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Abstract Beta-ketothiolase (mitochondrial acetoacetyl-
CoA thiolase) deficiency is a genetic disorder characterized
by impaired isoleucine catabolism and ketone body utiliza-
tion that predisposes to episodic ketoacidosis. It results
from biallelic pathogenic variants in the ACAT1 gene,
encoding mitochondrial beta-ketothiolase. We report two
cases of beta-ketothiolase deficiency presenting with acute
ketoacidosis and “metabolic stroke.” The first patient
presented at 28 months of age with metabolic acidosis
and pallidal stroke in the setting of a febrile gastrointestinal
illness. Although 2-methyl-3-hydroxybutyric acid and trace
quantities of tiglylglycine were present in urine, a diagnosis
of glutaric acidemia type I was initially suspected due to the

presence of glutaric and 3-hydroxyglutaric acids. A
diagnosis of beta-ketothiolase deficiency was ultimately
made through whole exome sequencing which revealed
compound heterozygous variants in ACAT1. Fibroblast
studies for beta-ketothiolase enzyme activity were confir-
matory. The second patient presented at 6 months of age
with ketoacidosis, and was found to have elevations of
urinary 2-methyl-3-hydroxybutyric acid, 2-methylacetoace-
tic acid, and tiglylglycine. Sequencing of ACAT1 demon-
strated compound heterozygous presumed causative
variants. The patient exhibited choreoathethosis 2 months
after the acute metabolic decompensation. These cases
highlight that, similar to a number of other organic
acidemias and mitochondrial disorders, beta-ketothiolase
deficiency can present with metabolic stroke. They also
illustrate the variability in clinical presentation, imaging,
and biochemical evaluation that make screening for and
diagnosis of this rare disorder challenging, and further
demonstrate the value of whole exome sequencing in the
diagnosis of metabolic disorders.
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Introduction

Beta-ketothiolase deficiency is a rare disorder of ketone
body and isoleucine metabolism (Fig. 1). This disorder was
first reported in a patient with recurrent metabolic acidosis
(Daum et al. 1971). Another early report of a patient with
“ketotic hyperglycinemia syndrome” identified a defect in
the reaction converting 2-methylacetoacetyl-CoA to pro-
pionyl-CoA and acetyl-CoA with increased amounts of 2-
methyl-3-hydroxybutyric acid, 2-methylacetoacetic acid,
and butanone excreted in urine (Hillman and Keating
1974). Beta-ketothiolase has since been identified as the
only enzyme able to convert 2-methylacetoacetyl-CoA to
propionyl-CoA and acetyl-CoA (Middleton and Bartlett
1983). The beta-ketothiolase enzyme is encoded by ACAT1,
and the disorder follows autosomal recessive inheritance.

Patients with beta-ketothiolase deficiency typically pres-
ent in early childhood with acute and recurrent ketoacidosis
following an illness (Korman 2006). They are typically
asymptomatic between episodes of metabolic decompensa-
tion (Fukao et al. 2014), which generally decrease in
frequency with age. Similar to a number of other organic
acidemias and mitochondrial disorders, beta-ketothiolase
deficiency can present with metabolic stroke and associated
neurological sequelae (Ozand et al. 1994; Buhas et al.
2013; O’Neill et al. 2014; Yalcinkaya et al. 2001; Shiasi
Arani and Soltani 2014; Akella et al. 2014). Acute
treatment of ketoacidosis in this disorder typically consists
of a high dextrose intravenous (IV) infusion, correction of
the metabolic acidosis with bicarbonate, and carnitine
supplementation if deficient. Chronic management involves

avoiding prolonged periods of fasting and potential dietary
modifications including mild protein restriction and carni-
tine supplementation, if deficient.

We present two patients with beta-ketothiolase defi-
ciency both presenting with ketoacidosis and acute neuro-
logical events. Neither case was detected on routine
newborn screening. These cases highlight variability in
the clinical presentation, imaging, and biochemical evalua-
tion that make screening for and diagnosis of this disorder
challenging.

