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Impact of newborn screening on the reported incidence and
clinical outcomes associated with medium- and long-chain

fatty acid oxidation disorders

Deborah Marsden®'®, Camille L. Bedrosian' and Jerry Vockley?

Fatty acid oxidation disorders (FAODs) are potentially fatal inherited disorders for which management focuses on early disease
detection and dietary intervention to reduce the impact of metabolic crises and associated spectrum of clinical symptoms. They can
be divided functionally into long-chain (LC-FAODs) and medium-chain disorders (almost exclusively deficiency of medium-chain
acyl-coenzyme A dehydrogenase). Newborn screening (NBS) allows prompt identification and management. FAOD detection rates
have increased following the addition of FAODs to NBS programs in the United States and many developed countries. NBS-
identified neonates with FAODs may remain asymptomatic with dietary management. Evidence from numerous studies suggests
that NBS-identified patients have improved outcomes compared with clinically diagnosed patients, including reduced rates of
symptomatic manifestations, neurodevelopmental impairment, and death. The limitations of NBS include the potential for false-
negative and false-positive results, and the need for confirmatory testing. Although NBS alone does not predict the consequences
of disease, outcomes, or management needs, subsequent genetic analyses may have predictive value. Genotyping can provide
valuable information on the nature and frequency of pathogenic variants involved with FAODs and their association with specific
phenotypes. Long-term follow-up to fully understand the clinical spectrum of NBS-identified patients and the effect of different

management strategies is needed.

Genetics in Medicine (2021) 23:816-829; https://doi.org/10.1038/541436-020-01070-0

INTRODUCTION

Fatty acid oxidation disorders (FAODs) are inherited disorders
that manifest with clinical presentations (most notably hypoke-
totic hypoglycemia, cardiomyopathy, and myopathy with recur-
rent rhabdomyolysis) related to commonly affected organs (i.e.,
liver, heart, and skeletal muscle).! Long-chain FAODs (LC-FAODs)
are caused by defects in the mitochondria carnitine shuttle or
enzymes involved in the B-oxidation of long-chain fatty acids.'
Medium-chain acyl-coenzyme A (CoA) dehydrogenase (MCAD)
deficiency is the most common inherited FAOD, especially
in Caucasian populations of Northern European descent.'
Short-chain acyl-CoA dehydrogenase (SCAD) deficiency is often
caused by compound heterozygosity or homozygosity for one of
two common polymorphisms. While these variants may result in
reduced enzyme activity, SCAD deficiency is generally consid-
ered a benign condition." MCAD deficiency and LC-FAODs are
potentially fatal, and management focuses on prevention of
metabolic crises by avoiding fasting. For patients with LC-FAODs,
supplementation with medium-chain triglycerides can reduce
the impact of clinical symptoms.

Newborn screening (NBS) allows prompt identification and
management of disorders with early onset and serious, life-
threatening consequences, including many inborn errors of
metabolism. Early NBS programs tested for a relatively small
number of conditions, typically initially limited to phenylketo-
nuria. NBS has since expanded to include a wide range of
conditions, with test menus specific to countries and regions.
In the United States, the Recommended Uniform Screening
Panel developed and curated by an advisory committee to the
Secretary of the Department of Health and Human Services® has

helped standardize NBS. The addition of FAODs to NBS programs
began in the mid-1990s as they became recognized as a cause of
sudden infant death and other life-threatening consequences in
the newborn period.>* In patients with LC-FAOD, one of the
main suspected causes of sudden infant death is cardiac
ventricular arrhythmia.” However, this cause of death is mainly
a diagnosis by exclusion as it is only detectable by electro-
cardiogram, and unless the patient is already hospitalized,
cannot be confirmed. It has since been suggested that FAODs
should be suspected in all cases of sudden infant death.*®’
Screening is dependent on detecting abnormal concentrations
of metabolites in the acylcarnitine profile in blood through the
use of tandem mass spectrometry. NBS for FAODs is available in
the United States and many developed countries, although
geographical differences exist in implementation (see Table S1).
In 2008, an expert symposium held in Germany examined NBS
programs that include FAODs from various perspectives,
including availability in different countries/regions, epidemiolo-
gical data, test performance, and follow-up practices.> Here,
outcomes research findings suggested notable reductions in
metabolic decompensations and death associated with identi-
fication of MCAD deficiency via NBS. Further evidence suggested
that the cost-effectiveness of NBS for FAODs compared favorably
with other preventive programs.®> Since then, additional evi-
dence in a variety of settings has accumulated related to the
epidemiology and impact of NBS for FAODs. In the present
review, we examine available evidence related to the epidemiol-
ogy of FAODs, with a focus on LC-FAODs, as well as the impact of
NBS on clinical outcomes, including mortality.
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EPIDEMIOLOGY OF FAODS BY COUNTRY AND REGION

The incidence or prevalence of all FAODs and specific subtypes has
been reported from numerous pilot and nationwide NBS programs
(Table 1). Considerable heterogeneity exists in the size and
characteristics of the populations examined, details of screening
test methods, cutoffs for recall, and use of additional confirmatory
tests. Consequently, incidence data should be considered indicative
in the context of the unique features of individual reports. For
example, reported incidence may be affected by minor differences
in absolute numbers of detected cases in small carrier screening
populations. As a result, detailed comparisons of incidence data
between countries and regions are difficult to make. However, some
generalizations are possible.

Epidemiologic studies of NBS populations indicate that the
combined incidence of all FAODs ranges from 0.9 to 15.2 per
100,000. Very long-chain acyl-CoA dehydrogenase (VLCAD)
deficiency is the most prevalent LC-FAOD in most populations,
with incidences ranging from 0.07 to 1.9 per 100,000, whereas
other LC-FAODs have a low incidence (<1.0 per 100,000).51
Occasional outlier figures have been published that are not
explicable based on population characteristics, test methods,
sample size, or other factors.

The incidence of all FAODs among Asian populations is
generally lower than in non-Asian populations, ranging from 0.9
to 4.9 per 100,000 in large carrier screening populations in China,
Japan, South Korea, and Taiwan.®'%'* In contrast, a relatively small
carrier screening population (N = 37,817 neonates) over 2 years in
a single laboratory in Seoul identified an FAOD incidence of 10.6
per 100,000."* However, only four patients were identified,
demonstrating the effect a small cluster of cases may have on
the reported incidence in a small population.’® Another study in
Singapore reported an FAOD incidence of 15.2 per 100,000, which
is higher than other studies in Asian populations.” These results
may have been skewed during the pilot phase program, which
used the 99th percentile of the analyte distribution of the
newborn population as a cutoff for recall. Subsequent use of
absolute cutoff values reduced this high recall rate. A study in rural
China also reported an unusually high FAOD incidence (11.0 per
100,000) for Asian countries.'® In Taiwan, a study of NBS
determined the incidence to be 4.53 cases of FAODs per
100,000 live births® In an Australian study, the incidence of
FAODs before the introduction of NBS (0.9-3.2 per 100,000) more
than doubled to 8.0 per 100,000 following introduction of NBS in
1998, consistent with a subsequent combined report from
Australia, Germany, and the United States (10.8 per 100,000).3™"

The incidence of FAODs in several European and US studies
ranged from 6.0 to 16.4 per 100,000.'%">7'° The highest incidences
in Europe were reported in Spain and Portugal, which have a high
incidence of MCAD deficiency among mainly Gypsy populations,
likely secondary to a founder effect and consanguinity.'®*° The
incidence of FAODs (4.0 per 100,000) reported in a single-center
retrospective review in Saudi Arabia over a 13-year period was
similar to that of Asian populations.?'

