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Abstract

Introduction—3-Methyl crotonyl CoA carboxylase (3MCC) deficiency is an inborn error of 

leucine metabolism whose detection was increased with the advent of expanded newborn 

screening. While most NBS-identified infants appear clinically normal, prior studies suggest a 

possible increased risk for developmental or metabolic abnormalities. As yet, no predictive 
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markers are known that can identify children at risk for biochemical or developmental 

abnormalities.

Method—All available 3-MCC cases diagnosed by newborn screening in the Inborn Errors of 

Metabolism Information System (IBEM-IS) were reviewed for markers that might be predictive of 

outcome.

Results—A limited number of cases were identified with traditional biochemical symptoms 

including acidosis, hyperammonemia or lactic acidosis, and 15% of those with available 

developmental information had recorded developmental disabilities not clearly attributable to other 

causes. There was no correlation between newborn screening (NBS) C5OH level and presence of 

metabolic, newborn, later-life or developmental abnormalities in these cases.

Discussion—This sample, obtained from the IBEM-IS database, attempts to avoid some of the 

ascertainment bias present in retrospective studies. An increase in developmental abnormalities 

and in traditionally described metabolic symptoms remains apparent, although no specific 

biochemical markers appear predictive of outcome. The role that prevention of fasting plays in 

outcome cannot be ascertained. These data suggest that C5OH level found on newborn screening 

by itself is not sufficient for diagnostic or predictive purposes.
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1. Introduction

With the introduction of expanded newborn screening (NBS) using tandem mass 

spectrometry in the 1990s, the number of inborn errors of metabolism (IEMs) that could be 

detected soon after birth increased five-fold [6]. Now, most states screen for more than thirty 

disorders so that a diagnosis can be made before a child develops symptoms [27]. As a 

result, the clinical phenotype of IEMs has broadened to include apparently asymptomatic 

and more mildly affected individuals as well as those with classic severe presentations. This 

is particularly true for 3-methylcrotonyl-CoA carboxylase (3-MCC) deficiency (OMIM 

210200), a disorder in the metabolism of leucine that causes elevations of 3-

hydroxyisovalerylcarnitine (C5OH) among other substrates (Fig. 1).

3-MCC deficiency is one of the most common IEMs diagnosed by NBS with a prevalence 

ranging from 1:2400 to 1:68,000 depending on the population [28]. This frequency is much 

higher than what was predicted based on the number of cases who presented clinically 

before 3-MCC deficiency was added to the NBS panels [4]. Children with 3-MCC 

deficiency were diagnosed clinically after being evaluated for developmental delay, failure to 

thrive, hypotonia, seizures, or metabolic disturbances such as hypoglycemia, 

hyperammonemia, ketoacidosis, or Reye syndrome [3,8–10,13,19,20,24]. More than 90% of 

cases with 3-MCC deficiency diagnosed by NBS, however, appear to remain asymptomatic. 

Among the <10% who do exhibit health or developmental abnormalities these are not 

always obviously attributable to their 3-MCC deficiency [12,21–23], Healthy mothers have 

also been identified as having 3-MCC deficiency from their infant's NBS, having passed the 

abnormal metabolites to their infants through the placenta [18,21], again suggesting that this 
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disorder is not always clinically significant. However, in a few cases childhood hypotonia, or 

maternal muscular symptoms in affected mothers have been reported [14,21]. Variation in 

phenotype even occurs among family members with the disorder even though they share 

genetics and a common environment [11].

At this time, there is no predictive factor that clinicians can use to determine which cases 

will be symptomatic from 3-MCC deficiency. Several retrospective studies failed to identify 

a correlation between genotype or biochemical phenotype and outcomes [2,15]. These 

studies reported cases for publication retrospectively and voluntarily. This raises concern 

that physicians are more likely to report symptomatic cases rather than asymptomatic cases. 

