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Abstract

Purpose—3-hydroxyisobutryl-CoA hydrolase (HIBCH) deficiency is a rare disorder of valine
metabolism. We present a family with the oldest reported subjects with HIBCH deficiency and
provide support that HIBCH deficiency should be included in the differential for elevated
hydroxy-C4-carnitine in newborn screening (NBS).

Methods—Whole exome sequencing (WES) was performed on one affected sibling. HIBCH
enzymatic activity was measured in patient fibroblasts. Acylcarnitines were measured by
electrospray ionization tandem mass spectrometry (ESI-MS/MS). Disease incidence was estimated
using a cohort of 61,434 individuals.

Results—Two siblings presented with infantile-onset, progressive neurodegenerative disease.
WES identified a novel homozygous variant in H/BCH ¢.196C>T; p.Arg66Trp. HIBCH enzymatic
activity was significantly reduced in patients’ fibroblasts. Acylcarnitine analysis showed elevated
hydroxy-C4-carnitine in blood spots of both affected siblings, including in their NBS cards, while
plasma acylcarnitines were normal. Estimates show HIBCH deficiency incidence as high as 1 in
~130,000 individuals.

Conclusion—We describe a novel family with HIBCH deficiency at the biochemical, enzymatic
and molecular level. Disease incidence estimates indicate HIBCH deficiency may be under-
diagnosed. This together with the elevated hydroxy-C4-carnitine found in the retrospective
analysis of our patient’s NBS cards suggests that this disorder could be screened by NBS
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programs and should be added to the differential diagnosis for elevated hydroxy-C4-carnitine
which is already measured in most NBS programs using MS/MS.
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INTRODUCTION

HIBCH deficiency (OMIM #250620) is a rare inborn error of metabolism caused by a defect
in the HIBCH enzyme resulting in deficiency in the conversion of 3-hydroxy-isobutryl-CoA
to 3-hydroxy-isobutyric acid, a critical step in valine catabolism [1]. Only 9 patients from 7
unrelated families, 3 of which are consanguineous, have been reported [1-7]. This autosomal
recessive condition is characterized by developmental delay of motor milestones in early
infancy and neurological regression within the first year of life. MRI abnormalities are
striking for bilateral involvement of the basal ganglia with varying degrees of white matter
atrophy [1,2,4]. Strikingly, in all HIBCH patients reported to date, the clinical presentation
and MR findings led to a general diagnosis of Leigh syndrome (OMIM 256000). Leigh’s is
a relatively common neurometabolic condition associated with several different gene
disorders which features infantile onset progressive encephalopathy and characteristic brain
MRI findings including bilateral basal ganglia and white matter changes. Leigh syndrome is
caused mainly, but not exclusively, by defects in oxidative phosphorylation and may be
accompanied with elevated lactic acid [8]. . Due to this, mitochondrial diseases are naturally
considered in the top differential diagnoses for children presenting with Leigh’s disease
while HIBCH, which is considered to be exceedingly rare, is not typically investigated.

A definitive diagnosis of HIBCH deficiency can be achieved through measurement of
HIBCH enzymatic activity in patient tissues. Affected individuals have significantly
decreased enzymatic activity as compared to healthy controls [1,4]. However, this assay is
not readily performed in clinical laboratories. A significant clinical diagnostic finding for
HIBCH deficiency is elevation of 3-hydroxy-isobutyryl-carnitine, which occurs secondary to
the accumulation of 3-hydroxy-isobutyryl-CoA and has been reported in almost all subjects
with HIBCH deficiency in whom this metabolite was measured [1,4,6]. In addition, urinary
excretion of 2-methyl-2,3-dihydroxybutyric acid can be seen in small quantities by urine
organic acid analysis and methacrylyl-CoA metabolites, S-(2-carboxypropyl)cysteine and S
(2-carboxypropyl)cysteamine, can be detected through urine MS/MS analysis [7,9].
However, these metabolites, which are not routinely measured in most laboratories, are also
present in individuals with a deficiency of short-chain enoyl-CoA hydratase (SCEH), a
mitochondrial enzyme immediately upstream of HIBCH in the valine catabolic pathway
encoded by ECHSI[10]. Further obfuscation of the diagnosis of HIBCH deficiency occurs
when diagnostic measurement of acylcarnitine levels does not include hydroxy-C4-carnitine
in the report, and/or when hydroxy-C4-carnitine falls within normal limits [6,7]. All of these
factors may lead to the under-diagnosis of HIBCH deficiency.
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Here, we report a novel family with two siblings affected with HIBCH deficiency confirmed
by enzymatic, biochemical and molecular studies. We present detailed biochemical profiling
of these cases including retrospective evaluation of newborn screening cards showing
elevated hydroxy-C4-carnitine. We also estimate incidence for this disorder and find
compelling results that imply HIBCH deficiency is under-diagnosed and more common than
currently held. Our report highlights the clinical and biochemical presentation of this disease
and provides evidence that HIBCH deficiency should be included in the differential
diagnosis for elevated hydroxy-C4-carnitine in NBS programs using MS/MS.