Among the LC-FAODs, VLCAD deficiency is the most common. It
is an autosomal recessive disorder caused by ACADVL variants,
leading to impairment of the first intramitochondrial step of the
catabolism of long-chain fatty acids." The incidence of VLCAD
deficiency based on NBS reports varies among countries and
regions, though much less than MCAD deficiency (Table 1).
Incidence of VLCAD deficiency in Asia and Australia is similar,
though use of the region 4 Stork Collaborative Project post-
analytical NBS tool in the latter led to a threefold increase in the
previous detection rate based on clinical diagnosis or prior NBS
algorithms, underscoring the tool’s ability to distinguish a clinically
affected VLCAD-deficient population from an NBS-identified
cohort at extremely low symptomatic risk.”'%'27142223 stydies of
European, US, and Qatar populations have identified incidences
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similar to Asia and Australia.®'%>71824"28 However, the Eastern
and Jawf provinces of Saudi Arabia reported a much higher
incidence (31.1 per 100,000), which is attributed to a high rate of
consanguineous marriage and a founder effect. In one study,
patients identified by NBS generally had higher levels of enzyme
activity and a higher overall long-chain fatty acid oxidation flux in
cultured fibroblasts than those reported before NBS implementa-
tion.*® These findings suggest that NBS identifies patients with
milder genetic and biochemical phenotypes, who may have
improved long-term outcomes with appropriate management. A
retrospective analysis from the Netherlands questioned whether
the rise in asymptomatic VLCAD deficiency was attributable to
underdiagnosis of an otherwise relatively common condition or if
patients detected by NBS might never become symptomatic
unless experiencing significant catabolic stress.?®

Long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD) and
trifunctional protein (TFP) deficiencies can present with serious,
rapidly progressive cardiomyopathy, hypoketotic hypoglycemia
and liver dysfunction, and rhabdomyolysis, among other mani-
festations." Almost all cases of isolated LCHAD deficiency are
caused by a ¢.1528G>C variant of the HADHA gene encoding the a
subunit of TFP. The incidence of LCHAD deficiency in most studies
was <1.5 per 100,000, with higher incidences noted in European
compared with Asian countries or the United States (Table 1).
This is consistent with a previous meta-analysis of 16 studies of
LCHAD deficiency representing a carrier screening population of
13 million, which reported a prevalence of 0.41-091 per
100,000.3! One study that examined 6,854 neonatal blood samples
from different regions of Poland revealed a geographically skewed
distribution of the c.1528G>C allele in the northern Pomeranian
province (incidence 5.9 per 100,000).3% Deficiency of all three
TFP enzymes (LCHAD, long-chain enoyl-CoA hydratase, and
3-ketoacyl-CoA thiolase) is caused by almost all other variants
of either the HADHA or HADHB genes. TFP deficiency is considered
extremely rare. Our review supported this finding with an
incidence of 0.13 per 100,000 reported in a single study in
multiple countries.?

Deficiencies of the carnitine cycle include defects in carnitine
palmitoyltransferase-1 (CPT-1), carnitine-acylcarnitine translocase
(CACT), and carnitine palmitoyltransferase-2 (CPT-2). These auto-
somal recessive disorders affect mitochondrial import of long-chain
fatty acyl-CoAs. Studies in this review confirmed the rare nature of
these disorders, with reported incidences <0.33 per 100,000 in most
studies (Table 2). A Hong Kong study reported a high incidence of
CACT deficiency (3.3 per 100,000), but this involved a single
confirmed case in a relatively small carrier screening population
(30,448 neonates)>® Similarly, three unrelated cases of CACT
deficiency from different ethnic groups were reported in a New
Zealand NBS program of 185,000 neonates screened from 2006 to
2009.3* This unlikely cluster led to an incidence of 1.6 per 100,000
and should be viewed as an outlier against the background of most
other reported incidences.?

NBS has led to a number of important recognitions regarding
FAODs. First, FAOD detection rates have increased following the
widespread introduction of FAODs to NBS. In an Australian study
of NBS data for inborn errors of metabolism, overall rates of FAOD
detection increased significantly (p =0.007) from 0.9-3.2 to 8.0
per 100,000 births with the introduction of NBS.'' In the Czech
Republic, a study demonstrated a similar significant increase in the
identification of patients with LCHAD from 0.7 to 1.5 per 100,000
births following the utilization of NBS.>® In a Dutch study spanning
from 1963 through 2010, the incidence of VLCAD deficiency
increased from 0.3 to 1.3 per 100,000 births after NBS was
introduced.® While the use of NBS clearly increases the detection
of patients with FAODs allowing for early disease management, it
is important to note that disease detection alone cannot predict
whether these patients will go on to develop symptoms or remain
asymptomatic for life without intervention.

SPRINGER NATURE

817



D. Marsden et al.

818

SAN JO SSBURAIDAYS
91 S91eIISUOWSP (Paseadap
J10J 1d2X3) U3Ip|IY> paynusp!
Huowe pajou JuswdolpAsp

