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Abstract Newborn screening (NBS) using tandem mass
spectrometry (MS/MS) permits detection of neonates with
Glutaric Aciduria-Type II (GA-II). We report follow-up of
positive GA-II screens by the New England Newborn
Screening Program.
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Methods: 1.5 million infants were screened for GA-II
(Feb 1999—Dec 2012). Specialist consult was suggested for
infants with two or more acylcarnitine elevations suggestive
of GA-II.

Results: 82 neonates screened positive for GA-II, 21
weighing > 1.5 kg and 61 weighing < 1.5 kg. Seven (one
weighing < 1.5 kg), were confirmed with GA-II. Four of
these had the severe form (died < 1 week). The other three
have a milder form and were identified because of newborn
screening. Two (ages > 5 years) have a G-Tube in place,
had multiple hospitalizations and are slightly hypotonic.
The third infant remains asymptomatic (9 months old). Two
GA-II carriers were also identified. The remaining positive
screens were classified as false positives (FP). Six infants
(> L.5 kg) classified as FP had limited diagnostic work-up.
Characteristics and outcomes of all specimens and neonates
with a positive screen were reviewed, and marker profiles
of the cases and FP were compared to identify characteristic
profiles.

Conclusion: In addition to the severe form of GA-II,
milder forms of GA-II and some GA-II carriers are
identified by newborn screening. Some positive screens
classified as FP may be affected with a milder form of the
disorder. Characteristic GA-II profiles, quantified as GA-II
indexes, may be utilized to predict probability of disorder
and direct urgency of intervention for positive screens.

Abbreviations

Co Free carnitine

C10 Decanoylcarnitine

C100H Hydroxydecanoylcarnitine
Cl4 Tetradecanoylcarnitine
Cl4:1 Tetradecenoylcarnitine

C2 Acetylcarnitine

C3 Propionylcarnitine
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C4 Butyrylcarnitine

Cs Isovalerylcarnitine

C5DC Glutarylcarnitine

C50H Hydroxyisovalerylcarnitine
C6 Hexanoylcarnitine

C8 Octonoylcarnitine

DOL Day of life

ETF Electron transfer flavoprotein

ETF-DH  Electron transfer flavoprotein dehydrogenase
FAOD Fatty acid oxidation defects
FP False positive

GA-II Glutaric aciduria-type 11

MADD Multiple acyl-CoA dehydrogenase deficiency

MCAD Medium chain acyl-CoA dehydrogenase
deficiency

MS/MS Tandem mass spectrometry

NBS Newborn screening

NENSP New England Newborn Screening Program

NICU Neonatal intensive care unit

OOR Out of range

SCAD Short-chain acyl-CoA dehydrogenase
deficiency

TP True positive

TPN Total parental nutrition

VLBW Very low birth weight

VLCADD Very long chain acyl-CoA dehydrogenase
deficiency

Introduction

Glutaric Aciduria Type II (GA-II; also known as multiple
acyl-CoA dehydrogenase deficiency or ethylmalonic-adipic
aciduria; OMIM 231680) is an autosomal recessive disorder
of fatty acid oxidation and amino acid metabolism (Frerman
and Goodman 2001). The underlying etiology is a
functional deficiency of the electron transport flavoprotein
(ETF, comprised of the alpha and beta subunits; ETFA,
ETFB 130410) or electron transfer flavoprotein dehydroge-
nase (ETF-DH; EC 1.5.5.1), caused by mutations in any
one of the ETFA, ETFB, or ETFDH genes (Goodman et al.
2002; Olsen et al. 2007).

GA-II can present as either a severe neonatal form with
or without congenital anomalies, or as a milder late-onset
disease (Al-Essa et al. 2000; Bohm et al. 1982; Curcoy
et al. 2003; de Visser et al. 1986; Loehr et al. 1990; Rhead
et al. 1987). Individuals with the severe neonatal form
usually present within 24-48 h after birth with severe
metabolic abnormalities (nonketotic hypoglycemia, meta-
bolic acidosis, hyperammonemia, lactic acidosis), hypoto-
nia, hepatomegaly, and cardiomegaly, and have a rapidly
fatal course. Individuals with the mild form can present at
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any age with episodic illness (lethargy, vomiting, abdomi-
nal pain, hepatomegaly, cardiomegaly, rhabdomyolysis,
ataxia) and metabolic abnormalities worsened by catabolic
stress. Treatment for the severe form is ineffective.
Treatment for the milder form consists of dietary modifi-
cations and supplementation with riboflavin and carnitine
(Frerman and Goodman 2001)

In the severe form of the disease, a diagnosis can usually
be made based on characteristic urine organic acid (UOA)
and plasma acylcarnitine (PAC) profiles (Frerman and
Goodman 2001). In the milder form, characteristic bio-
chemical profiles may be exhibited only during an acute
metabolic crisis. In such cases, enzymatic analysis or
molecular studies may be required to make a definitive
diagnosis.