Human Subjects

Patients 1 and 2 are similarly affected siblings with parents of Lebanese origin. The family
self-reports consanguinity as parents being first cousins. Informed consent was obtained for
all subjects under approved Institutional Review Boards #130990 at CHOC Children’s.
Genomic DNA was extracted from peripheral-blood lymphocytes or cultured fibroblasts
according to standard protocols.

Molecular Analysis

Whole exome sequencing was performed at the Human Genome Sequencing Center
(HGSC) at Baylor College of Medicine through the Baylor-Hopkins Center for Mendelian
Genomics initiative. Using 1 ug of DNA an Illumina paired-end pre-capture library was
constructed according to the manufacturer’s protocol. Four pre-captured libraries were
pooled and then hybridized in solution to the HGSC CORE design (52Mb, NimbleGen)
according to the manufacturer’s protocol NimbleGen SeqCap EZ Exome Library SR User’s
Guide (Version 2.2) with minor revisions. The sequencing run was performed with a
sequencing yield of 9.4 Gb, the sample achieved 91% of the targeted exome bases covered to
a depth of 20X or greater. Sequence data were aligned, single nucleotide variants (SNVs)
and small insertions and deletions (InDels) were called by GATK [11,12]. Quality control
filtering of variants was based on coverage, strand bias, mapping quality, and base quality
custom Perl scripts were used to annotate variants as previously described [13]. Multiple
metrics for prediction of potential functional consequences of variants were applied: CADD
[14], SIFT [15] and PolyPhen2 [16], Genomic Evolutionary Rate Profiling (GERP) [17,18],
and PhyloP [19]. Filtering of variants included five criteria: 1. Allele frequency must be less
than 2% in any reference population. 2. Scaled CADD of = 15 or two or more of PhyloP
must be greater than 2 OR GERP_RS greater than 5 or maximum damaging scores for SIFT
or PolyPhen2_HDIV. 3. Variants should be homozygous or compound heterozygous. 4.
Variants must not be present in a segmental duplication. 5. Variant must not be present in a
SNP cluster defined as the presence of 5 or more SNVs within 1 Kb of each other. The
Exome Aggregation Consortium (EXAC) Cohort was used as reference population data for
variant filtering of exome data (Exome Aggregation Consortium (EXAC) Cohort,
Cambridge, MA, http://exac.broadinstitute.org, accessed December, 2014).
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The H/IBCH variant identified through exome sequencing in Patient 2 was orthogonally
validated and recessive segregation through the subject’s pedigree was confirmed using
PCR-based Sanger sequencing.

All genetic alleles studied were submitted to ClinVar http://www.ncbi.nlm.nih.gov/clinvar/
and were annotated in reference to HIBCH NM_014362.3 for cDNA and NP_055177.2 for
protein.

Enzyme Analysis

HIBCH enzymatic activity was measured in primary fibroblasts at the Laboratory Genetic
Metabolic Diseases at the Academic Medical Center according to published methods [1].