$3]eUOdU /|8'/E

[ewnou ApAneRI YL 9T 901 L18'LE Buipnpur s>uspadxs SgN €002-100¢ £,8910) YInos
91el |jedas aseyd o)id
yb1y padnpai Apuedyiubis
snuadiad Yiee Jo asn |eniul weiboid SgN |euoneu
"SA $}J0IND 3IN|OSQE JO IS €T TSl L9T'LLL IIny pue jojid jo poday 102-900C colodebuis
SN pue Buiusauds
1DUNSIP 219M SgN papuedxa SA1129|3S eIA Auewsn pue
pue BujusaIds SA1II3|SS S9LIUNOD UeISY Ul 9dUspIdul
A9 AOv4 jo uonesyiup| Lo 'L €€ 000°09€’€ W31 Jo uosiiedwo) SlL0T-L661 o_cmamﬁ
si010ej dnduabids pue
Ayuinbuesuod jo aa1bap ybiy Iyleg maN
0} PaqLIdSse ||eJSAO SUOIIPUOD ul sulogmau 000’00z buowe
4o auspidUl J3YBIH S0 000'00Z 31 10} pJed SE06 JO SisAjeuy pauiodal 10N <8IPYI
1uswabeuew
pue uonuaAIdul AlJed Jaye
juswdojansp pue ymoib
Jewsou yum onewoldwAse
a19M ‘QyDS pue ‘Qv¥DN
‘avHD1 Buipnpul ‘saov4 asuirold buelfoyz sy
yum paynuapi syusned 1sop 910 eS'9 797’198l  wouy weiboid SgN jo Hoday 9102-600¢ 4 BUIYD
eulyd jo
sease Jood ul Ajjeadss Buiuir wouy
‘wesboid sgN spimuoneu $91eU03U £/0°001
e papusWWIodal Joday oLl ££0'00L Ul pa1ONPUOd SGN JO Loddy SL0Z-t10¢ z1BUlYD
(£00'0 = d) sisoubeip fionual
[e21U1]> Yum pajedwiod SN (zooz-8661) 0'8 (8661) SAN 191e [ende) ueljensny
1aye paseasnul Apuedyiubis (8661-¥L61) pue a10j9q 3| LE JO Sa1ed Y1 pue ‘ssjepm
lel uo1dAdP A0V T€-6'0 000'29¢ Uo132919p Jo uosiedwo) TO0Z-¥/61 YInos maN ‘eljensny
swoldwAs Buiney Jo ysu Mo| (joo
A[2Wa11%3 1€ 1J0Yy0D paynuap! uoibal yum
-SgN ue wouy uonendod SAN) L'T 'SA
Aduapysp QyITA padaye (saN [00} ¢ uoibai
Allewip e ysinbunsip /sisoubeip Yum SaN 'sA SaN/sisoubelp SL0Z-0L02 2z591eM
ued sa10s 1 uolbay [edwip) £°0 000°8ZS ‘000°001°C [e21u1]> Jo uosuedwo) 'SA 0LOZ-866L YInoS maN ‘eljensny
suiogmau
onewoldwAse ul sasoubelp
9A1eH3U-9s|R) PIOAR 0
juepoduwl s sisAjeue jueliep oC'E 000681 SAN jo uodai sauas ased) 5002-200T coBHOWIA ‘eljenisny
ejueadQ/eisy
(@vds ‘avow
sbuipuy Aouspysp ‘aov4-071)
Jeuonippe pue syjuswwo)  Aduaysp d41/advHI1 avoia sgov4 IV pauaaids syualled s|ieysp Ansibai/Apnis (S)4e3A uolbai/Anunod

SYLIG 000°001 42d dudpIUY|

“(Aouayap d41/AVHIT pue Aduapyap @yITA) AOV4-DT dyPads Buipnppul ‘|leisno sqov4 JO 9uspidy|

‘L dlqel

Genetics in Medicine (2021) 23:816-829

SPRINGERNATURE



D. Marsden et al.

819

A5uspPYsp AYHI

J0 |eo1dAy sjyoud jewiouqe
ue pey aupiuiedjfoe

Buisn pajsal syusned gz Jo 7

Jes|Dun aJom 123)49 pue
asned> ybnoyyje ‘Aouapysp
dVHDT pue 1ybem yuig moj
U99M13Q PI10OU UOIIRIDOSSY

SSWO0DINO0 [ed1Uld parosduwiy
pue 91l UOI1D919p Pasealdul
Ajpuesyiubis Aduapysp
AVHDT pue Aouspysp avow

€'l eSC0

(SN-1s0d) §°L "sA

or0’L

€8T'LLT'1-001"LLL

eLeA D<DBTSLD

9Y3 Joj pauaasds sajdwes
jods poo|q ulogmau op01
40 Apnis [013u0d-110Y0D

sa1euoau 1ybem Yyuig-mo|
pue [ewJou uj SgN
Jo sisAjeue aAndadsosRY

Aduaysp gyHI1 pue
Aouapysp QvOW apnpul
0} uoisuedxa Jaye pue

£00C—100C

910Z-¢00¢

600¢z-1350d sieak

0oPIU0IST

yz2landay ysazp

apnpul 01 SgN Buipuedxy (san-a4d) £0 000'L99  210j9q SGN Jo uosuedwod G pue 600Z-3.d se2landay yoaz)
saov4 buipnpui
‘IN3| sholea
nuawi 1593 aY} 10} paudaIds sulogmau
JO uoisuedxa yum paseasdul ul SGN apimuoneu
9]kl Uold919p SAleInwINg 2890 L0 ces'ool 40 s)nsau jo uoday 0L0Z-700C gz2llanday yoazo
sased aAnIsod-as|ey
4O 3s1 3y} dziwiujw 0} bunisa)
A101EWIYUOD JOJ Pa3U 3Y)
pue ‘Aousapyap gvdW Apsow S95e3sIP < 40
‘|[e19A0 SQOV4 Jo dduspUI PaudaIds SUIOqMBU 681779
by s1y611YBIy 1oday L'l 9L 68179 J0 SGN uelnsny Jo uoday 600C-700C o BHISNY
adoungy
SAN papuedxs
siaquinu moj 03 snp sgOv4 (6002 12qwa>2Q-900¢
ul pa1daal 10U SI YdIym Jaquiedaq) Jaye
‘(suonipuod ||e 10} oot 43d | SYHIq 000'S8L ‘SAN-1S0d  pue (900T 42quad3d-+00T
01 000'ZL 42d 1) ||e1an0 sosed (sgN-1sod) AjjeonewoydwiAs Kienuer) a1ojaq uoI11dP
W3l JO UOID919p Ul dsealdul ¥5°0 "SA (SAN pasoubelp 1sow W3 Jo so1es buuedwod
Sliewelp e 01 ps| SAN -a1d) £5°0 ‘SYUIQ 000'SLL ‘SAN-94d sisAjeue aAnd>adsonay 600Z-t00C yePUR[ESZ MON
SN pue bujusaids
9A11D9[95 BIA Auewan pue
SSIIUNOD UeISY Ul 9dUSpIdUl
£0°0 6C 000'06€’L W3l jo uosiedwo) ¥10Z-100C ouemiel
S)|NSaJ |ew.Iou aAeY |endsoH
ued s1s9] 1eadas asnedaq Ausisnlun uemie] [euonen
Bulussidsal jo sisbuep SY3 1B paudIdS Sd1eUOSU
9y} pue sased annebau 9saUIYD 000'008< buowe
-as|e} pa1ybiybly 1oday ST0 6C weiboid SgN 4o poday Z10Z-£002 guemie
SgN pue Buiusauds
SAI129|3S eIA Auewsn pue
S9LIIUNOD UeISY Ul 9dUspIdul
600 €0 60 000'0¥¥'E W3l Jo uosiedwo) 5102-000¢ 0189403 yinos
(@v>s ‘avon
sbuipuy Auapysp ‘aov4-01)
Jeuonippe pue sjuswwo)  Aduapysp d41/dvHI1 avoia saov4 IV pauaaids sjudljed sjieyap Ansibal/Apnis (S)4@3A uoibai/A13unod