Materials and Methods

Patient One

A 28-month-old girl presented with a decreased level of
consciousness, hypoglycemia, and profound metabolic
acidosis in the setting of an infectious gastrointestinal
illness with 2 days of emesis and decreased oral intake. On
the day of admission, she was found unresponsive by her
parents. Initial blood glucose was 42 mg/dL (reference
interval: 40–100). Venous blood gas was notable for pH of
6.87 (reference interval: 7.35–7.45), pCO2 of 23 mmHg
(reference interval: 35–45), and measured bicarbonate of
less than 5 mmol/L (reference interval: 20–33). Urine
ketones were estimated to be greater than 80 mg/dL by
dipstick. She was intubated and administered IV boluses of
dextrose, normal saline, and sodium bicarbonate and was
admitted to the intensive care unit. Brain magnetic
resonance imaging (MRI) showed bilateral T2 hyperinten-
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Fig. 1 Beta-ketothiolase deficiency. The location of the metabolic defect is indicated by the solid bar
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sity and reduced diffusivity in the globus pallidi and
substantia nigra (Fig. 2).

Prior to this admission, the child had been healthy and
developing normally. She had a history of preterm birth at
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Fig. 2 MRI for patient 1 (a–c) and patient 2 (d–i). Patient 1, images
obtained at 2 years of age: (a) Axial T2-weighted MR demonstrates
T2 hyperintensity of bilateral globus pallidi. (b, c) Diffusion-weighted
imaging (DWI) demonstrates bilaterally restricted diffusion in globus
pallidi and substantia nigra (arrows). Patient 2, images obtained at 14
months of age: (d–f) Axial T2-weighted MRI demonstrates T2

hyperintensity of bilateral putamina, and to a lesser degree globus
pallidi (arrows). (g) Diffusion-weighted imaging (DWI) and (h, i)
apparent diffusion coefficient (ADC) sequences demonstrate that
regions of signal change in putamina and globus pallidi lack restricted
diffusion
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32 weeks gestational age. Two newborn screening (NBS)
specimens had been collected from the infant on day of life
(DOL) 3 and 13 and both were reported as normal (Table 1).

The metabolism service was consulted and recommen-
ded IV 10% dextrose with half-normal sodium acetate and
sodium bicarbonate boluses. Based on an initial suspicon
for an organic acidemia, she was empirically treated with
intramuscular cyanocobalamin and enteral levocarnitine
and riboflavin.

Initial qualitative assessment of urine organic acids was
notable for marked ketosis, with large peaks of 3-
hydroxybutyric and acetoacetic acids predominating. There
was also a medium-chain dicarboxylic aciduria, with
significant quantities of adipic acid together with smaller
amounts of suberic, sebacic, and 3-hydroxysebacic acids in
a pattern consistent with physiologic ketosis. Also notable
were the presence of significant quantities of 2-methyl-3-
hydroxbutyric and glutaric acids, together with trace
quantities of both tiglylglycine and 3-hydroxyglutaric acid.
Plasma acylcarnitine analysis demonstrated increases
in acetylcarnitine (C2) and 3-hydroxybutyrylcarnitine

(C4OH), a pattern consistent with physiologic ketosis.
Notably, concentrations of 2-methyl-3-hydroxybutyrylcar-
nitine (C5OH) and tiglylcarnitine (C5:1) were within the
reference intervals. Plasma free carnitine was mildly
decreased (22.4 mmol/L; reference interval: 26–60) with a
free/total carnitine ratio of 0.31% (reference interval:
0.50–0.90). Plasma amino acid analysis produced a pattern
suggestive of an acute catabolic state, with moderate
increases in the branched chain amino acids. A plasma
glutaric acid level, collected on the day of admission, was
elevated at 1,088 ng/mL (reference interval: <250). Plasma
3-hydroxyglutaric acid was also elevated at 198 ng/mL
(reference interval: <65). Cerebrospinal fluid (CSF) gluta-
ric acid was normal at 98 ng/mL (reference interval: <250)
with increased CSF 3-hydroxyglutaric acid at 121 ng/mL
(reference interval: <65). Based on these results, a
presumptive diagnosis of glutaric acidemia type I (GA I)
was made.

