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Abstract:  Medium-chain acyl-CoA dehydrogenase (MCAD) deficiency is the most common 

disorder associated with fatty acid oxidation. The disorder is characterized by inability to 

generate sufficient energy from fatty acid metabolism during periods of catabolic stress 

caused by intercurrent illness or prolonged fasting. The metabolic consequences are severe and 

include hypoketotic hypoglycemia leading to a Reye-like hepatic encephalopathy syndrome and 

sudden death. If individuals are detected before a life-threatening episode, the complications of 

MCAD deficiency are preventable. Newborn metabolic screening enables the early detection of 

MCAD deficiency in many countries worldwide. The metabolic marker for MCAD deficiency 

“octanoylcarnitine” (C8) can be detected with a high degree of sensitivity in the newborns by 

tandem mass spectrometry. The 985A.G (K329E) mutation accounts for the majority of disease 

alleles, and approximately 47%–80% of MCAD patients are homozygotes for this mutation. 

Newborns homozygous for the 985A.G mutation have higher octanoylcarnitine levels than 

those who are heterozygous for 985A.G mutation or possess other genotypes. Time of sampling 

after birth and prematurity may affect the octanoylcarnitine levels in MCAD-deficient newborns. 

Tandem mass spectrometry newborn blood spot screening for MCAD deficiency is accurate 

and effective, and reduces morbidity and mortality in affected children.

Keywords: MCAD, newborn screening, C8, octanoylcarnitine, tandem mass spectrometry, 

sudden death in childhood

Introduction
Mitochondrial fatty acid β-oxidation (FAO) pathway plays a key role in cellular energy 

production, especially during physiological response to tissue energy depletion during 

the periods of fasting, illnesses, and increased muscular activity. FAO provides as much 

as 80% of energy supply for the functioning of heart and liver at all time. The pathway 

is complex and includes as many as 20 individual steps (Figure 1). Within the spiral, 

enzymes with overlapping chain-length specificities catalyze each step.1 In the liver, 

the oxidation of fatty acids fuels the synthesis of ketone bodies (3-hydroxy-butyrate 

and acetoacetate), which are utilized as an alternative energy source by extrahepatic 

organs, particularly the brain.2 Inherited defects of eleven proteins directly involved in 

this process have been identified in humans. These include defects of the plasma mem-

brane carnitine transporter (MIM 212140); carnitine palmitoyltransferase (CPT) I (MIM 

255120) and CPT II (MIM 255110); carnitine/acylcarnitine translocase (MIM 212138); 

very long-chain, medium-chain, and short-chain acyl-CoA dehydrogenases (VLCAD 

[MIM 201475], MCAD [MIM 201450], and SCAD [MIM 201470], respectively); 

2,4-dienoyl-CoA reductase (MIM 222745); long- and short-chain 3-hydroxyacyl-CoA 
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dehydrogenases (LCHAD [MIM 143450], SCHAD [MIM 

601609]); and mitochondrial trifunctional protein (MIM 

600890).

MCAD deficiency is the most common inborn error 

associated with FAO. The enzyme is responsible for cata-

lyzing the initial step in the β-oxidation of medium-chain 

fatty acids (C6–C12) in the mitochondrial matrix. During 

prolonged fasting or illness, individuals are initially  heavily 

dependent on energy generation from glucose oxidation 

until glycogen reserves are depleted. Following this deple-

tion of glycogen reserves, glucose is generated through 

gluconeogenesis and then energy maintenance becomes 

dependent on the utilization and oxidation of fatty acids. 

FAO is defective in MCAD deficiency and may rapidly lead 

to hypoglycemia and hypoketosis when body needs FAO to 

produce energy. The accumulating medium-chain fatty acids 

such as C8 (octanoate) and other medium-chain acyl-CoAs 

may have toxic effects, which disrupt urea cycle and may 

cause hyperammonemia. Since the first patients with MCAD 

deficiency were described,3,4 this has become recognized as 

one of the most common inherited disorders of FAO seen 

commonly in Caucasians of northern European origin. The 

natural history of the disease changed since the  introduction 

of newborn screening (NBS) technique in the early 1990s. 