Acylcarnitine Analysis

Acylcarnitines were measured at CHOC Children’s Metabolic Laboratory from dried blood
spots (Schleicher & Schuell 903, Keene, NH, U.S.A), and retrospectively from the patient’s
newborn screening cards (stored 12 — 13 yrs). Ten birth-matched control samples (5 for each
patient) obtained at the same time and stored in the same manner were also analyzed. The
laboratory was blind regarding the sample identity (patient or control). Acylcarnitine butyl-
esters were analyzed by ESI-MS/MS (Waters Alliance 2795 Quattro Micro) . Precursor ion
scans of the peak at m/z 85 were monitored in the range m/z 250-500.

Disease Incidence Estimate

Disease incidence was estimated based on the Hardy-Weinberg Equation, 1 = p2 + 2pq + ¢2,
using carrier allele frequencies. Any variant meeting the above criteria for being considered
‘damaging’ were considered pathogenic and the frequency of these ‘damaging’ alleles were
determined in the EXAC cohort.

RESULTS

Clinical Report

Patient 1—The family history was positive for six first trimester miscarriages, thought to
be related to a uterine septum which was later on surgically corrected but left scar tissue. A
female term baby ,was born after the surgical procedure, but died of hypoplastic left heart at
six days of age (Fig. 1A). Patient 1 (I\VV-2), a girl, the product of in vitro fertilization (IVF),
was the second child born at 38 weeks gestational age by cesarean section after an
uneventful pregnancyEarly developmental milestones were normal. She was able to sit
unsupported but was never able to bear weight and never developed language. From 4-5
months of age, our patient began to lose previously acquired milestones. Initial neurological
examination at 11 months of age noted normal head circumference, no dysmorphic features,
dystonia, spastic quadriplegia and absent reflexes in the lower extremities. Visual inattention
prompted an ophthalmological examination which revealed optic atrophy. A gastrostomy
tube was placed at 1.6 years of age due to poor feeding and failure to thrive. At 2 years of
age brain MRI demonstrated high signal lesions in the globus pallidus and head of the
caudate nucleus with patchy high signal in the periventricular white matter and a focal lesion
in the left cerebral peduncle (Fig. 2A, a-c). Repeat MRI at 6.3 years of age showed improved
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high signal abnormality in the basal ganglia, however new associated atrophy was seen (Fig.
2A, d-f). The most recent brain MRI at 12 years of age showed residual cystic changes in the
globus pallidus, basal ganglia atrophy, and persistent generalized brain atrophy and white
matter changes (Fig. 2A, g-i). Patient is currently 13 years of age. Physical examination is
remarkable for microcephaly and severely impaired vision. She is unable to fix or follow,
has strabismus, intermittent roving eye movements and optic nerve atrophy. She is unable to
talk but is aware of her surroundings and communicates by making sounds, smiling or
grimacing. Patient has poor head control, is unable to sit-up or ambulate (wheel chair
bound). At baseline she has truncal hypotonia with hypertonia in extremities. Intermittent
dystonia in the trunk, extremities and face are evident with positional changes or distress.
Patient has a gastric tube for feedings, severe scoliosis and mild joint contractures, which
developed overtime secondary to decreased movements, and a dislocated hip. She is in
Tanner Stage 1V, with a history of precocious puberty. Baclofen and Clonazepam have been
used for treatment of her dystonia, with partial response.

Patient 2—Patient 2 (1V-3), the brother of patient 1, was the second child of a triplet
pregnancy conceived by IVF, with two healthy sisters. He was delivered via cesarean section
and born with good Apgar scores with no perinatal complications. The patient’s clinical
course is similar to that of his older sister. Symptoms first became apparent at 6 months of
age with failure to thrive and developmental delay. Gastrostomy tube was placed due to poor
feedings at 2.10 years of age. Ophthalmological evaluation was also consistent with optic
nerve atrophy. At 1.6 years of age, brain MRI demonstrated swelling of the globus pallidus
bilaterally with diffuse abnormal high signal and generalized atrophy throughout the deep
white matter (Fig. 2B, j-1). A new MRI at 3.6 years of age showed interval development of
cystic changes in the basal ganglia with atrophy and a questionable lesion in the left cerebral
peduncle in addition to persistent generalized atrophy and deep white matter hyperintensities
(Fig. 2B, m-0). The latest brain MRI at 11 years of age showed stable cystic changes in the
basal ganglia, a more pronounced lesion in the left cerebral peduncle and improvement of
patchy white matter high signal (Fig. 2B, p-r). Patient is currently 12 years old. Physical
examination and overall clinical course are remarkably similar to his sister’s. He underwent
spinal surgery for scoliosis at the age of 11 years and also has a history of femur fractures
secondary to osteopenia.