Tandem mass spectrometry (MS/MS) makes it feasible
to measure numerous acylcarnitines in dried blood spots
enabling screening for several fatty acid oxidation defects
(FAOD) and organic acidurias (OA) (Millington et al.
1990). GA-II is also detected by newborn screening (NBS).
We report the experience of the New England Newborn
Screening Program (NENSP) in identifying individuals at
risk for GA-II, diagnostics of the positive screens, and long-
term outcomes of confirmed cases born in MA, ME, RI,
NH, and VT (defined “region” for this report).

Methods and Population

The NENSP has been routinely analyzing acylcarnitines
and amino acid markers on NBS dried blood spot speci-
mens since 1999. Screening specimens are obtained
between 24-72 h of birth. For infants in the neonatal
intensive care units (NICU) and very low birth weight
infants (VLBW,; Weight < 1.5 kg), additional specimens
are requested at 2 weeks, 1 month, and at discharge. The
laboratory procedure, as previously reported (Zytkovicz
et al. 2001), involves extraction from the dried blood spots
into a methanol solution with stable isotope-labeled internal
standards with butylation prior to analysis by MS/MS.
Measurement of C2 acylcarnitine was added in 2002.
Positive screening results wherein one or more markers
exceed a defined cutoff are communicated to the primary
care provider with recommendations for management
(which may include referral to a metabolic specialist).
Diagnostic testing is performed under the guidance of the
specialist. The NENSP and partner states track all positive
screens from the region until resolution of diagnosis (short-
term follow-up), as determined by the specialist, and tracks
confirmed cases periodically to obtain long-term follow-up
information. The final diagnosis and results of confirmatory
studies are provided to the NENSP by the specialists. The
long-term follow-up information is usually obtained from
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the metabolic specialist and occasionally from the primary
care provider. Data elements collected include date of last
specialty visit, treatment, growth parameters, episodes of
metabolic crises, biochemical abnormalities, hospitaliza-
tions, and disorder-related clinical sequelae (developmental
delays, hypotonia, cardiomyopathy). Information about
false negatives is obtained by the NENSP by surveying
metabolic specialists periodically.

Consultation with a specialist has always been recom-
mended for all positive screens with elevations of two or
more acylcarnitines suggestive of a GA-II profile, regardless
of the results of a follow-up screen (if performed). However,
contact algorithms have evolved during the study period.
Since July 2006, the NENSP has been sorting positive
screens into categories (“2006 algorithm”) based on a GA-II
Index: (1) “High Risk” for GA-II are elevations of two or
more acylcarnitines in conjunction with a GA-II Index
[C4xC5 x C8xC14]/ [COxC3] value of > 0.005 and (2)
“Risk” for GA-II are elevations of two or more acylcarnitines,
but GA-II Index is < 0.005. For “High Risk” results, an
urgent consultation with a specialist is recommended; for
“Risk” results a non-urgent consultation is suggested. The
NENSP does not have separate cutoff values for the
acylcarnitines at different ages, and specimens collected
beyond 30 days of life are not stratified by risk.

The cohort for this report is limited to all infants born in
the defined region and screened using MS/MS by the
NENSP from February 1, 1999, to December 31, 2012. A
retrospective review of the NENSP data was performed and
neonates with a screening profile suggestive of GA-IL, in a
specimen collected within the first 30 days of life, were
identified. A “GA-II profile” is defined as an elevation of
two or more acylcarnitines associated with at least two
distinct flavin-containing acyl-CoA dehydrogenase
enzymes involved in GA-II. Among the markers screened
by the NENSP, these would include acylcarnitines from the
following groups: (i) C4, (ii) CS5, (iii) C5DC, (iv) C8, C6,
C10, (v) C12, Cl14:1, Cl4. Elevations of two or more
acylcarnitines consistent with another specific disorder are
excluded; for example, elevation of C8, C6 with C100H
would suggest medium-chain acyl-CoA dehydrogenase
deficiency (MCADD; OMIM 201450). Diagnostic and
long-term follow-up data were analyzed. Short-term and
long-term outcomes were analyzed for neonates with a
newborn screening profile suggestive of GA-II