Here, we review different aspects of this condition contrasting 

the evolution of natural history before and after NBS was 

instituted, and we describe two MCAD deficiency cases from 

our practice, a major metabolic reference center in the USA. 

These two cases exemplify the major features of this disease 

and the current trends of research and present-day issues 

related to NBS. The Children’s Hospital of Philadelphia, 

Committee for the Protection of Human Subjects Policies 

and Procedures did not require ethical approval or consent 

to present these cases.

Case reports
Case 1
The patient was a male infant, born at 41 weeks of gestation, 

and was large for gestational age (4,100 g). Prenatal history 

was contributory for gestational diabetes and adolescent 

mother. The parents were unrelated and had Caucasian ori-

gin. He was discharged on the second day of life. Next day, 

the infant was seen by a primary care physician and found 

to have poor weight gain and poor feeding since birth (13% 

weight loss since birth) and lethargy. The infant was referred 

to a small local emergency department, where he was found 

to be nonresponsive. Initial laboratory examination showed 

severe hypoglycemia and metabolic acidosis (blood glucose 

was 12 mg/dL, HCO
3
 3.5 mmol/L, pH 7.0, base excess 

–27 mEq). Intravenous access was very difficult to obtain. 

Ketones in urine were not checked. An intraosseus line was 

placed as an emergency and D10w was given as a bolus, 

Inner mitochondrial membrane

Medium- and short-chain fatty acids
C4–C12

...CH2–CH2–CO–SCoA

...CH–CH2–CO–SCoA ...CH=CH–CO–SCoA

Acyl–CoA
dehydrogenase

MCAD

...CH–CH2–CO–SCoA

3-ketoacyl CoA
thiolase

Acyl CoA
dehydrogenase

3-OH-Acyl CoA
dehydrogenase

Enoyl CoA
hydratase

Reduced
gluconeogenesis

Reduced ketone body
production

Hypoketotic hypoglycemia Hyperammonemia

Neurological damage/hepatic
encephalopathy

Reduced
ureagenesis

O

OH
NAD+

SCoA
FAD

FADH2

H2ONADH

—

=
CH3–CO–SCoA

Mitochondrial
β-oxidation

spiral

Figure 1 MCAD deficiency: biochemistry and pathological consequences.
Notes: Medium-chain acyl-CoAs generated by long-chain specific enzymes at the inner mitochondrial membrane undergo a series of enzymatic steps in the matrix to 
generate acetyl-CoA and a chain-shortened acyl-CoA. In MCAD deficiency, this part of the pathway is blocked, leading to accumulation of medium-chain-length acyl-CoA 
species from which acyl-carnitines and acyl-glycines are derived.
Abbreviation: MCAD, medium-chain acyl-CoA dehydrogenase.
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which resulted in improved blood glucose level to 40 mg/dL. 

Subsequently, the infant was transferred to the closest neo-

natal intensive care unit (NICU) in their geographical area. 

While being transported, he developed respiratory failure 

and was intubated for support. The NBS laboratory called 

our center and reported this patient’s abnormal NBS. He had 

elevated C8 (octanoylcarnitine) level concerning for MCAD 

deficiency. NBS report was issued on the day of life three 

when he had the metabolic crisis. Due to snow storm in the 

area, the transport was not possible to our center. The infant 

received multiple bicarbonate boluses throughout the night, 

and struggled to control glycemic values that were as high as 

300 through most of the night. By next morning, the infant 

had transaminitis (aspartate aminotransferase [AST] in the 

75–150 U/L range, normal 8–40 U/L), elevated coagulation 

markers including partial thromboplastin time (PTT) and 

international normalized ratio (INR), and mild pulmonary 

hemorrhage. At this time, his pH was 7.2, base excess -13, 

and he was still comatose. He began to have seizures, which 

was controlled with phenobarbital. By mid-afternoon he had 

a fatal cardiac arrhythmia and died. Genetic testing showed 

homozygous 985A.G in the ACADM gene confirming the 

diagnosis of MCAD deficiency.

