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Betaketothiloase deficiency: Phenotype, 
genotype and outcome of 48 Vietnamese patients
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Abstract

Beta-ketothiolase (T2) deficiency is an inherited disease of isoleucine and ketone 
body metabolism caused by mutations in the ACAT1 gene. Between 2005 and 2016, 48 
patients with T2 deficiency were identified by a medical center in Northern Vietnam with 
an estimated incidence of 1/190,000 newborns. Most patients manifested ketoacidotic 
episodes of variable severity between 6 and 18 months of age. Unusually, 28% of patients 
demonstrated hyperglycemia (up to 23.3 mmol/l). Ketoacidotic episodes recurred in 43% of 
patients. The ultimate outcome was generally favorable except for seven cases - five died and 
two had neurological sequela. Two null mutations, c.622C>T (p.Arg208*) and c.1006-1G>C 
(p.Val336fs), accounted for 66% and 19% of all identified ACAT1 mutant alleles, respectively. 
Therefore, most patients had typical biochemical abnormalities, and a prospective newborn 
screening program may have a high yield in Vietnam. The age at onset, frequency of episodes, 
or genotype did not affect patients’ outcome. Rather, proper acute and precautionary 
managements were critical for a favorable prognosis. The direct management and long-term 
follow-up of a large number of T2-deficient patients enabled us to study the natural history 
of this rare disease. Beta-ketothiolase deficiency has a likely high incidence in Vietnam where 
c.622C>T mutation. This disease demonstrates variable clinical phenotypes even when 
patients share a common genotype, ancestry, and living condition. Most patients could have 
a favorable outcome with early diagnosis and proper management. A prospective newborn 
screening program may have a high yield in Vietnam. 
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1. Introduction

Beta-ketothiolase deficiency, synonymously 
termed mitochondrial acetoacetyl - CoA thiolase 
(T2) (EC 2.3.1.9) deficiency (Online Mendelian 
Inheritance in Man [OMIM] 203750, 607809), is an 
inherited disease of isoleucine and ketone body 
metabolism caused by mutations in the ACAT1 
gene (Fukao et al 2014; Hori et al 2015). Since 
the first report of T2 deficiency by Daum et al., in 
1971, more than 100 patients with this disorder 
have been identified worldwide with no ethnic 
predisposition (Abdelkreem et al 2016; Daum 
et al 1971). T2 deficiency is clinically marked by 
intermittent ketoacidotic episodes of variable 
severity; no symptoms exist during stable 
conditions except for possible consequences 
of a prior episode. The characteristic laboratory 
findings include a significant ketonuria and 
increased urinary excretion of isoleucine catabolic 
intermediates - 2 - methyl - 3 - hydroxybutyrate 
(2M3HB), 2 - methylacetoacetate (2MAA), and 
tiglylglycine (TIG) (Fukao et al 2014). Blood 
acylcarnitine analysis commonly reveals an 
elevated levels of tiglylcarnitine (C5:1) and 
2 - methyl - 3 - hydroxybutyryl - carnitine (C5 
- OH). However, certain atypical clinical and/
or laboratory manifestations have also been 
reported (Abdelkreem et al 2016). 

Current knowledge about T2 deficiency has 
mainly been derived from published individual 
case reports; only few studies described features 
of grouped patients together. The largest two 
studies depended on either reviewing of literature 
(Søvik 1993) or questionnaire to supervising 
physicians (Fukao et al 2001). During the period 
from 2005 up to now (2016), we have diagnosed 
48 Vietnamese patients with T2 deficiency. This 
may be the highest ever reported number of 
patients from a single country or ethnic group.

In this work, we report on clinical phenotypes, 
biochemical and molecular characteristics, and 
outcomes of 48 Vietnamese patients with T2 
deficiency. The direct management and long 
- term follow - up of a large number of patients 
enabled us to study the natural history of this 
rare disease. 

2. Subjects, materials, and methods 

2.1. Subjects
The study included 48 patients with T2 

deficiency identified at Vietnam National 
Children’s Hospital (Hanoi) during the period 
between 2005 and 2017. Eight patients were 
previously reported (Fukao et al 2010). The 
study was approved by the Ethical Committee of 
Vietnam National Children’s Hospital. Informed 
consents were obtained from all participants or 
their parents for being included in the study.