Laboratory Testing

Investigations for suspected mitochondrial disease included lactate in plasma and CSF,
organic acids, acylcarnitines, and plasma and CSF amino acids, all of which were reported
as normal. A muscle biopsy was done in patient 1 which showed normal histology, including
cytochrome ¢ oxidase (COX) stain, and normal respiratory chain activity. Further testing
included pyruvate dehydrogenase complex activity in fibroblasts, which was normal.

Molecular Testing Identifies Pathogenic HIBCH Variant

Chromosomes, microarray and testing for common mitochondrial DNA mutations in blood
and muscle were normal, as well as Southern blot testing for deletions in muscle. Sanger
sequencing of SURF1, SCO1, SCO2, COX10, NDUFV1, NDUFS7, and PANKZ revealed no
pathogenic mutation.
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Whole exome sequencing of Patient 2 identified a homozygous variant in H/BCH
NM_014362.3 ¢.196C>T; NP_055177.2 p.Arg66Trp that is predicted damaging to protein
function with maximally damaging scores from both SIFT and PolyPhen2. This SNV
received a scaled CADD score of 16.4. Metrics of constraint and conservation were not
impressive with GERP = 3.49 and PhyloP = 0.6. This variant was not observed in NHLBI
ESP 6,500 cohort or the 1000 Genomes Project and was observed in 2 out of 122,868
chromosomes in the EXAC cohort. Sanger sequencing showed that both affected siblings
were homozygous for this variant and each parent was heterozygous, thus confirming
recessive inheritance through the pedigree.

HIBCH Enzymatic Activity in Patient Cells Confirms Diagnosis

Definitive diagnosis of HIBCH deficiency was achieved through testing of HIBCH
enzymatic activity in fibroblasts from the affected children. HIBCH activity in both patient’s
fibroblasts was markedly reduced compared to the reference range at 1.1 and 1.7 nmol/
(min.mg protein) for patients 1 and 2 respectively (reference range 5.3-10.5 nmol/(min.mg
protein), Fig. 1B), thus confirming the diagnosis of HIBCH deficiency at both a molecular
and enzymatic level.

Acylcarnitine Analysis Demonstrates Potential for Newborn Screening

Acylcarnitine levels tested in our patients prior to their referral to our center were reported as
normal, however, the profile did not include assessment of hydroxy-C4-carnitine. After
results of exome sequencing pointed to HIBCH as a potential cause of pathogenicity,
acylcarnitine analysis in blood spots showed elevated hydroxy-C4-carnitine in both patients
at 0.88 uM and 1.23 uM for patient 1 and 2 respectively (control < 0.3 uM). Acylcarnitine
analysis by flow injection MS/MS as it is typically performed in clinical laboratories cannot
discriminate between the isomers 3-hydroxy-butyryl and 3-hydroxy-isobutyryl-carnitine, but
based on the enzymatic, molecular data and published information [1]; we assume that the
isomer elevated in our patients was 3-hydroxy-isobutyryl-carnitine. Retrospective analysis
on the original NBS cards stored for over 10 years, also showed elevated hydroxy-C4-
carnitine in both siblings at 0.78 uM and 0.43 uM for patient 1 and 2 respectively compared
with very low hydroxy-C4-carnitine in all control samples (patient 1 controls =.074 uM £ .
028; patient 2 controls = .074 uM + .057; Fig. 3 A-C). This demonstrates the potential to
successfully screen for HIBCH deficiency in NBS. To determine if hydroxy-C4-carnitine
had been persistently elevated in our patients, the plasma acylcarnitines which were reported
as normal but did not include C40H levels, were reviewed by the performing labs which
confirmed that levels of hydroxy-C4-carnitine were within normal limits .