Case 2
This male infant was the product of a second uncompli-

cated pregnancy for an unrelated Caucasian couple. He was 

delivered at term by C-section due to failure to progress, 

and was appropriate for gestational age. Over the  following 

24–48 hours, he became increasingly lethargic and had 

 difficulty in arousing. While breastfeeding on day of life 

two, he became apneic, limp, and pulseless. The pediatrician 

witnessed the event and a code was called. Infant was found 

to be in asystole. Chest compressions were started and he 

was intubated. Emergent umbilical line was placed, and he 

received 14 rounds of epinephrine during resuscitation. Code 

reportedly lasted 30 minutes. Septic work-up was initiated, 

and infant was transferred to an outside hospital NICU for 

further management. NBS report was sent at 36 hours of life, 

which was before he had cardiac arrest. It showed elevated 

levels of C8 54.52 µmol/L (cutoff ,0.30 µmol/L), C10 

3.91 µmol/L (cutoff ,0.40 µmol/L), and C10:1 0.99 µmol/L 

(cutoff ,0.30 µmol/L), concerning for MCAD deficiency. 

He was again transferred to our NICU. Acid-base status prior 

to the arrival from the outside hospital NICU was reported 

as metabolic acidosis (pH 7.2, base excess 19, lactic acid 

5 mmol/L [normal ,2 mmol/L). The lowest glucose level 

was 42 mg/dL. The blood ammonia level was 70 µmol/L. 

His brain MRI showed findings consistent with hypoxic 

ischemic encephalopathy. He was treated with D10+1/4 NS, 

and NaHCO3 was administered to correct acidosis. A com-

bination of studies including organic acids, acylcarnitine 

profiling, and molecular analysis confirmed the diagnosis 

of MCAD deficiency (homozygous 985A.G). He has been 

treated with frequent feeding, and avoidance of fasting and 

supportive rehabilitation therapies after his discharge. He is 

now 2 months old, without new episodes of illness related 

to MCAD deficiency.

Clinical presentation
As we see in the two cases that we described earlier, the 

most common presentation of MCAD deficiency is acute 

encephalopathy that is frequently complicated by hypoketotic 

hypoglycemia. The episodes vary in severity with some 

individuals presenting with mild changes in mental status, 

described as drowsiness, that can evolve to deep coma and 

sudden death. These metabolic crises usually occur in the 

setting of metabolic stress such as intercurrent illness, more 

commonly gastroenteritis.

Since the first published description of MCAD deficiency 

in 1976, the natural history of the disease has been transformed 

by the implementation of NBS. This first patient presented 

with unexplained episodes of lethargy and unconsciousness, 

and typical abnormalities in urine organic acid analysis 

including suberylglycine and C6–C10 dicarboxylic aciduria.4 

In the 1980s, further characterization of the disease improved 

diagnostic methods and enhanced detection of affected 

individuals by molecular and  biochemical methods. The 

first report associating sudden death and MCAD deficiency 

appeared in 1984.5 By the early 1990s, the calculated mortal-

ity rate was 20%–30% for cases identified clinically, usually 

presenting with severe hypoglycemia during the first 2 years 

of life.6 Prior to NBS, the most common clinical  presentation 

was acute encephalopathy. Biochemical abnormalities 

such as hypoglycemia were documented in 42%–96% of 

patients with a severe metabolic decompensation, while 

analysis of ketone bodies was only reported in two of those 

studies.4,6–10

Although not typical, the initial episode may occur in the 

first week of life, with symptoms ranging from  hypoglycemia 

to coma and death.11–13 In the neonatal period, inadequate 

caloric intake due to difficulties with breastfeeding is 

 considered to play a role in triggering metabolic crisis. Most 

patients with MCAD deficiency present after the neonatal 

period with the median age at the initial episode reported 

as 1–1.5 years.6,8 Less commonly, symptomatic  adolescent 
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and adult cases have been reported presenting with a 