Results

Approximately 1.5 million neonates in the cohort received
MS/MS screens. Figure 1 summarizes the characteristics
and outcomes of all specimens and neonates found to have
multiple acylcarnitine elevations with a “GA-II profile” in

at least one specimen collected within 30 days of birth. The
first out-of-range (OOR) specimen for each baby is shown,
and whether this was the “initial” specimen (all collected
24-72 h of age) or “not initial” (all collected as per routine
rescreening protocol). Of the 82 infants with a “GA-II
profile,” 21 had birth weights > 1.5 kg. In 20, the OOR
result was seen in the initial screen and only one had an
initial normal followed by and an OOR result. Sixty-one
specimens were from VLBW infants. In 11 VLBW infants,
the OOR result was seen in the initial specimen, and in the
other 50 infants on a subsequent screen. Follow-up
screening specimens were received from several neonates
after the OOR result, and their results are shown as either
normal, abnormal (if any acylcarnitine was out-of-range),
or not available. All follow-up specimens were received
within a week of the OOR result. Infants are classified as
True Positives (TP; Confirmed GA-II), Carriers, and False
Positives (FP; Not GA-II or GA-II carriers) based on the
assessment of the treating physician. The data of the FPs
were reviewed to determine the extent of their diagnostic
evaluations, and those with limited diagnostic evaluations
are shown as incomplete work-up. All confirmed GA-II
cases and carriers had an OOR GA-II profile on the initial
specimen. We are aware of no false negative newborn
screens for GA-II in the study cohort.

The clinical presentations and confirmatory studies
performed on the cases and carriers of GA-II are summar-
ized in Table 1. Table 2 shows the concentrations of
relevant acylcarnitines in all confirmed GA-II cases,
carriers, and the 12 FP neonates > 1.5 kg with an OOR
result on the initial screen.

In our cohort, a total of seven cases of GA-II and 2 GA-
I carriers were identified. Four of the seven cases had the
severe neonatal form and are deceased. Three of these infants
had malformations and a severe FAOD was clinically
suspected even before an NBS screen was obtained. In the
fourth neonate (Case 2) a metabolic disorder had not been
considered until results of NBS became available. Three of
the seven cases have a milder form of the disorder. Case 5 is
notable because the characteristic biochemical profiles were
not present in the diagnostic work-up in the neonatal period,
and GA-II was eventually confirmed in the 2nd year of life.
In this case, screening results suggesting a risk for GA-II
were reported on day of life (DOL) 6. UOA and a repeat
screen were normal. However, PACs revealed mild eleva-
tions of long-chain acylcarnitines and thus a diagnosis of
very long chain acyl-CoA dehydrogenase deficiency
(VLCAD; OMIM 201475) was entertained. Treatment in
the form of avoidance of fasting and a high-carbohydrate,
low-fat diet was initiated. The infant had several episodes of
dehydration and hypoglycemia in the first 6 months of life,
and elevations of urinary ethylmalonic acid were noted at
6 months of age. In vitro fibroblast testing for FAODs was
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Fig. 1 Characteristics and outcomes of all specimens and neonates
found to have multiple acylcarnitine elevations with a “GA-II profile”
in at least one specimen collected within 30 days of birth.
Consultation with a specialist is recommended for all out-of range
(OOR) screens with acylcarnitines suggestive of a GA-II profile,
regardless of the results of a follow-up screen (if performed). Initial

reported as “consistent” with short-chain acyl-CoA dehydro-
genase deficiency (SCAD; OMIM 201470) and the child
was diagnosed with SCAD. At 1-and-1/2 years of age, UOA
revealed a profile consistent with GA-II, eventually con-
firmed by repeat enzymatic studies. A mutation analysis was
not pursued for SCAD, and it is feasible that the child
harbors one or more alterations in the SCAD gene in
addition to the documented mutations in the ETFDH gene.
Two infants (Cases 8 and 9) were classified as GA-II
carriers, based on the results of confirmatory testing, and
remain asymptomatic.