Incidence Estimates show HIBCH Deficiency is Under-Diagnosed

Disease incidence was estimated based on Hardy Weinberg principles and using carrier
frequencies in the EXAC cohort. To avoid ascertainment bias and since few HIBCH
deficiency patients have been reported, any variant meeting criteria for being considered
‘damaging’ was considered pathogenic and the frequency of these ‘damaging’ alleles were
determined in the EXAC cohort. At time of reporting the EXAC cohort was comprised of
122,868 chromosomes representing multiple worldwide populations: European, Finnish,
South Asian, East Asian, African, Latino, and other. Incidence ranges from the lowest

Mol Genet Metab. Author manuscript; available in PMC 2016 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stiles et al. Page 7
population incidence in Europeans at 1 in 551,545 to highest incidence of 1 in 127,939
South Asian individuals (Table 1).
Discussion

We present a newly diagnosed family with HIBCH deficiency confirmed at the biochemical,
enzymatic and molecular level. The children in this family are the oldest individuals reported
with HIBCH deficiency which enables this report to extend the understanding of the natural
history of this disorder. In addition, we demonstrate that HIBCH deficiency can be detected
through NBS cards and present evidence that this disorder may be under-diagnosed and
more prevalent than currently appreciated

The clinical presentation of HIBCH deficiency in our family is consistent with that of
previously described patients. The disease is first observed as loss of milestones and
neurodegeneration within the first year of life. Our subjects showed dystonia, spastic
quadriplegia and absent reflexes in the lower extremities before the age of one. Another
hallmark feature of HIBCH deficiency is early MRI abnormalities showing bilateral,
symmetrical T2 hyperintensity in the basal ganglia, specifically the globus pallidus, with
corresponding restricted diffusion in the acute/sub-acute phase. Our patients displayed this
abnormality as well as asymmetric cerebral peduncle involvement and transient T2
hyperintensity in the caudate nuclei which have previously been reported in patients with
HIBCH deficiency [5].

Over time the disease in our patients evolved in to a slowly progressive encephalopathy. In
the second decade of life our subjects’ truncal hypotonia remains along with more
pronounced hypertonia in extremities, and intermittent dystonia in the trunk, extremities and
face. Patients are still able to interact and partially communicate with sounds and facial
expression. No other organ system complications are apparent. The initial edema, bilateral
T2 in the MRI transiently improved after a 2-4 year interval. However, in later stages of
disease, cystic encephalomalacia and atrophy developed in the basal ganglia. To our
knowledge, the progression of MRI findings in HIBCH deficiency over a period of several
years has not been previously illustrated.

There is significant overlap in the clinical presentation of HIBCH deficiency and Leigh
syndrome. The infantile-onset progressive neurodegeneration and bilateral, symmetrical
abnormalities in the basal ganglia found in HIBCH deficiency are typical of Leigh
syndrome, which is a genetically and clinically heterogeneous entity [4,20]. In addition to
HIBCH, other inborn errors of metabolism, including pyruvate dehydrogenase complex
(PDHC) deficiency [8], biotin-thiamine basal ganglia disease [21], pyruvate carboxylase
[22,23] and SCEH deficiencies [10], mirror the radiological findings associated with Leigh
syndrome. These clinical similarities caused by multiple independent genetic etiologies
highlight the importance of comprehensive diagnostic testing, including acylcarnitine
analysis, in the clinical work-up of patients presenting with Leigh’s disease.When
biochemical investigations are negative or inconclusive, NGS gene panels that include
HIBCH or WES may be reasonable approaches.
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The enzymatic block in HIBCH deficiency causes an accumulation of 3-hydroxy-isobutyryl-
CoA. As a direct result hydroxy-C4-carnitine has been reported to be elevated in almost all
confirmed patients in whom this has been measured [3]. However, it is proposed that disease
pathogenesis and neurotoxicity is not due to the build-up of 3-hydroxy-isobutyryl-CoA, but
rather of highly reactive methacrylyl-CoA metabolites. 3-Hydroxy-isobutyryl-CoA fluxes
upward through the reversible crotonase enzyme resulting in the accumulation of
methacrylyl-CoA, a proximal metabolite in the valine catabolic pathway which is
hypothesized to react with mitochondrial enzymes containing essential cysteine residues
including PDHC and respiratory chain enzymes [1,3,10,24]. This could be a reason for the
elevated lactate and abnormal electron transport chain activity seen in some of the previously
reported patients [1,4]. A similar pathophysiology has been proposed for SCEH deficiency,
another recently described defect in valine metabolism [10].