The patient’s metabolic acidosis and ketosis improved
over the first hospital day on high-dextrose containing
fluids, though recurred during an interruption in her IV

Table 1 Concentration of acylcarnitines and ratios relevant for profiling beta-ketothiolase in the newborn screening specimens from patient 1

Relevant
acylcarnitines/
ratios

Specimen 1–DOL 3 Specimen 2–DOL 13
MA

CLR tools

Original Retest Original Retest

cut-
off

99th
%ile of
normal

1st
%ile
of
BKT

5th
%ile
of
BKT

Target cut-
offsValue

Z-
score Value

Z-
score Value

Z-
score Value

Z-
score

C5:1 0.04 3.34 0.05 3.98 0.05 3.98 0.04 3.34 0.08 0.06 0.07 0.15 0.06–0.15

C5OH 0.18 1.44 0.16 1.09 0.14 0.7 0.18 1.44 0.8 0.36 0.49 0.65 0.36–0.82

C4OH – – 0.1 �0.48 – – 0.1 �0.48 0.75 0.47 0.58 0.6 0.47–0.81

C0 29.41 0.74 55.52 2.59 26.01 0.38 28.27 0.63 – 50.55 9.3 11.19 –

C5 0.37 2.5 0.27 1.52 0.33 2.14 0.38 2.58 – 0.38 0.1 0.13 –

C8 0.06 �1.21 0.05 �1.86 0.1 0.61 0.09 0.24 – 0.17 0.03 0.04 –

C16 1.88 �1.44 1.72 �1.7 0.74 �4.18 0.63 �4.65 – 5.73 1.13 1.32 –

C5OH � C5:1 0.007 3.08 0.008 3.28 0.007 3.08 0.007 3.08 0.02 – – – –

C5 � C5:1/
C5OH

0.082 2.83 0.084 2.88 0.118 3.52 0.084 2.88 0.05 – – – –

C5OH/C8 2.74 1.77 3.16 2.12 1.40 0.22 2.00 1.01 10 7.81 3.68 4.95 7.81–10

C5OH/C0 0.006 – 0.002 – 0.005 – 0.006 – – 0.02 0.02 0.02 0.018–0.026

C4OH/C16 – – 0.06 – – – 0.16 – – 0.13 0.27 0.28 0.13–0.28

BKT beta-ketothiolase deficiency. Concentrations and values shown are those reported originally and after retesting after diagnosis (at time of
retest additional markers including C4OH were also being analyzed for routine screening). Values for the 99th percentile of the normal population,
and the 1st & 5th percentiles in confirmed BKT cases, and recommended cut-offs for the relevant markers and ratios in the CLIR-R4S database
are shown [http://www.clir-r4s.org/; accessed 05/22/2017]. C5:1, C5OH and C4OH are expected to be high in BKT. C0, C5, C8, and C16 are
utilized for calculating ratios and scores to risks of BKT by the NBS Analytical Tools in the CLIR-R4S databases and by the New England
Newborn Screening Program (NENSP). C5OH � C5:1, [C5 � C5:1/C5OH] and C5OH/C8 are utilized by NENSP for evaluating BKT profiles/
risk of disorder. C5OH/C8, C5OH/C0 and C4OH/C16 are required by calculating a score/risk of disorder by the CLIR-R4S in the current BKT
Post-Analytic Tool [BKT 009 2012-01-08 Single-D]. The score for patient 1 calculated using the BKT Post-Analytic Tool was “0” in both
specimens with the interpretation “Score Profile is not informative for BKT”
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fluids and enteral nutrition. Repeat plasma and urine
glutaric acid and 3-hydroxyglutaric acid levels obtained
during the hospitalization were normal.

Clinically, her level of consciousness improved and she
was extubated on hospital day four. She was noted to have
generalized athetosis and dystonia, particularly affecting her
left leg. She was started on baclofen, trihexyphenidyl,
gabapentin, melatonin, and clonazepam. Due to the
suspicion for (GA I), a diet low in tryptophan and lysine
was initiated.