Patients’ information was retrospectively 
collected from medical records at Vietnam 
National Children’s Hospital. This included 
clinical and demographic data reported by 
physicians on initial presentation and on 
each follow-up visit (every 6-12 months). An 
assessment and evaluation of patients’ growth 
and development were conducted using the 
WHO growth charts (2006 release) (http://www.
cdc.gov/growthcharts/who_charts.htm) and the 
Denver II test (http://denverii.com), respectively. 
Routine laboratory investigations, including 
blood counts, gases, electrolytes, glucose, and 
ammonia, and urinary ketones were performed 
according to standard methods. Brain imaging 
was obtained when clinically indicated. Urinary 
organic acid and blood acylcarnitine analyses 
for 37 patients were carried out at Shimane 
University (Izumo, Japan) using dried urine 
and blood samples absorbed on filter papers, 
as described before (Fu et al 2000). Fresh urine 
samples from fourteen patients were analyzed 
for organic acids at Vietnam National Children’s 
Hospital according to standard methods. 

2.2. Genotyping
Thirty two patients from 27 different families 

were screened for ACAT1 mutations in Gifu 
University (Gifu, Japan)  using DNA samples 
purified from patients’ blood as previously 
described (Fukao et al 2010). The identified 
mutations are described according to the latest 
HGVS recommendations-ver.15.11 (http://
varnomen.hgvs.org/) (den Dunnen et al 2016) 
using genomic ACAT1 sequence (GenBank 
accession NG_009888.1) as a reference.
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3. Results
Table 1. Summary of demographic, clinical, and laboratory findings of 

48 Vietnamese patients with beta-ketothiolase deficiency.

Findings No. of patients

Demographic             
             Male/female 
             Positive consanguinity
             Positive family history
             Kinh ethnicity                                  

25/23
0/48 

19/48   (39%)
48/48   (100%)

Clinical (1st episodes)* 
             Fever
             Vomiting
             Diarrhea
             Cough/sneezing
             Tachypnea
             Dehydration         
             Unconsciousness
             Convulsions
             Shock

43/46   (93%)
42/46   (91%)
23/46   (50%)
18/46   (39%)

46/46   (100%)
45/46   (98 %)
46/46   (100%)

6/46    (13%)
7/46   (15%)

Laboratory (1st episodes)*

             Metabolic acidosis
             Ketonuria
             Hyperglycemia
             Hypoglycemia
             Hyperammonemia       
             Brain imaging abnormalities            

46/46   (100%)
46/46   (100%)
13/46   (28%)

4/46    (9%)
7/31    (23%)
5/35    (14%)

* Two out of three patients diagnosed by screening have remained asymptomatic to date; 46/48 
patients manifested ketoacidotic episodes. 

Figure 1. Age of onset
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Figure 2. Distribution of T2 mutations

Figure 3. Follow-up and outcome
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Demographic data

Patients were born between 2002 and 2017 
without a marked sex difference. Most patients 
(41) reside in Northern Vietnam; accordingly, the 
estimated incidence of T2 deficiency could be 
1/190,000 newborns in this area. All patients are 
of Kinh heritage, which is the major Vietnamese 
ethnic group (86% of population). They relate to 
40 different Vietnamese families; eight are sib 
pairs. A history of unexplained siblings’ deaths 
was obtained in two unrelated families. 

Clinical data of first ketoacidotic episodes

Three out of 48 patients were diagnosed 
through screening of patients’ siblings; two of 
them have been asymptomatic to date. The 
age at onset of first ketoacidotic episodes was 
between 6 and 18 months in 39 out of the 46 
symptomatic patients (Figure 1). Ketoacidotic 
episodes were associated with an antecedent 
disease, commonly gastroenteritis and/or 
respiratory infections, in 45 out of 46 patients; 
excessive protein intake on the preceding day of 
episode was reported for one case. The clinical 
status on admission was generally severe. Almost 
all patients were dehydrated and suffered 
from major central nervous system (CNS) 
manifestations (unconsciousness, convulsions); 
shock was evident in 15% of patients (Table 1). 

Laboratory data of first ketoacidotic episodes

A severe metabolic acidosis with high 
anion gap (pH 6.8-7.26; HCO3 1-10.7 mmol/l; 
base deficit 17-30 mmol/l) and ketonuria were 
detected during acute ketoacidotic episodes. 
The blood glucose was normal in 29 cases, 
whereas 13 and four cases had hyperglycemia 
(>7.8 mmol/l) and hypoglycemia (<2.5 mmol/l), 
respectively. A mild hyperammonemia (>170 
μmol/l) was present in eight cases. Patients had 
no significant electrolyte disturbances except for 
four cases who experienced hypokalemia. Brain 

imaging abnormalities affecting basal ganglia 
and/or cerebral cortex were identified in five out 
of 35 cases underwent brain imaging. Of these 
four patients, one died acutely during his second 
episode, and the other three developed clinically 
apparent neurodevelopmental impairments. 