The estimated incidence of HIBCH deficiency in the general population ranges from as high
as 1in 127,939 in East Asians to 1 in 551,545 in Europeans. This incidence is comparable to
or higher than other metabolic disorders that are currently screened for by either selective or
NBS methods. For example, glutaric aciduria type 1 has a birth prevalence of ~1 in 100,000,
propionic aciduria ~1 in 100,000 — 150,000 and beta-ketothiolase deficiency has an
estimated birth prevalence that ranges from 1 in 232,000 — <1 in a million [25-27]. Our
results suggest that HIBCH may not be as rare as previously thought supporting the need for
greater awareness of and appropriate diagnostic work-up for HIBCH deficiency.

Many NBS programs using MS/MS technology to screen for multiple disorders of amino
acid metabolism, including organic acidurias caused by defects in the valine catabolic
pathway, and already measure hydroxy-C4-carnitine [28]. This metabolite could be
increased due to the build-up of one of 2 isomers, 3-hydroxy-butyryl-carnitine or 3-hydroxy-
isobutyryl-carnitine, the former of which is used for the diagnosis of medium-/short-chain 3-
hydroxy-acyl-CoA dehydrogenase (M/SCHAD) deficiency, a rare disorder of fatty acid
oxidation [29].

Retrospective analysis of state NBS cards showed elevated hydroxy-C4-carnitine in both
siblings, indicating that this disorder could be screened for by NBS programs. The actual
values of 0.78 uM and 0.43 pM, in blood spots in filter paper measured after >10 years of
storage, likely would have been higher had they been measured in the neonatal period, as
some degradation for acylcarnitines occurs over time, even for samples preserved at —20°C
[30]. In comparison with the controls, the values in our patients were >6 SD above the mean.
C40H levels in the NBS card have only been reported for one other patient with HIBCH
deficiency whose levels were 1.2 uMol, just below the established cut-off of the NBS
program. This result led the NBS program to lower their cut-off from 1.3 to 1.0 uMol, a
level that is still higher than the levels used by most NBS laboratories (cite). Prospective
studies will have to determine if all HIBCH patients can be detected by NBS programs, with
adequate cutoffs established depending on each program’s population, [7,31]., and
potentially employing ratios and / or second tier tests.

There is no treatment currently available for HIBCH deficiency and as such this disorder
may not be a priority for NBS [32-34]. However, HIBCH deficiency could be added to the
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differential diagnosis for elevations of hydroxy-C4-carnitine as this analyte is already
measured by NBS programs using MS/MS as the primary marker for M/SCHAD deficiency,
a secondary NBS condition [33]. Current American College of Medical Genetics and
Genomics diagnostic algorithms prompts confirmatory testing for M/SCHAD in newborns
with elevated hydroxy-C4-carnitine [23,34]. Therefore we propose a simple modification to
the existing algorithm that includes HIBCH deficiency in the differential diagnosis for
elevated hydroxy-C4-carnitine (Fig. 4). Of importance, for NBS programs using
underivatized methods, hydroxy-C4-carnitine is isobaric to malonyl-carnitine (C3DC) and
subsequently indistinguishable from this metabolite. Therefore, when underivatized
methodology is used, it is necessary that follow-up for samples that screen positive for
C3DC include confirmatory testing for both elevated malonyl-carnitine and hydroxy-C4-
carnitine [35].

In summary, we report the two oldest known living patients with HIBCH deficiency with
extensive neuroradiological examinations highlighting the progression of this rare disorder
of valine catabolism. Our report stresses the importance of a thorough metabolic evaluation,
beyond mitochondrial diseases, in patients presenting with Leigh’s disease which includes
acylcarnitine analysis by a laboratory that measures and reports hydroxy-C4-carnitine. As
the elevation of this metabolite may be intermittent, a repeat testing may be indicated if the
initial test results are normal. We show that hydroxy-C4-carnitine can be elevated on NBS
cards of HIBCH deficient patients, suggesting that this disorder could be screened for by
NBS programs. In light of these findings, we propose a modified algorithm that includes
HIBCH deficiency in the differential diagnosis for newborns that screen positive with
elevated hydroxy-C4-carnitine.
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Figure 1. Novel homozygous HIBCH variant results in decreased enzymatic activity
measurements in cultured skin fibroblasts of affected siblings