Enzyme analysis of glutaryl-CoA dehydrogenase was
performed in cultured skin fibroblasts and was normal.
Sequencing of GCDH for GA I was negative. Additionally,
mitochondrial genome screening and sequencing of
SURF1, SCO2, and COX10 to evaluate for mitochondrial
disorders were unremarkable. She was transitioned back to
a regular diet and riboflavin and levocarnitine supplements
were discontinued. A follow-up urine collected approxi-
mately 1 week later was essentially normal, with only trace
levels of 2-methyl-3-hydroxybutyric and 3-hydroxybutyric
acids and the medium-chain dicarboxylic acids noted.
During subsequent hospital presentations for fever and
emesis, she was found to have normal or mildly elevated
plasma and urine glutaric and 3-hydroxyglutaric acids, and
qualitative urine organic acid profiles that were either
normal or consistent with ketosis with trace levels of 2-
methyl-3-hydroxybutyric acid.

Her dystonia gradually improved and she was ultimately
weaned off baclofen, gabapentin, trihexyphenidyl, clonaze-
pam, and melatonin. At present, she is developmentally
normal with spasticity of the lower extremities and
occasional dyskinesia of the upper extremities.

Patient 2

A 6-month-old male infant was seen by his pediatrician in
the setting of 2 days of nasal congestion and otitis media.
The following day, he presented to the emergency depart-
ment with lethargy and Kussmaul respirations and was
found to have severe ketoacidosis, with a blood gas notable
for a pH of 7.07, calculated bicarbonate of 3 mmol/L, and
base excess �27. Urinalysis showed 4+ ketones by
dipstick. He was given an IV fluid bolus and admitted to
the intensive care unit.

Prior to this presentation, the patient had been develop-
ing normally. At 3 months of age, he had a focal seizure of
unclear etiology. Electroencephalogram, head CT, and brain
MRI prior to his metabolic decompensation were normal.

Infectious studies returned positive for adenovirus. Urine
organic acids showed marked excretion of 3-hydroxybuty-

ric acid, acetoacetic acid, lactic acid, 2-methyl-3-hydrox-
ybutyric acid and 2-methylacetoacetic acid, and trace
excretion of tiglylglycine. A plasma acylcarnitine profile
revealed elevated C2 and markedly elevated C4OH with
normal C5OH and C5:1. Plasma-free carnitine was
decreased at 15 mmol/L and total carnitine was normal.
Plasma amino acids and urine acylglycines were unremark-
able.

He was administered IV levocarnitine while inpatient,
and switched to oral levocarnitine for home. He also
received high-dextrose IV fluids containing sodium bicar-
bonate. His severe ketoacidosis persisted for 24 h and then
slowly improved, normalizing on the third hospital day.

At a follow-up visit 2 months after his hospitalization, it
was noted that the patient had not attained any further
developmental milestones. Three months after his hospital-
ization, at 8 months of age, he was found to have near
continuous choreoathetoid movements of his extremities.
Brain MRI at 14 months of age demonstrated interval
development of increased T2 signal of the bilateral lenti-
form nuclei, as well as scattered foci of increased T2 signal
in the periventricular and subcortical white matter (Fig. 2).

The patient has not since presented with any episodes of
ketoacidosis. He continues to receive physical, occupa-
tional, and speech therapy and his oral intake remains poor.
Clonazepam was tried, but appeared to decrease his appetite
even more and did not improve his movement disorder.

Whole Exome Sequencing (Patient 1)

Total genomic DNA was extracted from peripheral blood
mononuclear cells using QIAmp DNA Mini Kit (Qiagen).
DNA from the proband and both biological parents was
sent for whole exome sequencing (WES). WES was
provided by the Yale University Center for Mendelian
Genomics on an Illumina HiSeq 2000 instrument with
blood samples pooled 6 per lane. Libraries (TruSeq DNA
v2 Sample Preparation kit; Illumina, San Diego, CA) and
whole exome capture (EZ Exome 2.0, Roche) were
performed according to manufacturer protocols. FASTQs
were filtered, aligned, and variants were filtered and
annotated by Codified Genomics (proprietary algorithm,
Houston, TX). Sanger confirmation of the candidate variant
was performed at the Boston Children’s Hospital Manton
Center Gene Discovery Core. Likely pathogenic variants
were selected to include nonsynonymous, splice site, and
indel variants with an allele frequency <1% in the NHLBI
exome variant server database (http://evs.gs.washington.
edu/EVS/) or 1000 genomes project (http://www.1000ge-
nomes.org) and were evaluated in the ExAC database
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(http://www.exac.broadinstitute.org). The pathogenicity of
the variants was evaluated in silico using Polyphen-2, SIFT,
and MutationTaster.