SYHIq 000°001 42d @duspdU|

panuiuod | 3jqeL

SPRINGER NATURE

Genetics in Medicine (2021) 23:816-829



D. Marsden et al.

820

sisAjeue d132uab Jo awn
punoJeuiny 3y} buiroidwi
3iym sa1064zoia19y

(€10Z-6661) sosed
pa12319p Ajjed1Uld Yyum

sajeys payun

pue sjuaned paidaye (sisoubeip paJedwod sajeuoau 80’0l
U39MISQ UONENURIBYIP  (SIsoubelp [ed1UIP) $E'0  [edlulP) bE0> ur SON Buipnpul ‘saN
o941 psjqeus SHN (SaN) 0 (SAN) ool 8¥0'0L papuedxa Jo Apnis 10|id ¥10Z-€10C ,zBIUSAO|S
uonejndod AsdAo
9yl buowe jueleA HD<YS8ED (uoibau
sy Joy Aydusbowoy ul SyuIg |enuue |je jo
ybiy yum Aouspysp % '9) uteds pue [ebniiod ul
AvDW jo adusjeasud ybiH oCL0 oL V0 9TlL 0987'7L9'L  sweiboud SgN Xis jo uoday pauiodal 0N g uteds pue [ebniiogd
jebniiod ur weisboid
9l T06'LEL SAN papuedxs Jo poday Z102-+00¢ ozleBnuod
puejod uiayuou
ul UIog Ss91euoaU
ur A>uspysp vHD1
10} Buiuaaids saynsnl puejod auab YHAVH Y3 Ul JueleA
Jo 3duInoId ueluBIBWO| D<D8TZSL™D Y1 10} paudIdS
uJdyuou sy} ul 39| puejod jo suoibal JuatayIp
DJ8CSLD 9y} Jo uonnqgiisip (puejod) 80 wouy sa|dwes poojq
pamays Ajjediydeiboan (ueluesswod) 6'S 58'9 |eleuOsU 58’9 JO sisAjeuy 800C zgPuelOd
sisoubelp (SAN) L6°0 Aduapysp gvHIT Ul s
|ennuaJayip Jo bujusauds (sosed onewoldwAs Alljenow pue ajel UoIIISP
9A1129[95 'SA SN Aq panoadwil paw.yuod uo spow Yyoeoidde
Aneaib 11 Aijerio Alreindsjow) £8°0 T61'859 snsoubelp jo sisAjeuy 600C-7661L goPUBlIOd
paulwexa sieak SN papuedxs
9 9y} JaA0 panoisdwil buisal UMM 2dusIadxe
40 anjea aAndIpaid dANISOd L8 9EV'LSE 40 s1eak 9 jo uoday 81L0Z-Tl0C 6.femioN
uelieA (SaN (£00T woly) SN
paJaiunodus Ajpusnbaly 1sow -3sod) €| 'SA -1sod pue aid uonesynuspi
ay1 sem (ve8ZA) DNL18Y8™D (san-aud) €0 000095 Jo uosuedwod aAN>ads0NY 0L0Z-€961 szSPUeMaylaN syl
SN pue Bujusaids
9A1129|3S eIA Auewuan pue
S91IIUNOD Ue|ISY Ul 9dUspIdUl
LSO €l 'L 0000152 W3l jo uosuiedwo)d §10Z-200C o fueuwsn
uonesuadwodap dijogelaw sieak ¢
21nde Aq 31| Jo Jeak 1siy Jan0 syueyul diewordwAs
9y} ul pajuasald sased 1So 9€°0 0 e S/S'v8 JO ddUE||IBAINS IAIDY 000Z-6661 , fuewisn
siskleue
uonedluNWwWod Jeuonelnw Jo/pue aWAzud
Jeuostad uo paseq Auew.san) Buisn sgN Aq paynuspl
10§ 91RWIISD SI SOUSPIDU| 80 8 sjuejul g Jo dn-mojjo4 sofuewan
(@vds ‘avow
sbuipuy Aduapyap ‘aov4-D)
|euonippe pue sjuswwod)  Aduaysp d41/advHI1 avoia sgov4 IV pausaids syualed s|ieysp Ansibai/Apnis (S)4@3A uolbai/Anunod

SYMIG 000°001 42d du3pIdU|

panuiuod | s|qel

Genetics in Medicine (2021) 23:816-829

SPRINGERNATURE



D. Marsden et al.

821

159nbai uodn s|gejieae saduaissel Hunioddns,
aseusaboipAyap v swAzusod-|Aoe uieys-Huo| A19A gydIA ‘uiroad [euonounjul 441 ‘OseusboipAysp yod-|Ade uleyd-1ioys gyos ‘bBuipuanbas uonessuab-1xau soN ‘Buiusalds ulogmau SgN
‘aseusboipAyap (YoD) v awAzuaod-|Ade uleys-wnipaw gy ‘@seusbolpAyap y swAzusod-jAdeAxolpAy-¢ uieyd-buo| gyHI7 49pIosip uolepixo pide A1je} uleyd-buo| goy4-17 ‘wisijogeldw Jo Joid uioqul 3|

£591815
(dd1) €10 sweiboid SgN Jo payun syy pue
(@vHD7) ov'0 4! g0l 666'957'S  Modai [pued padxa ue woly 800Z-¥007  ‘Auewuso ‘eljensny
sydniny
abepuew snosuinbuesuod
03 pajejal pue aduiroud
JME([ Ul 3L} SUO 0O} PAIDLIISAI
Ajobae| sem Aouapysp weiboid SgN |euoneu Ipnes
avIA jo auappul ybiy L'Le £v1'661 ay3 jo Apnis aAndadsolay £10T-€10C scCldely Ipnes
Jelep ul
pauaaIds s31euodU 690°L/
Buipnpui ‘sweiboid sgN jo
7L 690'LL Modai |sued 119dxd Ue Wold 800Z-+00C £ered
Bunsay A101ewayuod Jo anjea
9Y1 pue ‘sased Aouapysp
av1A jo adfiousyd 1 10T wouj SgN 40 uopidsns
3y} ‘uone|ndod siy3 |ea1uld Aq 3| 104 paulwexs
ul [|e4SA0 AT JO SduUspidul SYuIq Al LO9'0LL JO
ybiy sy pajou oday (024 L09'0LL  Apnis 10y0d dAIdads0NRY ¥10Z-100C 1zelqely Ipnes
ise3 3|ppIN
[020304d Bunsay
dn-moj|o} aAIsusyaidwod Kiorewayuod bunesodiodul
uo judpuadap sem (A1ndwoudads ssew wapuel)
weiboid SN 3y} Jo ssaddng €€°0 €l solL 8/0'v16 weiboid SgN 4o poday S00C-L661 g Buljosed yuoN
sweiboud elosvUUIN
papuedxa yum aies aaisod Ul PaUI3IDS S93eUOBU
-3s|e} ay3 buiziwuiw jo TLT7'8.€ Buipnpul ‘sweiboid
9d>uepodwi ay3 pajou poday €10 1L 7LT'8LE  SAN jo uodal jpued uadx3 800Z-+00C REATEEIVIVITIY
uolewloyul
[es1ulp pue bunsay
swia1sAs dn-moj|oy A1012WIYUOD 3[ge|leAR YUM
SAN wJa1-buoj Jualsisuod SN Uo aunuied|he- 1D ozllemeH
pue aAisuayasdwod pa1eAd|d YlM Sulogmau pue ‘uoibuiysepn
Jo Alssadau sajessuowaq 6l $05708'C Jo siskjeue aA1dadsoaYy 6007-500C ‘uob31Q ‘elulofied
(@v>s ‘avon
sbuipuy Aouaidysp ‘aov4-D1)
Jeuonippe pue sjuswwo)  Aduapysp d41/dvHI1 avoia saov4 IV pauaaids sjudljed sjieyap Ansibal/Apnis (S)4@3A uoibai/A13unod