Also, the role fasting prevention after pre-symptomatic identification plays in suppressing 

symptoms is not known. Prospective studies would help to alleviate some of the data bias in 

outcome studies [1]. The goal of this study was to use the Inborn Errors of Metabolism 

Information System (IBEM-IS) (https://www.ibem-is.org) to gather outcome data on a 

prospective sample of cases with 3-MCC deficiency and determine if there were factors that 

predict the likelihood of developing symptoms secondary to this disorder.

2. Method

The Inborn Errors of Metabolism Information System (IBEM-IS) was established in 2007 to 

allow the capture and management of longitudinal data from individuals identified with an 

inborn error of metabolism (IEM) [5]. Data contained in the IBEM-IS are collected and 

managed using REDCap electronic data capture tools hosted at Michigan Public Health 

Institute (MPHI) [16]. REDCap (Research Electronic Data Capture) is a secure, web-based 

application designed to support data capture for research studies. The goal of the Inborn 

Errors of Metabolism Collaborative (IBEMC) is to use the IBEM-IS to accumulate data that 

will inform about survival, medical status, and long-term outcomes of cases with IEMs to 

develop evidence-based practice in patient care (ibem-is.org). As of June 23, 2015 1896 

subjects representing 41 conditions have data entered into the IBEM-IS and 1312 of these 

subjects were identified by NBS.

After this study was deemed to be exempt by the University of Pittsburgh's IRB 

(PRO13060460), anonymized data were extracted from the IBEM-IS database. These data 

included information about subject demographics, identification method and diagnosis 

confirmation, mutation status, neonatal health history, development, and interim health 

history including other health issues, biochemical labs, diet, and medications. Data were 

captured using electronic forms developed using Research Electronic Data Capture 

(REDCap) REFXX [16] by the IBEMC in collaboration with the Newborn Screening 

Translational Research Network, creating the Longitudinal Pediatric Data Resource REFXX 

(https://www.nbstrn.org/research-tools/longitudinal-pediatric-data-resource).

Data are reported as they were submitted to the database. In some cases the submitting 

centers were queried by anonymized case number in an attempt to clarify or seek additional 

data.
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3. Results

3.1. Demographics

All available cases were ascertained from the IBEM-IS. Thirty-seven cases of 3-MCC 

deficiency were present in the database, including ten males and twenty females, (gender 

was not reported in seven cases). Diagnoses were established and confirmatory studies were 

done at the discretion of the submitting center. At the time of enrollment, subject's ages 

ranged from 1.5 months to 43 years with a median age of 6 years. The thirty-seven subjects 

had an average of one follow-up visit after enrollment (range: 1–4).

3.2. Identification method and case selection

Of the thirty-seven cases, three were maternal cases identified through their infant's NBS, 

one was a sibling of a NBS identified case, and one was diagnosed clinically, but the specific 

symptoms prompting metabolic evaluation were not reported. The remaining thirty-two were 

identified by NBS. Two of the NBS-identified cases had normal enzyme analysis (DNA 

analysis not done) and one NBS-identified case had only one mutation identified (no 

enzyme activity performed). In three cases the confirmatory C5OH level was in the normal 

range (though urine organic acid analysis did detect some 3OH-IVA and 3-MCG) and in one 

other case no NBS or confirmatory data were available. Thus, a total of twelve cases were 

not included in the data analysis; all remaining 25 cases were identified through newborn 

screening. Of the eight cases without proof of diagnosis, the urine organic acid analysis was 

reported as abnormal (one case not reported) (Table 1).

3.3. Confirmation of diagnosis

Verification of confirmation of diagnosis was a significant concern in these database-

ascertained cases. Seventeen cases had the diagnosis confirmed either by enzymology or 

molecular analysis. Enzyme assay was performed in fourteen of the cases, eight on 

leukocytes, five on fibroblasts, and one on both. Residual enzyme activity was reported in 

only a few cases, thus no data analysis using enzyme activity was possible. Seven cases had 

DNA analysis demonstrating two mutations (listed in Table 2); four of these had both DNA 

and enzyme analysis, and three were diagnosed only by DNA analysis. The remaining eight 

cases had no proof of diagnosis beyond biochemical assessment (Table 2). Abnormal 

metabolites are listed as they were reported in the database, with many variables reported 

simply as “normal” or “abnormal”.