ACAT1 Gene Sequencing (Patient 2)

ACAT1 was clinically sequenced using standard PCR and
sequencing methods.

Beta-Ketothiolase Enzyme Activity Measurement
(Patient 1)

Beta-ketothiolase enzyme activity was measured in a
fibroblast homogenate prepared in phosphate buffered
saline by sonication. 2-Methylacetoacetyl-CoA was used
as substrate in the reaction in the presence of CoA. After
termination of the reaction, substrate and product (pro-
pionyl-CoA) were separated by ultra-high pressure liquid
chromatography.

Results

Patient 1

WES revealed 470 variants that satisfied the frequency
filtration criteria. Of these, 26 were either de novo
dominant or recessive (homozygous or compound hetero-
zygous in trans). Genes overlapping those variants were
further evaluated for human disease or animal models
consistent with the phenotype and only one gene, ACAT1,
fulfilled the criteria. A splicing variant, c.1006-1G>C, was
maternally inherited while a missense variant, c.1160T>C,
p.Ile387Thr, was paternally inherited. The splicing variant
has been previously reported as pathogenic (Fukao et al.
1992a) and is not seen in ExAC database (Lek 2016). The
missense variant c.1160T>C occurs at a highly conserved
position, is seen in only four individuals in ExAC, all
heterozygous (mean allele frequency or MAF <0.003%),
and is predicted to be pathogenic by several in silico
methods including Polyphen-2, SIFT, and MutationTaster.

Analysis of beta-ketothiolase activity in cultured skin
fibroblasts from patient 1 confirmed the diagnosis, as the
enzyme activity was markedly reduced to below the limit of
quantitation of the assay at <1 nmol/(min.mg of protein)
[reference interval: 23–74 nmol/(min.mg of protein)].

Patient 2

ACAT1 sequencing revealed bi-allelic mutations, one of
which, c.1006-2A>C, has been previously reported as
pathogenic (Fukao et al. 1992b) and is seen in only four
individuals in ExAC, all heterozygous (MAF <0.003%).

The other, c.299G>A, p.Gly100Glu, is not previously
reported but occurs at a highly conserved position, is
predicted to be pathogenic by SIFT, Polyphen-2 and
MutationTaster, and is not seen in ExAC.

Discussion

Beta-ketothiolase deficiency is an autosomal recessive
disorder impairing isoleucine catabolism and ketone body
utilization that predisposes to episodic ketoacidosis (Fig. 1).
We present two patients with beta-ketothiolase deficiency
manifesting with ketoacidosis and neurological injury. The
diagnosis in the first patient was not suspected clinically,
and in fact biochemical evaluation misdirected the work-up
towards GA I, despite the presence of 2-methyl-3-hydrox-
ybutyric acid and trace quantities of tiglylglycine on initial
qualitative urine organic acid analysis (although these
metabolites were absent from subsequent urine organic
acid analyses). “Hypothesis-free” testing with WES was
required to make the diagnosis, confirmed by enzyme
analysis. The second case showed the classic metabolic
profile of beta-ketothiolase deficiency, directing clinicians
to the appropriate diagnosis. The dichotomy of these cases
serves to highlight the challenges in the biochemical
diagnosis of beta-ketothiolase deficiency. The classic
metabolic perturbations seen in this disorder, namely
elevations of 2-methyl-3-hydroxybutyric acid, 2-methyla-
cetoacetic acid, and tiglylglycine in urine, with C5OH and
C5:1 in plasma, may not all be present. This is even more
problematic in patients with residual enzyme activity, and
during periods of clinical stability (Fukao et al. 2003, 2012;
Sarafoglou et al. 2011). In particular, 2-methylacetoacetic
acid is unstable and can be difficult to detect with routinely
used methods for organic acid analysis (Korman 2006;
Catanzano et al. 2010).