SYHIq 000°001 42d @duspdU|

panuiuod | 3jqeL

SPRINGER NATURE

Genetics in Medicine (2021) 23:816-829



D. Marsden et al.

822

Table 2. Incidence of LC-FAODs (CPT-1, CPT-2, and CACT).
Country/registry Year Incidence per 100,000 births
CPT-1 CPT-2 CACT

Asia/Oceania

Australia"’ 1998-2002 0.28

China'* 2009-2016 0.11° 0.11?

Hong Kong®? 2013-2016 33

India*® 1.0

Japan'® 0.24 0.39

Singapore’ 2006-2014 0.56

Taiwan® 2003-2012 0.13 0.25

Taiwan'® 0.14 0.14

New Zealand** 2004-2006 0 (2004-2006)

2006-2009 1.62 (2006-2009)

Europe

Germany'’ 1999-2000 0.12

Germany'® 0.10 0.03 0.01

Norway'® 2012-2018 0.28

Portugal and Spain'® 0.17 0.35
United States

Minnesota® 2004-2008 0.26

North Carolina'® 1997-2005 0.11
Multiple

Australia, Germany, and the United States® 2004-2008 0.05-0.13 0.05-0.13 0.05-0.13
CACT carnitine-acylcarnitine translocase, CPT-1 carnitine palmitoyltransferase-1, CPT-2 carnitine palmitoyltransferase-2, LC-FAOD long-chain fatty acid
oxidation disorder.
2Supporting references available upon request.

Additionally, the use of NBS in detecting FAODs highlights the
limitations of NBS, including the potential for both false-negative
and false-positive results, the need for confirmatory testing, and
the effect of the chosen cutoff values for acylcarnitine levels and
recall for retesting. The possibility of false-negative (“missed”)
cases is concerning, especially in late-screened babies in whom
analyte levels may have normalized. While limited data exist
surrounding such false-negative tests, several studies have
reported cases. In a study of 39 Chinese patients, 5 were identified
as having FAODs after negative NBS results.® Here, cases were
predominantly identified by genetic analysis following metabolic
decompensation or familial diagnosis. Another study describes a
patient who was missed by initial NBS for CPT-2 deficiency.®
Researchers sought to establish an alternative diagnostic criterion
focused on the ratio of C16 + C18:1/C2 to enhance the diagnostic
accuracy patients with CPT-2 deficiency. In a study of the use of
NBS in inborn errors of metabolism, rates of detection of 31
disorders including FAODs were examined.!" Of 57 patients with
inborn errors of metabolism identified following the introduction
of NBS, 15 were diagnosed clinically, and 7 of these were negative
on NBS. One of the false-negative patients later presented with
hypoglycemia due to VLCAD deficiency.'" Lastly, in a study of 14
Austrian patients with LCHAD deficiency, two patients were
reported who had negative NBS results and subsequently
presented with acute metabolic decompensations.?” From the
limited availability of false-negative NBS outcomes in patients
with FAODs, it is clear that these instances are rare. However,
their existence indicates that there is a subset of patients with
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FAODs who are missed by NBS and experience delays in the
initiation of disease management. While it is true that some of
these patients may never go on to develop symptoms, others
may experience potentially life-threatening metabolic decom-
pensations, and it is therefore important to increase diagnostic
efficiency to identify them. In addition, false-positive NBS
outcomes may skew the overall incidence and prevalence rates
of FAODs. Further standardization of NBS amplifies this potential
problem, as a rate of misdiagnosis is applied universally to a
global population, resulting in a potentially exaggerated
incidence rate. The differentiation of heterozygotes (unaffected
heterozygotes) from infants with potentially mild or late-onset
disease can be challenging, and difficulties in obtaining
confirmatory testing (either molecular or enzymatic) often
accentuate this problem 83637

IMPACT OF NBS ON CLINICAL OUTCOMES

Despite limitations, NBS has led to improved clinical outcomes for
infants identified with FAODs, allowing neonates definitively
identified with an FAOD to promptly receive appropriate diet
modification and other management tailored specifically to their
individual FAOD, as well as counseling of caregivers. As
summarized below, numerous studies show that neonates with
NBS-identified FAODs may remain asymptomatic with appropriate
management and may have better outcomes compared with
individuals identified via clinical symptoms or selective screening.
The improvement is most striking with MCAD deficiency, where

Genetics in Medicine (2021) 23:816-829



mortality is nearly eliminated following identification by NBS.
While patients with LC-FAODs are less likely to develop symptoms
as newborns and may remain asymptomatic as infants, manifesta-
tions typically emerge later in life, so ongoing monitoring and
management are warranted.>®

Numerous studies have examined the clinical course of patients
with FAODs identified by NBS.2®™*' In the earliest of these, eight
asymptomatic patients from Germany and the United States with
possible VLCAD deficiency identified by NBS (n=7; 2-3 days at
analysis) or family screening (n = 1; 3 years at analysis) underwent
enzyme and/or genetic analysis to confirm and characterize their
diagnosis.®® Molecular analysis identified missense variants in
seven of eight patients, and biochemical assays found that VLCAD
activity was reduced to 6-11% of normal in four of eight patients.
Clinical signs (e.g., hepatopathy, cardiomyopathy, arrhythmias, or
muscular hypotonia) were not present in the cohort throughout
follow-up (range 2 months to 3.5 years).*®

