been misdiagnosed as SIDS.

Method

Detection by tandem mass spectrometry
All 156 Czech samples and only 23 Austrian samples could be analyzed by MS/MS as

described previously (Carpenter et al. 2002). The remaining Austrian newborn screening
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cards had been autoclaved and therefore rendered unsuitable for analysis. 3-mm discs
(containing 3,2 ul of blood) were punched (DBS Puncher, Wallac, Turku, Finland) into a 96-
well microtiter plate (Greiner, Frickenhausen, Germany), derivatized and analyzed as
previously described (Schulze et al. 2003a).

The diagnosis of LCHAD/TFP in one sample was subsequently confirmed by
mutation analysis performed in Vienna as follows.

PCR. DNA was extracted from dry blood spot filter paper samples using a QIAmp
DNA Mini Kit (Qiagen, Valencia CA, USA) as described by the manufacturers.

The first round of PCR (primer pair 5 cctatatcacagccacctttctttctagtg3’/
5’4ataccaccgtccatcctggagacaaccca3’) was carried out as previously described [12], in a total
reaction volume of 50ul (PCR product 401bp). In a second, nested PCR reaction (primer pair
5’cctagcagagaaggaatgcetctcaggttce3 /5 agtcttattagaacttttcaaaaactctge3’), thermal cycling was
carried out for 35 cycles as above with 0.5 ul of PCR product from the first round of
amplification 400 nM of each nested primer at an annealing temperature of 60°c (PCR

product 274bp).

Restriction Enzyme Analysis

An overnight incubation at 37°c was carried out in a 20ul reaction tube consisting of
10ul PCR product, 7 pl distilled water, 2ul 10xPstl reaction buffer, and 1ul Pstl
enzyme(10U). The restriction product was separated and visualised on a 1.5% agarose.

The undigested PCR product had a specific band size of 274 bp. The digested product
from the normal healthy control and homozygous patient were identified according to the

appropiate PCR band sizes: 274bp and 127bp (wild type); 117, 127, 157 bp (homozygote).
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Results

Out of 179 samples analyzed, 28 were flagged as positive for IEM and re-analyzed by
an experienced investigator, who interpreted 27 of these as false positive due to a change of
concentration during prolonged storage. The acylcarnitine profile of one sample was regarded

as diagnostic for LCHAD/TFP deficiency. (Graph 1).
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Graph 1: Concentrations of long-chain acylcarnitines and long-chain hydroxy-acylcarnitines
in one of our samples indicating LCHAD/TFP deficiency compared to cut-off values.

The diagnosis was subsequently confirmed by mutation screening. The male child was
homozygous for the G1528C mutation in the HADHA gene.

The boy died suddenly at the age of four months. Autopsy revealed organ steatosis,
cardiomyopathy, brain edema and minor gastrointestinal inflammation. However, the cause of

death remained undetermined until the present retrospective study.
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Discussion

Studies investigating the prevalence of FAOD among cohorts of SIDS children are
numerous. The first ones might have overestimated the link between FAOD and SIDS as they
relied on non-specific methods or findings like liver steatosis. In 1976, gross fatty infiltration
of liver suggesting an acute metabolic failure was described in 5-7% of children who had died
unexpectedly.

Later studies based on urinalysis by gaschromatography-mass spectrometry (GC-MS)
provided a lower estimate of about 3% . Similar results were obtained in another report based
on fibroblast studies followed by molecular analysis that identified 3 cases of FAOD among
79 SIDS children (Lundemose et al. 1997).

The introduction of MS/MS has enabled a more specific detection of IEM in post-
mortem samples of SIDS and has led to lower estimates of FAOD among sudden infant
deaths. Using MS/MS the estimated prevalence of FAOD among SIDS has been found to be
about 1% (Wilcox et al. 2002). The largest study published so far included more than 7000
post-mortem samples, from which 66 (less than 1%) suggested an IEM as cause of death
(Chace et al. 2001). Studies that use genetic analysis for detection of FAOD among SIDS can
focus only on a limited number of disorders and hence give even lower estimates. The most
common mutation A985G occurring in more than 88% of MCAD was found only in a
heterozygous state in three out of 1224 SIDS cases (Arens et al. 1993). On the other hand,
another post-mortem genetic study identified two out of 16 SIDS victims with fatty liver to
possess mutations causing FAOD, one was a homozygote for A985G mutation causing
MCAD, the second one was a compound heterozygote for G1528C mutation causing

LCHAD (Zi Yang et al. 2007).
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Hence, the finding of only one case of FAOD out of 179 sudden unexpected deaths in
our study is consistent with the most recent studies. However, the small sample size does not

allow for any conclusion as to the prevalence of different FAOD among SIDS victims.