wider variable expressivity than formerly recognized. In 

addition to encephalopathy, hypoglycemia, and Reye-like 

 symptoms, manifestations in adolescents and adults include 

rhabdomyolysis and a more severe cardiac phenotype with 

cardiac arrest and arrhythmia. Approximately, 50% of the 

adult patients showed significant elevations in creatine kinase 

in the range of 3,000–4,000 U/L.14–16 Although the majority of 

unscreened children survived their initial episode, many chil-

dren who have experienced clinically unrecognized episodes 

suffer from long-term complications. Prior to wide use of 

NBS, approximately 40% of patients with MCAD deficiency 

who survive after diagnosis had abnormal developmental test-

ing, including attention deficit, speech delay, and behavioral 

problems.6 Santos et al reported a case of undiagnosed mater-

nal MCAD deficiency presenting with acute liver failure 

during pregnancy.17 A 29-year-old Caucasian primigravida 

felt unwell during pregnancy and had poor oral intake. In 

the 39th week, blood analysis showed signs of hepatopathy, 

and acute fatty liver was suspected leading to Caesarean 

section and delivery of a healthy boy. She quickly improved 

after delivery. Diagnosis was made through acylcarnitine 

analysis that revealed abnormalities in the mother consistent 

with MCAD deficiency. Metabolic follow-up analyses were 

normal in the baby. Acute liver failure in pregnancy might 

have occurred coincidentally with MCAD deficiency, but it 

cannot be ruled out as the underlying condition triggering 

an unusual presentation.17

Since there are no subtle specific symptoms or signs of 

MCAD deficiency that could help physicians suspect this 

disease before patients present with severe hypoglycemic 

coma and its consequences, NBS for MCAD deficiency is 

essential to detect affected individuals.3,18–26 The introduction 

of tandem mass spectrometry (MS/MS) NBS programs in 

the 1990s have helped to reduce metabolic crisis and death 

in MCAD deficiency.

Previous published experience with NBS and MCAD 

deficiency worldwide includes England, Australia, France, 

the Netherlands, Denmark, Portugal, Australia, Canada, and 

USA, among others.7,27–36 While comparison among different 

programs is difficult due to different detection rates, it is 

clear that NBS reduces clinical manifestations and death in 

the MCAD-deficient population.10,36,37 It has been reported 

that 15%–20% of the children with MCAD deficiency died 

suddenly during a first episode before NBS.38–42 Since the 

introduction of NBS for MCAD deficiency, death caused by 

the defect has become rare.37 Although death is now a rare 

occurrence, mortality is still reported, with a general risk 

likely to be approximately 4%–5%.31,36 The risk appears to 

be more notorious in the first few days of life due to either 

the performance of NBS or availability of NBS results in a 

timely fashion,13,43 as we see in the two patients reported in 

this article. Although the risk of sudden death is lower in the 

era of NBS, there still remains a fivefold higher risk of death 

or a severe event in the unscreened population.44 Favorable 

impact of NBS for MCAD deficiency has been consistently 

reported by NBS programs in the USA and the rest of the 

world.27–32,34–36 However, long-term outcome  assessments 

after wide use of NBS is sparse. Hsu et al reported the 

 developmental outcomes of 32 patients with MCAD defi-

ciency detected through New England NBS program. Only 

one patient, who had a history of neonatal hypoglycemia, 

had mild expressive speech delay. The remaining 31 patients 

were all developmentally normal.31 These results are congru-

ent with findings on neuropsychological outcomes from the 

Australian cohort.36

Overall, discriminatory data comparing developmental 

outcomes in children with episodes of severe metabolic 

crisis versus children with appropriate intervention and 

early glucose administration during fasting or illness are not 

available. Andresen et al from the Danish cohort proposed 

that although follow-up information on the patients was not 

collected systematically, it is worth noting that at least 21% 

(3/14) of their not-screened patients, diagnosed after their first 

metabolic decompensation, suffer from long-term sequelae.27 

This experience is similar to the experience published by 

Lindner et al from the German cohort where developmental 

data were available in six patients with history of metabolic 

decompensations. In five of these patients, the results of 

neurological status and IQ tests were normal on follow-up. 