Limiting the analyses to only the 17 cases with proof of diagnosis did not change the 

statistical outcomes (data not shown).

3.4. C5OH level

Each state NBS program uses a unique cut-off range for C5OH. All cases had an elevated 

C5OH for their state lab, however the state of birth and the normal range for that state were 

not included in the database. For comparison sake, Huang et al. [17] reports an upper limit 

of 0.73 µM is commonly used. At least one laboratory in these data used a lower cut-off 

level (NBS C5OH of 0.6 in a case with enzyme deficiency).
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Of the 25 cases included in the final data analysis, a numerical value for NBS C5OH level 

was reported in 22 of the cases (Table 3). The analysis of these 22 available NBS C5OH 

levels revealed a mean of 4.67 µM (Table 2). The NBS C5OH level was not significantly 

different between those with enzymatic or DNA proof of diagnosis vs. those without proof 

(4.41 vs. 5.30 µM respectively) (p < 0.58). A numerical value for both NBS and 

confirmatory C5OH level were available in five cases. A paired comparison of NBS vs. 

confirmatory C5OH level on these 5 cases demonstrated no significant difference between 

the NBS and confirmatory level (2.90 vs 4.46 µM) (p < 0.16).

3.5. Other biochemical labs

Follow-up confirmatory testing included plasma acylcarnitine and urine organic acid 

analyses. Only five cases reported the actual numerical value for the confirmatory C5OH as 

the numerical value is not a required entry element. Other cases were reported as 

“abnormal”, one as “normal” (in a case with two previously reported DNA mutations), and 

two as “elevated C5OH”. Confirmatory urine organic acid analyses were available on 

twenty-one cases. All were described as “abnormal” with additional details available on a 

few including six reporting 3-hydroxyisovaleric acid and 3-methylcrotonylglycine, one with 

3-hydroxyisovaleric acid and 2-oxoglutarate, and one with lactate, pyruvate and alpha-

ketoglutarate.

3.6. Neonatal period

There were no neonatal complications in most cases. Seven infants had jaundice reported – 

these included one with Down Syndrome and one who was premature and also had 

congenital bilateral sensorineural hearing loss, these seven cases were not included as having 

neonatal symptoms. One infant had lactic acidosis and hyperammonemia requiring high-

dose intravenous glucose. Two other infants required intravenous fluids for unknown 

reasons. One infant was reported as having some type of complication during the neonatal 

period, but there were no specifics regarding the complication available. For the cases 

having recorded information on neonatal outcome, eighteen reported the numerical NBS 

C5OH level, and these were not significantly different between those with a neonatal 

complication vs. those without any complications (4.51 vs 4.87 µM), respectively (p < 0.87). 

(Table 3).

3.7. Developmental outcome

At least one report of developmental outcome was available on all cases but one. Six cases 

were reported to have developmental delay, including one with Down Syndrome and one 

who was premature and had hearing loss. Excluding these two cases, overall two were 

reported with gross motor delays, three with speech delay, and three required special 

education (though one reportedly “caught up” and re-entered mainstream education) (Table 

4).

3.8. Interval health history

Follow-up health information was available on 21 cases. Three admissions for nephrotic 

syndrome in one case were not included in the analyses. Otherwise there were eight hospital 
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admissions reported to be associated with 3-MCC deficiency. One was for metabolic 

acidosis and hyperammonemia (in the same case who had lactic acidosis and 

hyperammonemia as a newborn), two were for metabolic acidosis, one for fever and 

vomiting, one for jaundice, one for a gastrointestinal parasitic infection, and two for 

unknown reasons. Of these 21 cases reporting a hospital admission, a numerical NBS C5OH 

level was available in 16 and there was no significant difference in the NBS C5OH level 

between the cases having an admission vs. those not reporting a hospital admission (442 vs 

4.38 µM respectively) (p < 0.92) (Table 3).

3.9. Growth

Growth parameters were available on eleven cases, but there were insufficient data to 

calculate accurate percentiles.