69



E. Vyznam studie pro rozsireni novorozeneckého screeningu

8. Zakladni principy novorozeneckého screeningu

Novorozeneckym screeningem rozumime celoplo$ny ¢asny zachyt nemoci za t¢elem
snizeni jeji morbidity a mortality. Pivodni kritéria pro zafazeni do novorozeneckého
screeningu uvedli v roce 1968 Wilson a Jungner. (Wilson et al.1968)

1. Detekovand nemoc by méla byt zdvaznym zdravotnim problémem a ¢asny zachyt by mél
sniZit morbiditu a mortalitu.

2. Nemoc by méla byt relativné ¢asté (prevalence > 1:15 000).

3. Musi existovat test, ktery jasné rozlisi zdravé a nemocné jedince.

4. Pacienti musi byt identifikovani pfed vznikem klinického podezieni.

5. Musi byt dostupné diagnostika a 1écba.

6. Cena zachytu musi byt ekonomicky vyvazena s prospéchem.

Jako prvni byl GspéSné zaveden screening fenylketonurie v letech 1962-1963, ktery
byl pozdé&ji rozsiten i na screening kongenitalni hypotyreoézy. V poslednich letech se objevuji
nové technologie umoznujici detekci nékolika onemocnéni pfi jedné analyze a vybizeji tak
k vyznamnému rozSifeni novorozeneckého screeningu. Jde pifedev§im o tandemovou
hmotnostni spektrometrii a DNA chipy. Pouziti téchto novych technologii vede k rozsifovani
novorozeneckého screeningu o choroby, které jiz nespliiuji piivodni kritéria nebo je nelze
v kontextu téchto kritérii hodnotit. Tato skutecnost se odrazi v rozdilnych pfistupech
v riiznych zemich. V Ceské republice je provadén screening fenylketonurie od roku 1970,
kongenitalni hypotyreozy od roku 1985 a od roku 2006 kongenitalni adrenalni hyperplazie. V
jinych evropskych zemich probihé jiz rozsifeny novorozenecky screening pomoci tandemové

hmotnostni spektrometrie, ktery zahrnuje pfedevsim poruchy beta oxidace mastnych kyselin,
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organoacidopatie a dalsi metabolické poruchy. Jesté v jinych regionech je zvaZzovan screening
cystické fibrézy, Gaucherovy lysosomalni stfddavé choroby, hereditarni hemochromatozy,
syndromu fragilniho X chromozomu nebo dokonce diabetu mellitu I.typu. (Dondt et al.2007)
Rozsiteny screening pomoci tandemové hmotnostni spektrometrie je zaveden kromé nékolika
evropskych center ve vétsiné stati USA, v Kanad¢, v Australii a v Kataru (O.A.Bodamer et
al. 2007)

Piehled novorozeneckého screeningu provadéného v soucasné dobé v Evropé je

uveden v nésledujici tabulce.

71



Tabulka 1: Prehled pravidelné¢ provadénych novorozeneckych screeningli v Evropé (celkem

43 stath vcetné Turecka; Skotsko a Wales pocitany samostatng). Dle Votava et al. 2008)

Choroba

Prevalence

PES

Metody

Smysl screeningu, poznamky

PKU

1:8 000

41

MS/MS,
I,BL C

Dieta zabrani nevratnému poskozeni CNS.
Neprovadi Finsko a Malta z diivodu nizké prevalence.

CH

1:2 700

)

I

Substituce zabrani nevratnému poskozeni CNS.
Neprovadi Moldavsko z ekonomickych diivodii.