One patient showed normal intellectual and physical 

 development, but noted to be slightly myoclonic on neuro-

logical examination. The only patient in the German cohort 

who showed severe neurological and intellectual impairment 

(IQ 74) never experienced a metabolic decompensation. 

However, he presented with severe neonatal onset cardio-

myopathy, which seems to be part of a syndromic condition 

and unrelated to MCAD deficiency.32

Investigations on suspected  
MCAD deficiency
Continuous vigilance and high level of suspicion for MCAD 

deficiency are essential, since most of the neonatal patients 

may present symptomatically before results of comprehensive 

NBS are available. MCAD deficiency should be suspected 

in children/adults with undiagnosed encephalopathy (mild 
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or severe), hypoglycemia, and documented liver disease. 

The biochemical diagnosis is based on plasma acylcarnitine 

profile characterized by increased levels of hexanoylcarnitine 

(C6), octanoylcarnitine (C8), decanoyl and decenoylcarnitines 

(C10 and C10:1) species, and prominent among them 

being octanoylcarnitine (C8). Urine organic acids analysis 

shows characteristic abnormalities including the presence 

of hexanoyl- and suberylglycine and C6–C10 dicarboxylic 

aciduria. Other investigations should include frequent blood 

sugar monitoring, acid-base markers, ammonia level, com-

prehensive metabolic panel, and liver function test. Cardiac 

arrest could occur; an echocardiogram and electrocardiogra-

phy with telemetry should be studied.45 Sudden infant deaths 

should always be investigated for MCAD deficiency. MCAD 

deficiency is estimated to be responsible for 3%–6% of sud-

den infant death syndrome in nonscreened populations.46 The 

diagnosis can be confirmed by molecular analysis of ACADM 

gene, which encodes for the MCAD enzyme. Determination 

of MCAD enzyme activity can also be done in leukocytes or 

lymphocytes, with an HPLC-based assay using 3-phenylpropi-

onyl-CoA as a substrate.47,48 In families with confirmed family 

history of a previous child affected with MCAD deficiency, 

appropriate precautions should be recommended includ-

ing careful monitoring of oral intake and fasting avoidance 

alongside with glucose monitoring within the first hours of life 

until NBS result is available. These families should also see a 

biochemical geneticist for genetic counseling and discussion 

of prenatal diagnosis options.

Treatment
The mainstay of treatment for MCAD is avoidance of fasting. 

Patients can tolerate certain hours of fasting when they are 

well. The maximum safe fasting time in healthy MCAD 

patients have been reported as up to 8 hours in infants 

between ages 6 and 12 months; up to 10 hours during the sec-

ond year of life, and up to 12 hours after age 2 years.49 After 

1 year of age, 2 g/kg of uncooked cornstarch is usually rec-

ommended as a source of complex carbohydrate at bedtime, 

and it provides slow release of glucose and sufficient glucose 

supply overnight. Blood carnitine levels may be lower than 

normal in MCAD patients. We recommend measuring blood 

carnitine levels every 6 months and supplementing carnitine 

(10–25 mg/kg/day), if carnitine levels are persistently lower 

than normal. Patients do not need any fat restriction in their 

diet, and breastfeeding should be allowed as long as there is 

sufficient breast milk.50 All patients should carry an emer-

gency room letter, which describes urgent management. This 

letter should be updated and include a detailed explanation 

of the management of acute metabolic decompensation, 

emphasizing the importance of intravenous glucose regard-

less of “normal” laboratory results and overnight in-hospital 

observation when oral intake is poor.

During acute decompensation (IV), glucose (a bolus 

of 2 mL/kg 25% dextrose) should be initiated immedi-

ately to correct hypoglycemia and followed by intrave-

nous glucose administration of 10% dextrose solution 

to provide glucose infusion rates between 10 and 12 

mg glucose/kg/min. It is important to maintain frequent 

glucose monitoring in order to tailor individual glucose 

needs. If indicated, higher dextrose concentrations should 

be used via central line access.51 During acute illnesses 

including acute gastroenteritis and vomiting, intravenous 

fluid (IVF) with 10% dextrose should be started as early 

as possible, before the onset of hypoglycemia.6,9,49,52,53 

Early institution of treatment with intravenous dextrose 

appears to be remarkably effective in reducing morbidity 

and mortality.9,10 MCAD patients should never receive 

intravenous lipid solution when they are sick and need 

total parenteral nutrition.