A large retrospective study used the US Inborn Errors of
Metabolism Information System data collection tool to analyze
outcomes among 52 infants positively identified with VLCAD
deficiency via NBS.*' Age at study entry ranged from 11 days to
11.4 years, and the study included 378 person-years of follow-up.
Initial C14:1 acylcarnitine levels were higher in symptomatic (M =
3.70 uM) compared with asymptomatic patients (M = 1.94 uM; p <
0.002), suggesting a correlation with disease presentation.
Elevated creatinine kinase (=250 IU/L) was common, and
rhabdomyolysis was present in 11 of 14 infants with elevated
creatinine kinase levels. Cardiomyopathy was uncommon. Neo-
natal complications were reported in 9 (17%) of 52 patients, and
thus most NBS-identified newborns remained asymptomatic. The
authors discussed the use of combinations of confirmatory tests,
including molecular analysis, fibroblast acylcarnitine profiling, and
white blood cell or fibroblast enzyme assay. Functional studies
were considered important in patients with uncharacterized
variants.*'

The challenge of determining outcomes among asymptomatic
infants identified early in the disease course, many of whom
remain asymptomatic during initial follow-up, is highlighted in a
retrospective review describing the long-term experience of 23
patients with VLCAD deficiency in Australia. Babies identified since
the addition of FAODs to NBS programs were followed for a
median of 104 months (range 14 months to 16.6 years).>* The
original management protocol consisted of a very low natural fat
diet (~10% of intake) and supplementation with medium-chain
triglycerides, but this was relaxed to a natural diet containing
~30% of intake as long-chain fats after age 5 vyears for
asymptomatic patients. Metabolic stability, growth, development,
and cardiac function were satisfactory in all patients, with no
episodes of encephalopathy or hypoglycemia. Only 14 of 65
hospital admissions after diagnosis were due to metabolic
decompensation, and three patients had episodes of muscle pain
with or without rhabdomyolysis. This study noted the difficulty in
predicting disease presentation, outcomes, and management
needs from initial NBS results, but acknowledged that genetic
analysis may have predictive value.*®

A retrospective analysis covering 4 years of genetic screening at
three centers in Spain examined parameters that distinguished
unambiguous VLCAD deficiency cases from heterozygotes.*
Among 36 cases identified as positive by NBS, 12 cases were
confirmed based on subsequent increases in C14:1 acylcarnitine
and its ratio to other metabolites, the presence of two pathogenic
variants, and enzyme activity in lymphocytes <12% of the intra-
assay control. Eleven patients remained asymptomatic with
appropriate nutritional therapy after a mean follow-up of
30 months, and one was symptomatic.*® These results highlight
the effectiveness of NBS in detecting disease and positively
impacting outcomes while emphasizing the role of additional
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biochemical, enzymatic, and comprehensive gene testing in
distinguishing heterozygotes and false positives.

As a cautionary note, a long-term retrospective analysis of 83
clinical charts from the Portuguese national NBS program high-
lights the possibility of acute manifestations, including death,
despite NBS implementation.*? Among the 83 records, 19 patients
had acute decompensations, including six patients who devel-
oped symptoms 2-7 days after birth and before NBS was
performed or results were available.*? Such episodes occurred in
patients with MCAD deficiency, but were more frequent in those
with LC-FAODs, who showed a wide range of clinical manifesta-
tions. These observations support the need for early screening and
prompt disease management to prevent potentially life-
threatening metabolic decompensation events, which could occur
within the first few days of life. Indeed, recommendations have
been made that time-critical conditions be reported to the
patient’s physician within 5 days to minimize this risk.**

Outcomes for clinically diagnosed vs. NBS-identified patients

Widespread NBS availability allows patients with FAODs to be
identified earlier than with symptomatic clinical diagnosis.
Evidence from numerous retrospective analyses supports the
notion that early NBS identification in the neonatal period has
improved outcomes compared with patients diagnosed clinically
after development of symptoms. One retrospective analysis
examined 75 patients with LC-FAODs from centers in Germany,
Switzerland, Austria, and the Netherlands.*® NBS-identified
patients (n =32) had a lower mortality rate (4/32 [12.5%)]) than
clinically diagnosed patients (8/29 [27.6%]). NBS-identified
patients in this study also had lower rates of cardiomyopathy,
hypoglycemia, and other complications at initial disease presenta-
tion than those identified by clinical diagnosis (Fig. 1).*® Multiple
studies have recognized that NBS-identified patients with VLCAD
deficiency can remain asymptomatic, likely due to preventive care,
though the possibility of higher residual enzyme activity resulting
in milder disease may also play a role. However, it is important to
note that even patients with variants that are typically associated
with mild outcomes such as VLCAD are at risk of sudden death
and/or cardiac dysfunction with stress at any time or age.”’

A retrospective analysis of 14 Austrian patients with LCHAD
deficiency also found that complications (hepatic disease, cardio-
myopathy, and retinopathy) were less frequent in patients identified
by NBS (n =9) than in clinically diagnosed patients (n =5, including
two patients with false-negative NBS).>” Although about one-third of
patients identified as positive by NBS were symptomatic before NBS
results were available, disease was not as serious as in a historical
control cohort. In addition, growth and psychomotor development
were normal in all except two extremely premature infants.
Regarding management, all 14 patients received a fat-defined diet,
and four also received supplementation with triheptanoin (marketed
by Ultragenyx Pharmaceutical, Inc. as Dojolvi™) for varying durations,
generally leading to clinical stabilization and reduction in creatinine
kinase peaks.

A retrospective review at a single center in Seoul, Korea,
compared clinical, biochemical, and molecular characteristics of
patients with LC-FAODs identified by NBS with clinically diagnosed
patients.”® Of 14 NBS-identified patients, 3 developed recurrent
rhabdomyolysis or cardiomyopathy, and one died of cardiomyo-
pathy. The remaining ten patients remained asymptomatic and
showed normal neurodevelopment on follow-up. In contrast, of
eight clinically diagnosed patients, six patients were diagnosed
with LCHAD/TFP deficiencies after presenting with recurrent
rhabdomyolysis or cardiomyopathy, one patient with VLCAD
deficiency had cardiomyopathy, and one patient with CPT-1
deficiency had hepatic failure. Further, two patients with LCHAD/
TFP deficiencies died due to cardiomyopathy in the neonatal
period, and developmental disability occurred in one CPT-
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Fig. 1 Rates of key clinical symptoms among patients identified
by newborn screening (NBS) or clinical diagnosis. Patient numbers
represent total number of patients identified by NBS or clinical
diagnosis and rates of symptoms at initial disease presentation are
based on numbers of patients identified in each group. Patients with
multiple symptoms may be counted more than once. LCHAD long-
chain 3-hydroxyacyl-coenzyme A dehydrogenase, VLCAD very
long-chain acyl-coenzyme A dehydrogenase.