CAH

1:10 000

13

Substituce zabrani zivot ohrozujici solné krizi a u leh¢ich
forem zabrani pfedcasné pubert€ se ztratou dospélé vysky.
Provadi Rakousko, Belgie, Francie, Némecko, Italie,
Lucembursko, Holandsko, z¢asti Rusko, Slovensko,
Spanélsko, Svédsko, Svycarsko a CR.

CF

1:4 000

I+MG

Komplexni 1é¢ba zahajena do 2 mésict véku zlepSuje pribéh a
prognézu.

Provadi Rakousko, Belgie, Francie, Italie, Skotsko, Spanélsko,
Wales, Anglie

GAL

1:40 000

Vcasna dieta zabrani metabolické krizi se selhanim jater,
poskozeni CNS a oslepnuti , zlepSuje dlouhodoby
neurologicky stav.

Provadi Rakousko, Belgie, Némecko, Irsko, Italie, Svédsko,
Svycarsko a Spanélsko

MCADD

1:10 000

MS/MS

Dieta a substituce zabrani
energetického metabolismu.
Provadi Rakousko, Holandsko, Belgie, Némecko, Italie,
Spanélsko, Anglie, Svycarsko

zivot ohrozujicimu selhani

BD

1:80 000

Substituce snizi riziko metabolické krize a poSkozeni CNS.
Provadi Rakousko, Belgie, Némecko, Italie, Svédsko,
Svycarsko

G6PDD

az 1:25

Vylouceni zevnich faktort, které vyvolavaji hemolytickou
krizi.

Provadi Recko. Uvedena prevalence plati pro endemické
oblasti.

Rozsiteny (kromé¢ PKU a

MCADD)
screening

novoroz.

deédienych

metabolickych poruch
,Jrakouské spektrum®;

MSUD 1:200 000
Tyr | 1:100 000
Cit 1:70 000
ASLD 1:70 000
Hom 1:200 000
CPTD 1, 11, | 1:100 000
CTD, KTD,

CACTD

GA 1:30 000
VA 1:50 000
LCHADD, | 1:30 000
VLCADD,

HMG-CoA

LD,

3-MCCD

MMA 1:50 000
PA 1:100 000

MS/MS

Provadi: Rakousko (18 metabol.chorob), Belgie (14 chorob),
Holandsko (10 chorob), Némecko (7 chorob), Portugalsko (8
chorob)

Dieta snizi riziko zivot ohrozujiciho metabolického rozvratu a
poskozeni CNS.

Lécba zabrani casnému selhani jater

Komplexni 1é¢ba snizi riziko metabolického rozvratu
s hyperamonemii — ,,Rey like* syndromu..

Lécba je prevenci poskozeni CNS.

Dieta a substituce snizi riziko Zivot ohrozujiciho

metabolického rozvratu a poskozeni CNS.

Dieta a substituce zabrani zivot ohrozujicimu selhani
energetického metabolismu
Komplexni 1écba  snizi riziko zivot ohrozujiciho

metabolického rozvratu.
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Vysvétlivky: PES = pocet evropskych stati provadgjicich dany screening; PKU = fenylketonurie; CH
kongenitalni hypotyredéza; CAH = kongenitalni adrenalni hyperplazie; CF = cysticka fibréoza;, GAL =
galaktosémie; MCADD = deficit dehydrogenazy ,,medium-chain acyl-CoA*; BD = deficit biotinidazy; G6PDD
= deficit glukozo-6-fosfat dehydrogenazy; MSUD = nemoc javorového sirupu; Tyr I = tyrozinémie I typu; Cit =
citrulinémie; ASLD = deficit lyazy argininsukcinatu; Hom = homocystinurie; CPTD LII = deficit karnitin
palmitoyltransferazy I,II; CTD = deficit transportéru karnitinu; KTD = deficit ketothiolazy; CACTD = deficit
karnitin-acylkarnitintranslokazy; GA I = glutarova acidurie I typu; IVA = izovalerova acidurie; LCHADD =
deficit dehydrogendzy ,,long-chain acylCoA*; VLCADD = deficit dehydrogenazy ,,very long-chain acylCoA*;
HMG-CoA LD = deficit lyazy ,,3-hydroxy-3-methylglutaryl-CoA*; 3-MCCD = deficit karboxylazy ,,3-
methylcrotonyl-CoA*; MMA = metylmalonova acidurie; PA = propionova acidurie; MS/MS = tandemova
hmotnostni spektrometrie; I = imunoesej (fluoro-, enzymo- ¢i radio-); BI = inhibice rtstu bakterii; C =
chromatografie; MG = molekularné genetické vySetfeni