Molecular aspects
MCAD deficiency is an autosomal recessive disorder caused 

by mutations in the ACADM gene on chromosome 1p31.54 

ACADM gene consists of 12 exons that encode 421 amino 

acids.55 The use of NBS for early detection of MCAD 

deficiency has revealed a more varied mutational and bio-

chemical spectrum of MCAD deficiency than the studies 

done on clinically ascertained populations.56 More than 

100 different mutations of all types – missense, nonsense, 

 splicing, and small insertions/deletions – are now known in 

the ACADM gene and are distributed to all the exons . Gross 

alterations, such as deletions and insertions involving more 

than 10–20 nucleotides, are rare, with only a single example 

reported so far.57 Prior to the institution of population-based 

NBS programs, clinically diagnosed MCAD patients with 

northern European background most often carried a common 

single base change mutation (c.985A.G ), accounting for 

up to 90% of abnormal alleles. Approximately, 80% of these 

patients were homozygous for this mutation, and 18% were 

heterozygous for c.985A.G.7,58–63

In order to explore the founder effect hypothesis, Leal 

et al in 2014 combined genotyping and screening data 

from 43 publications reporting the frequency of c.985A.G 

spanning over 10 million individuals, and they found 

 significant variation in the frequency of the mutation across 

regions supporting a reported founder effect.58 The proportion 
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of c.985A.G homozygotes were highest in western Europe 

with 4.1 (95% confidence interval [CI]: 2.8–5.6) per 100,000 

individuals than the New World (3.2, 95% CI: 2.0–4.7), south-

ern (1.2, 95% CI: 0.6–2.0), and eastern European regions 

(0.9, 95% CI: 0.5–1.7). No cases with the common mutation 

were identified in Asian and Middle Eastern regions.58

Prior to NBS, the incidence of MCAD deficiency was 

approximately in the range 1 in 30,000 to 1 in 135,000.28,64 

Population-based NBS has revealed a much higher incidence 

of MCAD deficiency in newborns, ranging from 1 in 10,000 

to 1 in 20,000 in northern European populations.60,65  Taking 

all the reported cases detected by NBS in the USA from 

2001 to 2010, the incidence of MCAD was 1 in 17,759.66 

In Massachusetts, approximately 1 out of 15,000 infants 

screened was diagnosed with MCAD, almost identical to the 

1:14,000 frequency of phenylketonuria.31 In Pennsylvania 

and Bavaria, the MCAD frequency from the introduction of 

NBS has been estimated to be even greater at 1:8,000 and 

1:9,000, respectively.37,67 Additionally, in countries such as the 

USA and the UK, where people of northwestern European 

descent make up a significant proportion of the population, 

the c.985A.G carrier frequency ranges from 1:40 to 1:100, 

whereas the mutation is virtually absent in the people of 

Japan.68 Despite the absence of the c.985A.G mutation in 

other populations, MCAD deficiency caused by other muta-

tions has been reported in the children of Asia and Europe, 

including Portugal and Denmark, among others.12,27,35,58

Newborn screening for MCAD
MCAD deficiency may be diagnosed only after the child has 

expired or after permanent adverse neurological damage has 

occurred. Prior to the wide use of NBS, more than half of 

all the children were diagnosed after the age of 1 year.7 The 

goal of NBS is to identify affected infants before they have 

an acute episode and implement simple interventions such as 

avoidance of fasting as the mainstay of treatment. The avail-

ability of simple intervention such as avoidance of fasting 

makes MCAD deficiency an excellent candidate for early 

detection by NBS programs. NBS is conceived as a public 

health policy, and the understanding of cost-effectiveness 

for each of the conditions screened becomes a critical issue. 