Patient 1 was initially suspected to have GA I based on
elevations of glutaric acid and 3-hydroxyglutaric acid in
urine and 3-hydroxyglutaric acid in CSF during her initial
presentation. Both enzymatic and genetic testing for this
disorder were entirely normal, arguing against even a
carrier state. The explanation for these transient elevations
is not clear, but could relate to a generalized mitochondrial
dysfunction in the context of her severe metabolic
decompensation. It is also worth noting that metabolic
stroke in GA I typically involves the striatum, which was
entirely spared in our first patient.

Neither case was detected through NBS, which has been
previously observed in this disorder (Sarafoglou et al. 2011;
Estrella et al. 2014). Rather, both patients were diagnosed
after an acute decompensation had already occurred, high-
lighting the need for improved early diagnosis. Beta-
ketothiolase deficiency is diagnosed in many NBS pro-
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grams through demonstration of increased C5OH and C5:1
levels on a dried blood spot specimen. However, the
concentrations of these markers may be normal in affected
patients. While the incidence of this disorder has been
reported at approximately 1 in 1,000,000, this is widely
considered to be an underestimate, and significantly more
cases are likely to be detected through expanded NBS
programs in the United States. Data from two NBS programs
suggest an incidence closer to 1 in 200,000–300,000
(Sarafoglou et al. 2011; Frazier et al. 2006; Abdelkreem
et al. 2016). The NBS results for patient 1 were scrutinized
closely when she presented clinically, and it was noted that
the concentration of C5:1 in the two specimens was in the
high normal range in both at 0.04 and 0.05 (reference range
<0.08), which at the time was attributed to her prematurity.
The concentration of C5OH was normal. C4OH, now
routinely analyzed and utilized to evaluate the metabolic
profile for beta-ketothiolase deficiency, was not part of
the analyses when this infant was originally screened.
The original screening specimens were retrieved after the
diagnosis of beta-ketothiolase deficiency was confirmed and
reanalyzed to evaluate these additional markers (Table 1).
Although C5:1 was in high range of normal, the metabolic
profile was not suggestive of beta-ketothiolase deficiency.
The results were also compared and scored using the Post
Analytic Interpretative Tools of the CLIR-R4S collaborative
database (Marquardt et al. 2012). The score for patient 1 was
“0” in both specimens with the interpretation “Score Profile
is not informative for BKT.” Notably, the C5:1 concentration
in both specimens was below the 1st percentile of C5:1
concentration in confirmed beta-ketothiolase deficiency cases
in the database.

Both of the patients that we present developed metabolic
stroke, one affecting the globus pallidi and the other the
striatum. This variability in the location of metabolic stroke
associated with beta-ketothiolase deficiency is consistent
with what has been previously described in the literature
(Table 2) and is unique amongst organic acidemias since
metabolic stroke in these disorders typically shows a
striking selective vulnerability for specific structures.
Interestingly, patients with 2-methyl-3-hydroxybutyrate
dehydrogenase deficiency (HSD10 disease), another disor-
der of isoleucine metabolism in which elevated 2-methyl 3-
hydroxybutyric acid and tiglylglycine are observed, but not
2-methylacetoacetic acid, can present with metabolic stroke
affecting the basal ganglia in addition to other abnormalities
seen on neuroimaging such as cortical atrophy (Cazorla
et al. 2007; Zschocke 2012). The explanation for this
variability in metabolic stroke pattern could potentially
relate to factors such as central nervous system maturity,

modifier genes, or relative accumulation of toxic metabo-
lites. This certainly poses a barrier to MRI pattern
recognition of metabolic stroke in this disorder.

In conclusion, we present two individuals with beta-
ketothiolase deficiency, illustrating the wide variability in
clinical presentation, imaging, and biochemical studies that
make diagnosis challenging. The first patient also high-
lights the utility of WES in the diagnosis of rare inborn
errors of metabolism, particularly when biochemical evalu-
ation is non-contributory or incongruent with the clinical
picture. A high index of clinical suspicion in the infant or
young child presenting with severe ketoacidosis is required
for prompt diagnosis and potentially life-saving medical
management.

Synopsis

Beta-ketothiolase deficiency, causing episodic, severe
ketoacidosis, can present with metabolic stroke and may
be difficult to diagnose biochemically.
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