1-deficient patient. Prompt NBS (mean 3.2+0.2 days after birth)
helped to identify various FAODs, and thereby facilitated early
intervention to improve clinical outcomes.*® Again the timeliness
in screening, reporting of screening outcomes, and initiation of
disease management play a considerable role in the prevention of
potentially life-threatening metabolic decompensation events. >

With respect to long-term follow-up, a retrospective review in
the Netherlands evaluated the effect of NBS on clinical outcomes
9 years after introduction in patients with VLCAD deficiency, given
that many patients at diagnosis are asymptomatic.*® Of 57
patients identified with VLCAD deficiency (26 pre-NBS vs. 31
post-NBS), mortality was more frequent in patients identified pre-
NBS (4 cases) compared with post-NBS (2 cases). Of 36 living
patients seen during regular follow-up (17 pre-NBS vs. 19 post-
NBS), hypoglycemia was detected in 10 of 17 (59%) pre-NBS
patients compared with 1 of 19 (5%) post-NBS patients.
Cardiomyopathy was present in 3 of 17 (18%) pre-NBS patients
and no post-NBS patients. Myopathy was present in 15 of 17 (88%)
pre-NBS patients and 2 of 19 (11%) post-NBS patients. Finally,
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neurological examination during regular clinical visits was
abnormal in more pre-NBS patients (4 of 17 [24%]) than in post-
NBS patients (1 of 19 [5%]).** As in any study of NBS, the more
favorable clinical outcomes among NBS-identified patients could
reflect earlier management initiation or increased detection of
patients with variants associated with mild disease course.

Currently, there are several LC-FAOD registries in place to
monitor long-term outcomes associated with specific forms of
disease or treatment options. These include the Inborn Errors of
Metabolism Collaborative Stakeholder Network’s Information
System (https://ibem-is.org/), the Newborn Screening Translational
Research Network (https://www.nbstrn.org/), and the Unified
European Registry for Inherited Metabolic Disorders of the
European Reference Network for Hereditary Metabolic Disorders
(https://www.u-imd-registry.org/). While many NBS programs
collect follow-up data on identified patients, analyses of these
data are limited. One such study reported that only approximately
55% of 426 patients diagnosed with LC-FAOD remained available
for follow-up after 5 years® Another examined 52 patients
diagnosed with LC-FAOD for an average of 2.4 years after
diagnosis.*" In this study, 46 patients received molecular testing,
identifying a total of 90 disease-causing alleles. Therefore,
additional long-term follow-up studies are needed to fully
understand the clinical spectrum of NBS-identified patients,
establish genotype-phenotype correlations, and determine the
effect of different management strategies.

A retrospective chart review of patients with confirmed
metabolic disorders born before 2012 and followed at Boston
Children’s Hospital compared clinical and neurological develop-
ment in NBS-identified and clinically diagnosed patients.>" Of 101
patients with an FAOD identified through expanded NBS, 33 had
MCAD deficiency, 15 had VLCAD deficiency, and 12 had carnitine
uptake deficiency. Of 43 patients with an FAOD symptomatically
identified before NBS, eight patients had MCAD deficiency, and
three had VLCAD deficiency. Of 59 NBS-identified and clinically
diagnosed cases involving either MCAD or VLCAD deficiency, 1 of
48 (2%) had serious disease compared with 1 of 11 (9%) clinically
diagnosed cases. Mortality was substantially lower in NBS-
identified patients (1 death) compared with clinically diagnosed
patients (12 deaths). Unfortunately, the number of clinically
diagnosed patients with FAODs who received developmental or
neuropsychological testing was too low to allow comparisons with
NBS-identified patients. However, among NBS-identified patients
with MCAD and VLCAD deficiency, developmental quotient scores
and full-score intelligence quotient scores were similar to that
seen in the normal population, and >85% of patients performed in
the a;/1erage range (developmental quotient/intelligence quotient:
285).

Mortality

Although FAOD-related mortality data are available from numer-
ous studies of symptomatically and NBS-identified patients, the
small sample sizes limit conclusions (Table 3). Separate studies
from China and Saudi Arabia exclusively examined NBS
populations.'*>?

As with other outcomes, mortality rates varied among studies
based on population and specific disorders, but were typically
high. For example, overall mortality was 48% in a cohort of
187 symptomatic patients with MCAD (25%); LCHAD (22%); VLCAD
(19%); or CPT-1, CACT, and CPT-2 (19%) deficiencies aged <6 years
at diagnosis (between 1977 and 2009).>> Survival rate was
significantly less favorable with younger age at disease onset,
and with certain defects such as CACT deficiency (mortality: 92%)
compared with other disorders such as MCAD deficiency
(mortality: 20%). In support of this finding, a German cohort of
27 symptomatic patients (20 with MCAD deficiency) had a
mortality rate of 19%.'7 Lower mortality rates were generally

Genetics in Medicine (2021) 23:816-829
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diagnosis: 75%

United Kingdom and the NR
Netherlands”>

Table 3. Mortality rate of FAODs overall and for specific disorders in selected studies/registries.
Country/registry Year VLCAD deficiency LCHAD deficiency CPT CACT TFP
Asia/Oceania
China'* 2009, 2016 0% (n = 0/3) CPT-2:
100% (n =
2/2)
India®® 2017 CPT-1: 25%
(n=2/8)
Japan”® 43%
(n=6/14)
New Zealand3* 2004-2009 0% (n=0/1) 33% (n=1/3)
Europe
Finland” 37.5% (n = 6/16)
Finland”? 94% (n = 15/16)
France®? 1977-1990, 60% (n=20/33) 63% (n=26/41) CPT-1:25% 92% (n=12/13)
1991-2000, (n=1/4)
2001-2009 CPT-2: 67%
(n=10/15)
France”® 2014 65% (n = 18/28)
Germany'’ 1999-2000 0% (n=0/2) LCHAD deficiency: CPT-2:
67% (n=2/3) 100%
(n=1/1)
Germany”* 16.7%
(n=1/6)
The Netherlands®® 2007-2018 12.5% (n = 8/64)
Poland®® 1992-2009 36% (n =21/59)
NBS: 7%; clinical
diagnosis: 45%
Spain”? NR 50-65%
Middle East
Saudi Arabia®? 2002-2016 62% (n = 23/37)
Saudi Arabia>* 29.4% (n = 15)
Multiple
Germany, Switzerland, 2009 6.6% (n=2/30) 15% (n = 3/20) 40% 71.4%
Austria, and the NBS: 0%; pre- NBS: 0%; clinical (n=15) (n=4/7)
Netherlands*® NBS: 20% diagnosis: 23% NBS: 67%;
clinical

38% (n=19)

protein, VLCAD very long-chain acyl-coenzyme A dehydrogenase.