Several studies have examined the cost-effectiveness of NBS 

for MCAD deficiency and have demonstrated that screening 

helps to both improve health and save cost.69–72

In the USA, the recommendations made by the American 

College of Medical Genetics in 2006 provided the foundation 

for the screening programs of most states to include MCAD 

in their mandated NBS panels. Till date, MCAD screening is 

performed in all 50 states in the USA. NBS programs from 

different countries including Germany, the UK, Austria, 

Portugal, Denmark, and France published their NBS data on 

MCAD deficiency in the past years (Table 1).

While state laws dictate which conditions need to be 

included in the NBS panels, state laboratories must decide 

how to perform the screening. Screening for MCAD defi-

ciency is universally achieved by measuring octanoylcarni-

tine (C8) as the primary marker using MS/MS. Several factors 

can influence C8 concentrations in neonates with MCAD 

deficiency, including timing of sample collection, feeding/

fasting state, and secondary carnitine deficiency in blood. 

Chace et al showed that C8 levels were significantly higher 

in MCAD patients younger than ,3 days of age compared 

to the ones older than 8 days.73 This shows us that if C8 lev-

els are higher in newborns in the first days of life, probably 

due to the stress of birth, it goes down once they start eating 

and become more anabolic. In order to avoid false negative 

results, the screening should be performed in the first days 

of life. It is also known that C8 levels may be higher than 

cutoff values in MCAD carriers.74,75

As expanded NBS panels have been adopted on a 

widespread basis, screening programs have observed that a 

disproportionate number of false positive screens occur in 

Table 1 MCAD deficiency incidence and newborn screening (NBS) C8 levels in screen-positive cases

Program Incidence Years of experience  
reported

No of infants  
screeneda

No of positive screenings/ 
no of true positive cases

C8-carnitine range  
in positive screens

Reference

New england 1:15,200 1999–2006 713,522 113/47 0.5–36.8 µM Hsu et al31

Atlanta 1:15,172 2011–2013 834,466 132/55 0.35–0.67 nmol/mL Hall et al30

Australia 1:19,000 1998–2004 810,000 –/41 .1 µmol/L Wilcken et al36

South-west  
Germany

1:13,400 1999–2009 1,084,195 –/81 – Lindner et al32

United Kingdom 1:10,700 2004–2008 1,568,445 190/147 0.51–4.89 mmol/L Oerton et al34

Portugal 1:8,804 1994–2004 812,902 –/83 0.76–20.7 µmol/L ventura et al35

Denmark 1:8,954 1992–2001 519,350 62/58 0.66–14.02 µmol/L Andresen et al27

Note: aNumber reported at the time of publication, data last accessed on April 30, 2015.
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premature and very low birth weight infants who are often in 

the NICU.76,77 For example, Hall et al from the Atlanta cohort 

proposed that C8/C8:1 ratio could be an effective marker to 

differentiate true positive cases from false positives.30 Other 

reports and our own unpublished data have demonstrated 

that newborns with higher initial C8 values were most likely 

to receive a diagnosis of MCAD deficiency and were also 

more likely to be homozygous for the common p.K324E 

mutation.31 Many NBS programs use acylcarnitine ratios such 

as C8/10 as a marker besides individual C8 levels to increase 

sensitivity and specificity of the NBS test. C8/C10 ratio may 

remain elevated in true positive MCAD deficiency cases, 

even after the initial C8 level decreases.31 The C8/C10 ratio 

may also be a useful parameter in the assessment of patients 

who have novel MCAD genotypes.27,35,73,78,79

Challenges after diagnosis  
of MCAD through NBS
Although NBS has been proven to be efficient in detecting 

MCAD deficiency in the neonatal period, sudden death is 

still reported in these populations. Feeding difficulties, insuf-

ficient breast milk, and/or increased stress during delivery 

may increase the risk of metabolic crisis in the first days of 

life, as we described in two cases mentioned earlier, before 

NBS is reported. Patients with MCAD deficiency are at high 

risk for metabolic crisis and sudden death even after diag-

nosis of the disease through NBS. NBS follow-up requires 

1) frequent communication and collaboration between 

primary care providers and metabolic centers; 2) effective 

communication and education with specific information to 

the caregivers and families with respect to the potential com-

plications and possibility of life-threatening events during 

episodes of acute illness and the need for prompt medical 

attention during illness; and 3) social support for the family 

when it is needed.