Except for only one case, all patients 
who underwent urinary organic acid and/
or acylcarnitine analyses showed typical 
abnormalities; an increased 2MAA was only 
detected using fresh urine samples. Eight ACAT1 
mutations were identified in 32 patients from 
27 different families. c.622C>T (p.Arg208*) 
was the most common, representing 66% of 
all mutant alleles, followed by c.1006-1G>C 
(p.Val336fs), which accounted for 19% (Figure 2). 
Details of patients’ mutations are also provided 
(supplementary material 4).  

Management

Acute management for ketoacidotic episodes 
and long-term precautionary measures were 
implemented as described before (Hori et al 
2015). Most patients required intensive care 
management during acute episodes; mechanical 
ventilation and hemodialysis were required for 
20 and  six out of the 46 symptomatic patients, 
respectively. 

Follow-up and outcome

Figure 3 outlines patients’ ketoacidotic 
episodic events and outcomes during study 
duration. Only 22 out of 40 patients had recurrent 
ketoacidotic episodes (recurrent episodes: n=25, 
range 1-5 times). Six cases died: three at their 
1st episodes, two at their 2nd episodes, and one 
due to neurological consequences following 
the 1st episode. Patients’ growth parameters 
were appropriate to age, whereas two cases had 
significant neurodevelopmental impairments. 
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4. Discussion

T2 deficiency had been estimated to 
have an incidence of less than one per one 
million newborns. The ongoing recognition 
of increasing number of cases, particularly 
with the expanded newborn screening (NBS) 
programs, has revealed a higher prevalence in 
some areas, such as 1/313,000 in North Carolina, 
Australia (Frazier et al 2006) and 1/232,000 in 
Minnesota, USA (Sarafoglou et al 2011). Based 
on this study, the estimated incidence of T2 
deficiency could be 1/190,000 newborns in 
Northern Vietnam. The actual figure might be 
higher because undiagnosed asymptomatic, 
mildly symptomatic, or dead cases might exist 
(Abdelkreem et al 2016). As most patients’ families 
were nonconsanguineous, this also supports a 
hypothesis of higher incidence. It seems that an 
NBS program is highly demanding in Vietnam.

Like antecedent studies, the age at onset of 
ketoacidotic episodes in Vietnamese T2-deficient 
patients commonly ranged between 6 and 18 
months of age (Fukao et al 2001, Søvik 1993). 
As mitochondrial medium-chain 3-ketoacyl-CoA 
thiolase (T1) can partially compensate for T2 
deficiency in ketone body utilization, ketogenic 
triggers, such as prolonged fasting, infections, 
protein-rich food, may be required to overwhelm 
this compensation and precipitate a full-blown 
ketoacidosis (Fukao et al 2014). These ketogenic 
triggers are less likely in the first 3-6 months after 
birth because of frequent feeding, protective 
maternally acquired immunoglobulins, and 
relatively lower protein content of breast and 
ordinary milk formulas.  On the other hand, older 
children develop ketosis slower than younger 
children (Bonnefont et al 1990)　given the 
decrease of energy demands relative to body 
weights coupled with the increase in muscle 
mass that provides a protein reservoir for 

gluconeogenesis (Fukao et al 2014). Accordingly, 
ketoacidotic episodes rarely manifest in patients 
with T2-deficiency during early infancy or 
after early childhood. In contrast, the frequent 
neonatal presentation and persistent ketosis in 
succinyl-CoA:3-oxoacid CoA transferase (SCOT) 
deficiency, another ketolytic disorder, can be 
attributed to the lack of any compensatory 
enzymes for SCOT deficiency in ketone body 
utilization (Fukao et al 2014). 

The blood glucose is generally normal during 
ketoacidotic episodes of T2 deficiency; few cases 
might show hypoglycemia or mild hyperglycemia 
(0.6 - 14.1 mmol/l) (Abdelkreem et al 2016). 
Notwithstanding, 28% of our study patients 
demonstrated hyperglycemia during acute 
episodes; one case had the highest ever reported 
blood glucose level (23.3 mmol/l). A significant 
hyperglycemia associated with ketoacidosis was 
reported in certain organic acidurias, such as 
propionic acidemia, methylmalonic acidemia, 
and isovaleric acidemia, and even SCOT deficiency 
(Erdol et al 2016). The hyperglycemia may evolve 
as a reaction to the metabolic stress. Given the 
different treatment strategy, it is crucial in these 
circumstances to avoid an initial misdiagnosis as 
diabetic ketoacidosis (Erdol et al 2016).