Obtizna interpretace ptvodnich principli screeningu, zavedeni novych technologii,
neznamy piirozeny pribéh nové detekovanych poruch (nékteré mutace v genu pro MCAD
nemusi zpusobit klinicky zdvaznou poruchu) a ekonomickd situace v jednotlivych regionech
ziejmé vedou k velkym rozdilim ve screeningu mezi jednotlivymi zemémi. (R. J. Pollitt
2006) Je tteba prehodnotit kritéria pro zafazeni urcitych chorob do screeningu, napf. ve
Spojeném Kralovstvi se otdzkou novorozeneckého screeningu zabyva UK National Screening
Committee (UK NSC), ktery vyvinul 19 kritérii pro zahrnuti do novorozeneckého screeningu.

Nase retrospektivni studie zaméfend na detekci nepoznanych fatdlnich ptipadt
kongenitadlni adrendlni hyperplazie prob¢hla pravé vrdmeci zvazovani zavedeni

novorozeneckého screeningu pro CAH.

9. Novorozenecky screening kongenitalni adrenalni hyperplazie

Novorozenecky screening CAH je zaméfen na deficit 21-hydroxylazy, ktery je
zodpovédny za vice nez 90% vSech ptipadi CAH. Screening je zaloZzen na méfeni
koncentrace 17-hydroxyprogesteronu v suché krevni kapce. Incidence v Evropé se pohybuje
kolem 1: 15000. Smyslem novorozeneckého screeningu CAH je ¢asnou diagnostikou a
substituci hormont nadledvin

1) ptedejit Zivot ohrozujici adrenalni krizi, Soku a imrti,
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2) zamezit piidéleni chybného pohlavi virilizovanym divkam a
3) omezit vliv nadbytku androgenti, které vedou k malému vzristu a psychosexualnim
porucham. (Kaye C. I. et al.2006)

Pravé vyznamna mortalita nediagnostikovanych déti miize byt jednim z argumentti pro
zavedeni screeningu pro CAH. Ohrozeni jsou predevsim chlapci s tézkou formou CAH se
solnou poruchou, ktefi se manifestuji az prvni Zivot ohroZujici adrenalni krizi. Udaje o
mortalit¢ v souvislosti s CAH se lisi podle riznych zdroji. Jedna skupina expertti odhadla
dokonce 20-40 % umrtnost na klasickou CAH bez screeningu (Pang S. Y. et al. 1988). Ostatni
odhady byly niz$i, Americkd Pediatrickd Akademie uvedla 9 % mortalitu (American
Academy of Pediatrics 1996). Nepiimym diikazem, ktery svéd¢i pro nepoznanou mortalitu u
chlapcii je skutecnost, ze je diagnostikovdno vice divek nez chlapct (Pang S. et al. 1977,
Kovacs et al. 2001), nicméné nediagnostikovani chlapci nemusi byt ve skupine néhle
zemielych, ale ve skupiné chlapcti s lehkym fenotypem (Perry R. et al. 2005). Zdaleka ne
vSechny nemocnice uvadéji veétsi pocet diagnostikovanych divek nez chlapcti, stejny pocet
chlapcti i divek byl zaznamenan napt. v Birminghamské détské nemocnici (Virdi N. K. et al.
1986), v Kralovské détské nemocnici ve Viktorii (Lim Y. J. et al. 1995), v nemocnici Sainte-
Justine v Montrealu (Perry R. et al 2005) a ve Finsku (Jaaskelainen J. et al. 1997).