Twelve of the 20 infants > 1.5 kg with an OOR result
on the initial screen were classified as FP. Six were FP based
on negative results of evaluations beyond initial biochemical
testing (Cases 10—15). One neonate was found to have
pathogenic alterations in one copy each of the MCAD and
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specimens were all collected at 24 to72 h of age and those shown as
“Not Initial” specimens were collected at 72 h to 30 days of age. “Not
Initial” specimens were collected as per routine rescreening protocols
and the initial screens from these neonates were in range. False
positives with limited work-up are shown as work-up incomplete.
Please see text for details

VLCAD genes. MCAD and VLCAD carriers have been
detected by screening and the coincidental presence of
carrier status for both could result in the multiple acylcarni-
tine pattern seen in this case. Whether it would lead to a
clinical phenotype due to synergestic heterozygosity has not
been established, but the increased C2 acylcarnitine in NBS
suggests significant capacity for fasting and the individual
remains asymptomatic (4 years old). The other five OOR
results were attributed to non-metabolic causes such as renal
or respiratory failure. Hemolysis or jaundice was reported in
all five. The only neonate weighing > 1.5 kg who had a
normal initial screen followed by an OOR result (mild
elevations of CO, C5, C8) on a subsequent screen was on
total parenteral nutrition (TPN) at time of specimen
collection. Routine laboratory investigations and diagnostic
UOA and PAC were normal. The infant was diagnosed with
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a mitochondrial complex III deficiency (OMIM 124000) due
to pathogenic mutations in the BCSIL gene following
extensive diagnostic studies in view of severe hypotonia
and seizures since birth. Mitochondrial disease has been
reported to mimic long-chain FAODs and it is possible that a
GA-II profile could be seen in infants with mitochondrial
disease who are receiving intravenous lipids. Six infants
(Cases 16-21) had incomplete evaluation. In two of these
neonates classified as FP who had an OOR screen on initial
specimen, a repeat NBS was done but no further diagnostic
work-up was performed. In an additional 4 of these 6
neonates, molecular studies and enzymatic analyses had not
been pursued if initial biochemical testing (UOA or PAC)
was not consistent with GA-II, even when no other
condition/s was identified to explain the OOR screening
result.

A “GA-II profile” was found in the initial specimen for 11
VLBW infants, including 1 infant confirmed to have GA-II
(Case 1), and in later specimens after an initial normal screen
in 50 VLBW infants. The 60 VLBW infants other than Case 1
were classified as FP based on limited evaluation, but GA-II
was not on the differential of the treating physicians based on
the clinical picture. These 60 infants were on TPN with lipids
at the time of specimen collection. The markers most
commonly responsible for the “GA-II"” profile included C5
(n = 58), C8 (n = 46), C4 (n = 32), and C5DC (+C100H;
n = 27). Free camitine (CO) was also elevated in 32
neonates, probably a result of carnitine supplementation.
OOR CO0, C5, and C8 were the most common combination.
An elevation of C14 or the other long-chain acylcarnitines
was not found in the VLBW infants.

Table 3 shows the clinical status, outcomes, and GA-II
Index [C4xC5 x C8 x C14]/ [COxC3] (and its z-score) on
all babies >1.5 kg with a GA-II profile on the initial
specimen. All confirmed cases (1—-7) had a z-score higher
than 7 while all confirmed FP (10—15) and carriers (8-9)
had a z-score < 6. None of the VLBW infants on TPN with
incomplete work-up had an index z-score of > 2 (data not
shown). The only VLBW baby with a high GA-II index
was confirmed to have GA-II (Case 1). Three of the six FP
that have not had complete diagnostic work-up (16, 17, 21)
had a z-score > 6. One was noted to have speech delays at
6 years. The other two are apparently asymptomatic and
have no history of documented hypoglycemia at their
current ages of 8 years and 9 months.

Discussion
Seven cases of GA-II were identified in our cohort. Four

had the severe form and died within a week of life. These
neonates were symptomatic or deceased when NBS results

@ Springer

were reported. Although NBS was not helpful in prevent-
ing mortality associated with the severe form, it aided
clinicians in arriving at a final diagnosis, which is
extremely helpful for family counseling.