Unlike the known genetic heterogeneity 
among patients with T2 deficiency (Hori et 
al 2014), only two mutations (c.622C>T and 
c.1006-1G>C) accounted for the vast majority 
(85%) of ACAT1 mutations identified in 
Vietnamese patients. Although most patients 
were nonconsanguineous, half of them were 
homozygotes for c.622C>T. Therefore, a high 
carrier rate for c.622C>T among Vietnamese 
population is expected. However, a previous 
screening of 400 healthy Vietnamese could not 
identify any heterozygotes for c.622C>T (Fukao et 
al 2010); Further investigations on a larger scale 
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are warranted. It is noteworthy that c.622C>T  is 
not a specific Vietnamese ACAT1 mutation; it has 
been reported in Dutch, American, and Chinese 
patients as well ((Fukao et al 2014; Sarafoglou et 
al 2011; Wen et al 2016). 

Despite having no clinical consequences, 
the unique genetic characterization among T2-
deficint Vietnamese has a remarkable impact 
on patients’ biochemical profiles. Almost 
all Vietnamese patients with T2 deficiency 
demonstrated the characteristic increased 
urinary excretion of isoleucine catabolic 
intermediates because most of them have the 
null mutations, c.622C>T and c.1006-1G>C, with 
no residual T2 enzyme activity. Because 2MAA 
is readily decarboxylated non-enzymatically 
to 2-butanone (Aramaki et al 1991), it was 
only detected in our patients using fresh, but 
not dried, urine samples. On the other hand, 
the only patient who showed no increased 
urinary excretion of 2MAA, 2M3HB, or TIG was a 
homozygote for a mild mutation (c.1A>G) with 
some (11%) residual T2 enzyme activity (Fukao 
et al 2003). T2-deficient patients with mild 
mutations may have atypical/subtle biochemical 
profiles not only in stable states but also during 
acute episodes (Fukao et al 2012). Likewise, a 
prospective NBS program may have a high yield 
in Vietnam, compared with countries where mild 
mutations may be more common. In support 
of this, typical abnormalities were identified 
in nearly all (47/48) T2 deficient Vietnamese 
patients underwent blood acylcarnitine 
analyses. Of note, a normal NBS result does not 
absolutely exclude a diagnosis of T2 deficiency 
(Fukao et al 2012). 

Symptomatic patients in our study manifested 
relatively severe episodes of ketoacidosis 
associated with dehydration and CNS 
dysfunction. The brain lesions identified in four 

Vietnamese patients after ketoacidotic episodes 
may be attributed to a potential nonspecific 
consequence of severe acidosis; this may also 
complicate mitochondrial respiratory chain 
disorders and certain organic acidurias (Akella et 
al 2014; O’Neill et al 2014). Nevertheless, some 
reported cases with T2 deficiency demonstrated 
brain imaging abnormalities with clinical 
neurological impairments even in the absence 
of antecedent ketoacidosis (Ozand et al 1994; 
Buhas et al 2013). Accumulated isoleucine 
catabolic intermediates may have a direct 
neurotoxic effect even in the absence of frank 
metabolic decompensation (Buhas et al 2013, 
Leipnitz et al 2010). T2 deficiency is a potentially 
serious disease. Mechanical ventilation, 
besides other intensive care measures, was 
required for management of acute ketoacidotic 
episodes in 41% of patients. Eight out of 48 
patients had unfavourable outcome. Most 
adverse consequences were related to the first 
ketoacidotic episodes, when the diagnosis was 
not yet confirmed. Neither the age at onset nor 
frequency of ketoacidotic episodes affected 
the eventual outcome. Vietnamese T2-deficient 
patients had ketoacidotic episodes of variable 
onset, severity, and outcome, despite they share 
not only a common genotype but also same 
ancestry and living condition. This underscores 
a lack of genotype-phenotype correlation in 
T2 deficiency. Proper acute and precautionary 
managements seem to be critical for a favorable 
outcome (Hori et al 2015, Fukao et al 2001).  

5. Conclusions

T2 deficiency has a likely high incidence in 
Vietnam where c.622C>T mutation seems to have 
an ancient common founder belonging to the Kinh 
population ancestry. This disease demonstrates 
variable clinical phenotypes even when patients 
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share a common genotype, ancestry, and living 
condition.  Most patients could have a favorable 
outcome with early diagnosis and proper 
management. A prospective newborn screening 
program may have a high yield in Vietnam. 
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