The distinction among subpopulations and risk for sudden 

death based on initial C8 levels in NBS has been explored 

in the past. For example, Korman et al13 reported the NBS 

C8 values in two siblings with MCAD deficiency; the sib-

ling with a C8 level of 11.8 µmol/L died suddenly at 2 days 

of age, whereas the sibling with a C8 level of 0.55 µmol/L 

was asymptomatic at 6 years of age. State-based examples 

include the New York State experience in which infants 

with MCAD deficiency who had symptoms of an acute 

metabolic episode had NBS C8 levels ranging from 6.8 

to 37.4 µmol/L.31,80 These data suggest that C8 level in the 

NBS specimen may be a strong indicator of risk for sudden 

death in MCAD  deficiency and that this level might begin at 

6 µmol/L.43 From the molecular perspective, at least two cases 

of  sudden death were heterozygous for the c.985A.G muta-

tion and one was homozygous for a novel splicing mutation.13 

Accordingly, lack of homozygosity for the c.985A.G muta-

tion does not eliminate the risk of sudden death in MCAD 

deficiency when the C8 level in the newborn is noticeably 

increased. Determination of residual MCAD enzyme activ-

ity may also help understanding ACADM variant genotypes 

and may contribute to risk stratification. In 2012, Touw et al 

examined 84 patients from 76 families. Twenty-two percent 

of the subjects had a variant ACADM genotype. In patients 

with classical ACADM genotypes, residual MCAD enzyme 

activity was significantly lower (median 0%, range 0%–8%) 

when compared to subjects with variant ACADM genotypes 

(range 0%–63%; four cases with 0%, remainder 20%–63%). 

Patients with fatal neonatal presentations before diagnosis 

displayed residual MCAD enzyme activities ,1%. After 

diagnosis and initiation of treatment, residual MCAD enzyme 

activities ,10% were associated with an increased risk of 

hypoglycemia and carnitine supplementation. Subjects with 

variant ACADM genotypes and residual MCAD enzyme 

activities ,10% should be considered to have the same risks 

as patients with classical ACADM genotypes. Parental instruc-

tions and an emergency regimen should remain as principles 

of the treatment in any type of MCAD deficiency, as the effect 

of intercurrent illness on residual MCAD enzyme activity 

has not been completely elucidated. There are, however, 

arguments in favor of abandoning the general advice to avoid 

prolonged fasting in subjects with variant ACADM genotypes 

and .10% residual MCAD enzyme activity.47,48

Despite the issues during the neonatal period and 

childhood, future challenges are emerging with respect to 

the anticipation of serious episodes and deterioration of 

outcome in screened individuals entering adolescence and 

adulthood. As they appear entirely healthy, despite having 

a risk of disease, this risk and the need for preventative 

measures may be easily undervalued and forgotten by the 

adolescent and young adults who remain at risk for severe 

metabolic  decompensation. Maintaining close follow-up 

may be achieved by increasing the frequency of clinical 

visits,  specifically to repeat educational goals, and provide 

guidance by the metabolic disease team.44

Conclusion
In conclusion, NBS using MS/MS is cost-effective for early 

detection of MCAD deficiency. The extended use of NBS has 

advanced further understanding of the molecular basis and 

biochemical features of patients with MCAD deficiency, with 
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a substantial reduction in mortality and  morbidity. MCAD 

deficiency should always be included in the differential 

diagnosis for neonatal hypoglycemia, particularly in 

infants with severe metabolic acidosis, liver dysfunction, 

and hyperammonemia. Although NBS has proven effec-

tive particularly in the presymptomatic individuals, severe 

metabolic crisis and sudden death have not been entirely 

prevented.
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