(A) A four-generation familial pedigree highlighting consanguinity is positive for a
pathogenic homozygous missense variant in H/BCHNM_014362.3 ¢.196C>T in both
affected siblings (filled black symbol), with carrier parents (unfilled circle with a black dot).
SAB, spontaneous abortion. ECT, ectopic pregnancy. (B) HIBCH activity measurements in
control fibroblasts compared to affected patients. Reference range for the control population
is 5.3 — 10.5 nmol/(min.mg). Whisker plot denotes the mean (large horizontal line) and
standard deviation of the mean (small horizontal lines; n=11).

Mol Genet Metab. Author manuscript; available in PMC 2016 May 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Page 13

Figure 2. MRI over a ten year time period reveals classic findings of HIBCH deficiency. (A)
Patient 1: Initial brain MRI obtained at 2 years of age

(a) Axial T2 weighted images show high signal lesions in the globus pallidus and head of
the caudate. (b) B1000 DWI shows corresponding restricted diffusion, and (d) flair images
show patchy high signal in the periventricular white matter.

(d) Repeat MRI obtained at 6.3 years of age shows improved high signal abnormality in the
globus pallidus with associated atrophy on T2 weighted images. (e) The abnormal signals in
B1000 DWI have now normalized and (f) the patchy high signal in flair throughout the
white matter persists; there is now generalized atrophy. (g-h) Most recent MRI obtained at
12 years of age shows residual cystic changes in the globus pallidus on T2 and T1, with
overall basal ganglia atrophy and resolution of the caudate signal abnormalities. (i) Flair
images demonstrate persistent white matter signal changes and increased atrophy.

(B) Patient 2: (j) Initial brain MRI performed at 1.6 years of age demonstrates swelling of
the globus pallidus bilaterally with diffuse abnormal high signal in T2. (k) B1000 DWI
shows corresponding restricted diffusion and (I) flair images show generalized atrophy with
bilateral patchy high signal throughout the deep white matter. (m) At 3.6 years of age T2
images show interval development of cystic changes in the globus pallidus with atrophy. (n)
The abnormal signals in B1000 DWI have now normalized and (o) flair sequence again
shows generalized atrophy and deep white matter hyperintensities.

(p) At 11 years of age, T2 images show stable cystic changes in the globus pallidus and (q) a
small high signal intensity lesion in the left cerebral peduncle. (r) Flair images show
improved patchy white matter hyperintensities.
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Figure 3. Retrospective acylcarnitine analysis of patient’s NBS cards reveals elevated hydroxy-

C4-carnitine

Acylcarnitine mass spectra from NBS cards of (A) patient 1 and (B) patient 2 with elevated
mass 304 (arrow), hydroxy-C4-carnitine. Deuterated-C5-carnitine was used as quantitative
internal standard (asterisk). (C) Mass spectrum from a normal control with very low levels
of mass 304 detected.
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Figure 4. Proposed algorithm for laboratory follow-up of neonates with isolated elevations of
hydroxy-C4-carnitine in NBS

Elevated hydroxy-C4-carnitine prompts confirmatory testing to rule out M/SCHAD
deficiency (solid bars) and could include HIBCH deficiency in the differential diagnosis
(dashed bars). AC, acylcarnitines; OA, organic acids; NI, normal; OH-DC, hydroxy-
dicarboxylic; C40H, hydroxy-C4-carnitine; HIBCH, 3-hydroxy-isobutyryl-CoA hydrolase;
M/SCHAD, medium-/short-chain hydroxy-acyl-CoA hydratase deficiency.
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Table 1

Estimates of HIBCH deficiency incidence

Population  Num. Chroms  Num. Carriers Incide’r\]ce (Lin
European 67 710 87 551 545
Finnish 6748 14 200 787
African 10 584 20 241744
American 11608 20 331922
East Asian 8766 22 148 019
South Asian 16 628 46 127 939
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