CACT carnitine-acylcarnitine translocase, CPT carnitine palmitoyltransferase, CPT-1 carnitine palmitoyltransferase-1, CPT-2 carnitine palmitoyltransferase-2,
FAOD fatty acid oxidation disorder, LCHAD long-chain 3-hydroxyacyl-coenzyme A dehydrogenase, NBS newborn screening, NR not reported, TFP trifunctional

observed in NBS-identified patient cohorts. This tendency was
pronounced in LCHAD deficiency, which exhibited a mortality rate
of 0-6.6% in NBS-identified patients compared with 23-93.8% in
clinically diagnosed patients. In the same study, VLCAD-deficient
NBS-identified patients had a markedly reduced mortality rate
(0%) compared with symptomatically identified patients (20%).
However, similar mortality rates were identified in screened and
unscreened VLCAD-deficient patients in two other studies (0% for
both in one, and 6% NBS and 15% symptomatically in the
other).3%3* Mortality rates were similar in a small cohort of patients
with CPT-2 deficiency identified by NBS and after development of
symptoms. Interestingly, the only study including patients with
VLCAD, LCHAD, TFP, and CPT-2 deficiencies identified both by NBS
and clinically demonstrated higher mortality in NBS-identified
patients (67% vs. 0%, respectively), but the sample size was limited

Genetics in Medicine (2021) 23:816-829

to three and two patients in each cohort.*® No studies reporting
mortality in NBS-identified patients with CACT deficiency were
available for comparison.

GENOTYPIC AND PHENOTYPIC SPECTRUM OF FAOD

Because a positive NBS for an FAOD does not always portend
early-onset disease requiring immediate therapy, it is critical to
distinguish through confirmatory testing patients likely to remain
asymptomatic as newborns and young children from hetero-
zygotes at no risk for disease. DNA sequencing is probably the
most readily available follow-up test in most centers. Genotyping
in the context of NBS sometimes provides valuable information on
the nature and frequency of genetic variants involved with
different FAODs and their association with specific phenotypes.
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Many pathogenic variants have been reported in LC-FAOD genes,
including missense, frame-shift, and truncating variants.>>>*>>
Additional variants are overrepresented in specific populations
(Table 4).>*%%7°8 For example, in Saudi Arabia, VLCAD deficiency is
commonly due to the presence of homozygous nonsense variants
(c.65C>A, p.Ser22X) of exon 2 of the ACADVL gene and is
associated with an early-onset phenotype.?** High allele
frequency of specific variants has been found in other isolated
communities, such as a predominant ¢.1436C>T (p.Pro479Leu)
variant of the CPT-1A gene found in Nunavut Aboriginal
populations in northern Canada and native populations in
Alaska.>®>7>°

Genotype—-phenotype correlations have been noted for certain
variants of some fatty acid oxidation genes. However, to draw
definitive conclusions is challenging given the limited availability
of patient data from such rare diseases. Unsurprisingly, homo-
zygous null variants typically lead to absent residual enzyme
activity and serious phenotypes.®®%¢! The common c.848TNC
(p.V283A) variant of ACADVL is a good predictor of late-onset
muscular disease*’ A common variant of the CPT2 gene
(c.338C>T; p.S113L) leads to partial inactivation of the enzyme
and onset of muscular symptoms in adolescence or young
adulthood (usually not detected by NBS), while most other
variants cause prominent neonatal or early infantile disease.%?
Patients who are compound heterozygous for the late-onset allele
and one early-onset allele typically develop symptoms later in
later infancy or early childhood. A common 985A>G (K304E)
ACADM variant accounts for ~70% of mutant alleles in NBS-
identified patients.” Of note, patients homozygous for this
genotype have variable phenotypes, ranging from early neonatal
death to asymptomatic adults. In contrast, a second recurrently
identified variant (199C>T) appears to provide protection from
clinical symptoms in combination with the common variant.

A few studies of FAODs reported that genotype-phenotype
correlations were difficult to establish in the presence of
compound heterozygosity, emphasizing the need for functional
studies in NBS-identified patients.>>>%%% One such study reported
that the frequency of the P479L variant of CPT1 as high as 73-81%
in Inuit patients. However, despite this high incidence rate, specific
screening for this variant has not been implemented as it remains
unknown whether it presents an increased risk of infant morbidity
and mortality.>® Another study measured residual enzyme activity
in samples from patients with VLCAD deficiency to correlate
enzyme activity with clinical outcomes. While the authors suggest
that an activity level of <10% presents a risk of symptomatic
disease and patients with >20% activity may remain asympto-
matic through life, they ultimately concede that a larger patient
population is required to draw definitive correlations.>®

Environmental factors further confound the correlations
between genotype and phenotype. Countless environmental
exposures and triggers have been shown to modify the fatty acid
oxidation pathway, including the use of statins and nutritional
supplements, aspirin, or viral infection.®* Depending on the
pathogenic variant and genes involved, such factors can modify
residual fatty acid oxidation and/or trigger symptoms. Distinct
combinations of environmental exposures and pathogenic var-
iants have the potential to interact differently, making it
challenging to definitively identify genotype-phenotype correla-
tions, especially given the small patient population with FAODs.
Further, it is possible that these external factors can elicit
potentially life-threatening symptom presentation in patients
whose disease is the result of pathogenic variants typically
associated with a mild presentation.

Overall, while second-tier molecular analysis of patients already
identified by NBS is likely to ultimately prove useful in defining
genotype-phenotype correlations, its current diagnostic utility may
be hindered by limited accumulated data. Additionally, identification
of variants of unknown significance require functional studies and
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long-term follow-up to form meaningful connections to patient
outcomes. The predictive value of even common variants may be
limited by confounders including environmental factors or synergis-
tic variants that impact disease presentation. As molecular
techniques become more widely utilized, large-scale analyses of
long-term patient data will prove invaluable in defining the role of
the genotype in patients with LC-FAOD.

CONCLUSIONS

Epidemiologic studies of NBS populations indicate that the
combined incidence of all FAODs ranges from 0.9 to 15.2 per
100,000. MCAD deficiency is the most common FAOD. VLCAD
deficiency is the most prevalent LC-FAOD in most populations,
followed by isolated LCHAD deficiency. The other LC-FAODs are
rare in most populations. Comparative studies consistently reveal
an increased incidence of all FAODs following NBS implementa-
tion. However, this finding raises the question of whether all NBS-
identified patients will develop symptomatic disease. The need for
follow-up testing to confirm and characterize the nature of
specific FAODs has been increasingly recognized®' In addition,
quantification of false-negative and false-positive results in NBS
and how to reduce their frequency remain a challenge. Genotyp-
ing for the detection of variants associated with FAODs, along with
functional studies when novel variants are identified, are an
essential part of NBS follow-up. Genotype-phenotype correlation
is evident for some variants, but the presence of compound
heterozygosity in most patients often makes outcome prediction
difficult.

Studies included in this review generally demonstrated
improved outcomes for NBS-identified patients compared with
clinically diagnosed patients, including reduced rates of symp-
toms, neurodevelopmental impairment or delay, and death.
Unfortunately, the patient numbers included in these studies are
small and do not allow for review of management effects based
on different genotypes or other factors to be considered. Future
research focused on predicting disease presentation among
identified patients who often remain asymptomatic, especially
early in the disease course, but who are also potentially at risk of
serious manifestations, including sudden death, is warranted.*?*®
Reports of high mortality associated with FAODs are largely
based on studies of symptomatic patients, and more recent
evidence suggests that the introduction of NBS has had a
beneficial effect.
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