3.9.1. Carnitine supplementation—At the intake plasma carnitine was reported in 

sixteen cases, with nine reported as low or abnormal and seven as normal. Eighteen cases 

were reported to receive carnitine supplementation. Three of the eighteen had normal 

carnitine levels on follow-up, while one still had “abnormal levels.” The remaining fourteen 

had no follow-up carnitine levels reported.

3.9.2. Protein restriction—Ten cases were placed on a restricted diet (low leucine). 

These cases were from multiple centers. In six cases the child had developmental delay in at 

least one domain, or a history of acidosis or hyperammonemia. No abnormalities were 

reported in three cases, and no outcome information was available in one.

4. Discussion

3-MCC deficiency is a common inborn error of metabolism diagnosed by NBS, but the 

spectrum of disease is quite variable. Historically, 3-MCC deficiency was reported to be 

associated with developmental delays, hypoglycemia, acidosis, failure to thrive and other 

poor outcomes [3,8–10,13,19,20,24]. Rat models have noted the metabolites of 3-MCC 

deficiency are associated with oxidative damage in the brain [29]. With NBS, the incidence 

of this disorder is much higher than previously expected with the majority of cases having 

largely normal medical and developmental outcome. This suggests that this disorder might 

represent a biochemical phenotype, but not a disease, may have a low penetrance or require 

other genetic or environmental influences in order to manifest a phenotype, or constitute a 

“predisposition” disorder. Many prior studies have suffered from a bias of ascertainment in 

that metabolic physicians may be more motivated to report cases with abnormal outcome. 

This study was designed to use the IBEM-IS in order to eliminate some of the retrospective 

bias given that cases would be enrolled before long-term outcomes were known. The 

objective of this database is to enroll cases at first identification, and then follow them 

prospectively. However, as a database study it is still, in essence, retrospective.

Database studies have inherent limitations in that data are frequently missing or erroneous. 

We did in fact not agree that a number of the patients in the database actually have 3-MCC 

deficiency, and the status of some are still unclear. Missing numerical values (that is, 

reporting as “normal” or “abnormal”) are also a significant limitation. It is clear that 
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diagnostic and management standards are needed, as well as consideration of more stringent 

database requirements for data entry. The latter is difficult without a substantial increase in 

funding for such projects.

To date studies have failed to elicit a prognostic factor that could predict outcome or 

preemptively identify cases that may be symptomatic. Reported outcome concerns have 

included fasting abnormalities, failure to thrive and other problems [2,15]. Shepard et al. 

[22] proposed a difference between symptoms suggestive of leucine toxicity such as 

hypoglycemia, acidosis and others, and “non-specific” symptoms such as intellectual 

disability or seizures. That study found that cases with “non-specific” symptoms were more 

likely to have increased regions of homozygosity, and 5/10 “non-specific” symptom cases 

studied by exome sequencing had another gene identified that likely explained the patient's 

symptoms. In our data we found “specific” symptoms including recurrent acidosis with 

hyperammonemia and lactic acidosis in one case, and hospitalizations for metabolic acidosis 

in two others. Even when the cases with Down Syndrome and prematurity are removed from 

our analysis, there remain four cases of 27 (14.8%) having a “non-specific” delay in at least 

one developmental domain, a number consistent with prior reports [2,15]. Wilcken [26], 

cited this concerning persistence of developmental disabilities between studies even though 

the disabilities can frequently be attributed to other causes such as prematurity [21]. The 

possibility remains that 3-MCC deficiency might constitute a predisposition to 

developmental disabilities in the presence of other stressors. Medical concerns in mothers 

diagnosed after their infant's abnormal NBS have also been reported, and one of the three 

maternal cases in this study reported symptoms of muscle cramping and decreased exercise 

endurance.