For the milder forms of GA-II, a diagnosis of GA-II
was pursued primarily because of NBS. Case 6 had
exhibited transient hypoglycemia in the neonatal period
that may have been related to GA-II, but was overlooked
because it resolved quickly with a few hours of intrave-
nous hydration. In Case 5, confirming a diagnosis of GA-II
was a challenge because the characteristic biochemical
abnormalities presented only in the second year of life,
while previous investigations had prompted a diagnosis of
SCAD. Notably all markers on the repeat NBS specimen in
this infant were in range, and normal acylcarnitine levels
during confirmation of abnormal NBS have been encoun-
tered in other FAODs (Browning et al. 2005). If active
diagnostic work-up was not being pursued in these infants, a
diagnosis of GA-II could have been easily missed or
delayed. Our report documents two infants where no
biochemical testing was pursued when a repeat NBS was
normal, thus it is feasible that some milder cases of GA-II
may be dismissed as FP.

Since riboflavin-derived cofactors are essential for the
function of the flavin-containing acyl-CoA dehydrogenase
enzymes, a maternal riboflavin deficiency can present
with a biochemical and clinical phenotype similar to
GA-II (Chiong et al. 2007). No cases of maternal
riboflavin deficiency were identified in the cohort of this
report; however, the maternal riboflavin status was studied
in only a subset (6 of 21 of neonates > 1.5 kg) of positive
screens.

A comparison of the confirmed TP with the confirmed
FP (Table 2) shows that in addition to the elevations of the
expected markers in varying degrees, the severe forms of
GA-II have decreased levels of Free carnitine (CO),
acetylcarnitine (C2), propionylcarnitine (C3), and hydrox-
yisovalerylcarnitine (C50H). Low CO concentrations are
expected to be a secondary deficiency, and have been
previously reported (Di Donato et al. 1986). We have
observed lower C2 and C3 concentrations in other long-
chain FAODs also and are not completely unexpected. The
production of acetyl-CoA and thereby its carnitine conju-
gate (C2) is impaired in FAODs and probably accounts for
the lower C2 concentrations. Similarly, it is likely that a
large portion of the propionyl-CoA and its carnitine
conjugate (C3) in neonates comes from beta-oxidation of
odd chain fatty acids, and thus the lower C3 concentrations
observed in the severe FAOD. We had observed lower
concentrations of C50OH in isovaleric acidemia previously
(Sahai 2011). We hypothesized that while it is known that
the accumulated 3-methylcrotonyl-CoA is reversibly
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converted to 3-hydroxisoyvaleryl-CoA and thereby results
in increased concentrations of its carnitine conjugates
(C50H) in 3-methylcrotonyl-CoA carboxylase deficiency
(Van Hove et al. 1995), a reverse situation is also feasible;
that is, the impaired conversion of isovaleryl-CoA to
3-methylcrotonyl-CoA due to the isovaleryl-CoA dehydro-
genase deficiency in isovaleric acidemia (and GA-II) results
in lower concentrations of 3-methylcrotonyl-CoA and
consequently lower concentrations of 3-hydroxisoyvaleryl-
CoA and its carnitine conjugates (C50H). Based on these
observations, the NENSP utilizes an index [C4xC5 x C8 x
C14]/ [C0xC3] as a quantitative measure to reflect a GA-II
profile; a higher value suggests a higher probability of the
disorder.

The fact that three out of six of the cases highlighted in
Table 3 who had not had complete diagnostic work-up had
Index z-scores > 6 opens the possibility that some of these
individuals are mild cases, carriers, or that the OOR screen
was due to a maternal riboflavin deficiency. Sixty-one
specimens with a “GA-II profile” were from VLBW infants,
but one VLBW infant was confirmed to have GA-II,
thus positive screens from VLBW infants cannot be ignored.
Our data suggests that quantitative indexes (similar to
our GA-II index) could predict risk even in this complex
subset.

We propose categorizing screening results with eleva-
tions of multiple acylcarnitine species into those at “High
Risk” and those at a lower “”Risk” for GA-II based on a
GA-Il Index in conjunction with the magnitude of the
acylcarnitine concentrations. In neonates with a “High
Risk” NBS, enzymatic or molecular studies need to be
pursued if a diagnosis cannot be conclusively established
by the initial biochemical investigations (organic acids and
acylcarnitines). The algorithms available through ACMG
considers elevations of C4 and C5 (+/— other acylcarni-
tines), a profile commonly seen in neonates on TPN, as at
risk for GA-II and recommends biochemical testing, and if
initial biochemical testing is normal, molecular or enzy-
matic testing is considered optional. The GA-II indexes and
categorizations shown help refine the GA-II profile and
provide better risk assessment to direct urgency of
intervention and need for enzymatic molecular studies
when faced with normal initial biochemical investigations
in positive screens.
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