Mortalita u diagnostikovanych pacientii s CAH se solnou poruchou se pohybuje mezi
0-4 % v rozvinutych zemich (Grosse et al. 2007) a se zvySujicim se povédomim a zlepSujici
se lékatskou kontrolou logicky klesa. Ve Svédsku zaznamenali dvé amrti z 93 déti s CAH se
solnou poruchou narozenych v letech 1969-1986, ¢ili 2,2 % mortalitu, po zavedeni screeningu
od roku 1989-1994 nedoslo k zadnému umrti (Thilen A. et al. 1990). V Birminghamu doslo
ke dvéma umrtim v letech 1958-1985 (Virdi N. K. et al. 1986). Ve Viktorii v Kanadé
zaznamenali 2 amrti u 89 déti s CAH (Lim Y. J. et al. 1995) a v Montrealu jedno z 54, které

bylo odhaleno az pfi pitvé (Van Vliet G. et al. 2004). V USA ve statech se screeningem i bez
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screeningu byla zjisténa pfiblizné stejna prevalence CAH se solnou poruchou a zadné umrti
(Brosnan P. G. et al. 1999). V Nizozemi byla obdobn¢ identicka prevalence v provinciich se
screeningem i bez screeningu a k zddnému umrti ani v jedné populaci nedoslo (Van der Kamp
H. J. et al. 2001). Naopak ve Finsku zemfely v letech 1980-1995 na CAH se solnou poruchou
Ctyfi déti, u jednoho z nich §lo o diagnézu post mortem (Jaaskelainen J. et al. 1997).

Pii vyhodnoceni uvedenych studii vychazi primérnd mortalita 1,5 %. Zatim nejsou
dostateén¢ dlouhodobé studie, které by hodnotily G¢innost screeningu na snizeni mortality
spojené s CAH. Ve dvou studiich ve Svédsku (Thilen A. et al. 1990) a v Nizozemi (Van der
Kamp H. J. et al. 2001) nedoslo k zadnému umrti po zavedeni screeningu, v Texasu
k jednomu (Therrell B. L. et al. 1998), coz v souhrnu odpovida 0,7 % mortalité. Mortalita 1,5
% pred zavedenim screeningu vSak muize byt podhodnocena vzhledem k nezapoctenym
nepoznanym umrtim.

NaSe prace méla odhalit pravé pocet nepoznanych déti s CAH, které zemiely
nahle pod chybnou diagnézou SIDS a tim pripadné podporit myslenku rozsifeni
novorozeneckého screeningu. Podarilo se nam retrospektivné diagnostikovat CAH u 4
z 242 nahle zemrelych déti bez zjevné priCiny. Tim jsme potvrdili, Ze novorozenecky
screening CAH mohl témto imrtim predejit.

V testovaném obdobi se v CR a v Rakousku narodily asi dva miliony déti. P¥i
prevalenci CAH 1: 15000 to znamena 133 déti narozenych s CAH, z nichz tedy 4
zemrely pravdépodobné v diisledku adrenalni krize, ¢ili nepoznana mortalita Cinila asi
5,3 %. KdyZz zanedbame mortalitu diagnostikovanych a léfenych pripadi CAH,
miZeme 5,3 % povaZzovat za celkovou mortalitu na CAH vnasem regionu.
Novorozenecky screening CAH byl v Ceské republice celoploiné zaveden od let 2006

(Cechy) a 2007 (Morava), nicméné jeho zavedeni je stile piredmétem diskuzi. Naklady

75



screeningu na zachyceni jednoho pacienta v Ceské republice ¢inily 1388 000 K&, ale
vZdy je tézké vycislit hodnotu jednoho lidského Zivota.

V USA predpokladali 4 % mortalitu a dostali naklady ve vysi 100 000 USD na
rok zachranéného Zivota (Yoo B. K. et al. 2005). Ale je tFeba dalsi odborna debata, ktera
ur¢i, zda prevaZuje uzitek nad naklady.

Co se tyka druhé casti studie - detekce poruch beta oxidace mastnych Kkyselin
mezi nahle zemrelymi kojenci, povaZujeme zichyt u jednoho ditéte za neprFili§
vyznamny. Roz§ifeny novorozenecky screening zaméreny na velkou skupinu vzacnych

metabolickych poruch v Ceské republice dosud zaveden nebyl.
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