Twenty-five NBS ascertained cases were included in this study for data analysis. Of the 

seven cases with molecular studies, four of the fourteen mutations were not previously 

reported. Three of the four mutations that had not been previously described were missense 

mutations and one was a nonsense mutation. Six of the seven cases with reported mutations 

had some type of neonatal complication, developmental abnormality, or medical event in 

their health history, potentially expanding the phenotype of each of the previously reported 

mutations. However, there is insufficient information to adequately define genotype/

phenotype relationships for the reported mutations. Comprehensive definition of the 

pathogenic state of these mutations would require further in vitro study. While NBS C5OH 

was useful to confirm the diagnosis, these levels did not appear to correlate with the 

presence of neonatal complications, developmental abnormalities, or subsequent disease-

related hospitalization. Further, it does not appear that a mild elevation of C5OH is sufficient 

grounds to establish a diagnosis, in that two reported “cases” dropped from the final analysis 

had normal enzyme activity, while another with the lowest C5OH level (that might have 

been considered within normal limits in some states) had abnormal enzyme analysis. Three 

other cases were dropped from analysis because no confirmatory testing was done and the 

NBS C5OH level dropped into the normal range on repeat. However it is not known if, like 

in VLCAD deficiency, confirmatory levels can drop into the normal range in the presence of 

enzyme deficiency.

Forsyth et al. Page 7

Mol Genet Metab. Author manuscript; available in PMC 2017 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As has been previously reported, carnitine deficiency appears relatively common in this 

disorder at approximately 50% of cases. Few reports have commented on the biochemical 

and clinical benefit of carnitine supplementation [25]. Eighteen cases received 

supplementation, but carnitine levels were not recorded, preventing a determination of how 

many subjects had levels that were medically concerning.

At present, the role of dietary leucine restriction remains unproven, and only a minority of 

cases were on a restricted diet. Most of these cases had some developmental or metabolic 

abnormalities, suggesting clinicians may be more conservative in management regarding 

these cases. The extent to which early surveillance for catabolism during intercurrent 

illnesses afforded by newborn screening might be affecting outcome cannot be determined.

5. Conclusion

Overall, this study again illustrates that a small percentage of cases with 3-MCC deficiency 

will be symptomatic either in the newborn period or later in life with either “specific” or 

“non-specific” symptoms, or in terms of developmental progress. Unfortunately, no 

prognostic factors that could predict who would become symptomatic could be identified in 

this sample. The nature of the database at this time still yields more retrospective analysis. 

Further, the extent to which pre-symptomatic management (largely by prevention of fasting) 

affects outcome is not known. The IBEM-IS database, however, has great potential to 

contribute to future studies on the disorders that are diagnosed via newborn screen as 

subjects can have outcome measures documented from time of diagnosis. As we continue to 

learn more about the spectrum of these disorders, continued ascertainment into databases 

like IBEM-IS and ongoing improvements in data gathering are crucial, so that these 

limitations may be overcome.
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Fig. 1. 
Leucine metabolism. A genetic defect in 3-methylcrotonyl-CoA carboxylase leads to 

elevation of 3-methylcrotonyl CoA, 3-methylcrotonyl glycine and 3-OH isovaleric acid
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Table 2

DNA mutations identified and presence of various symptoms.

Case number Mutation Previous description Neonatal period Development

2 c.517dupT (p.S173Ffs*25) on MCCC2 [4]; asymptomatic Normal Delayed

c.433T>C on MCC2 None

3 c.1155A>C (p.R385S) on MCCC1 [4]; variable phenotype Jaundiced Normal

c.1263dupG (p.Q421Afs*10) on MCCC1 [4]; mild phenotype

16 c.1015G>A (p.V339M) on MCCC2 [4] Jaundiced Delayed - Trisomy 21

Deletion in MCC2

23 c.214C>T (p.R72X) on MCCC2 [7]; asymptomatic Premature and jaundiced Delayed

c.1676G>A (p.G559D) on MCC2 None

26 c.95G>T on MCC2 None Normal Normal

c.295G>C (p.?) on MCCC2 [4]; variable phenotype

29 c.929C>G (p.P310R) on MCCC2 [4]; mild muscle weakness Jaundiced Normal

c.1559A>G (p.Y520C) on MCCC2 [30] - no details

31 p.R188Xon MCC2 None Normal N/A

c.1065A>T (p.L355F) on MCCC2 [30] - no details
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