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Classic ketogenic diet-induced ketoacidosis =
in the treatment of pyruvate dehydrogenase
deficiency: a case report and literature review

Rongrong Li'", Mingsheng Ma?", Wei Chen'" and Zhengqing Qiu?"

Abstract

Background As a rare mitochondrial disorder, the pyruvate dehydrogenase complex (PDC) deficiency is a rare
inborn disease characterized with glucose metabolism defects, which leads to neurological dysfunction, serum
lactic acid buildup and a resultant trend of metabolic acidosis. Although the ketogenic diet (KD) is the first-line
treatment for PDC deficiency, there is currently no widely accepted consensus on specific implementation of KD

for this condition. Due to the combined effect of pre-existing hyperlactacidemia and KD-induced ketoacidosis that
can further exacerbate metabolic disturbances, maintaining metabolic homeostasis should be prioritized during the
implementation of KD.

Case presentation Herein, the authors present a 6-year-old boy with lactic acidosis, ataxia, hypotonia and
neuromotor development retardation. The KD was started after the patient was diagnosed with PDC deficiency based
on genetic testing. The initiation with classic KD resulted in severe non-diabetic ketoacidosis with elevated anion

gap, which was promptly alleviated by dextrose supplementation and dietary modification to a less-restrictive KD.
Long-term supervision demonstrated the efficacy of a modified KD in improving both clinical course and metabolic
acidosis of the patient.

Conclusions This rare case adds to the limited evidence of KD application in PDC deficiency, and provides valuable
insights into the importance of reasonably lowering the ketogenic ratio of KD at the start of treatment to reduce the
risk of metabolic acidosis.

Keywords Ketogenic diet, Pyruvate dehydrogenase complex deficiency, Acidosis, Lactic acid, Non-diabetic
ketoacidosis
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Background

Pyruvate dehydrogenase complex (PDC) deficiency is
a rare mitochondrial disorder, with genetic mutations
resulting in PDC malfunction or deficiency and conse-
quent glucose metabolism failure. The pyruvate metabo-
lism and its conversion into acetyl-coenzyme A through
the citric acid cycle might be impeded by PDC deficiency,
leading to an abnormal buildup of lactate, which is alter-
native metabolic products of pyruvate [1]. Approxi-
mately 400 cases have been reported to date since the
disease was first described in 1970 [2], but the incidence
of this rare condition still remains unknown. It primar-
ily presents with clinical manifestations of lactic acidosis,
neuroanatomic lesions, ataxia, hypotonia, epilepsy and
developmental delay, with many patients expiring at an
early age [3].

The ketogenic diet (KD), which was initially prescribed
for intractable epilepsy to reduce neuron excitability and
seizure since 1921 [4, 5], was introduced as the primary
therapy for PDC deficiency since 1976 [6]. With substi-
tution of carbohydrate with fat as the main energy sub-
strate, the KD was conducive to circumvent defects of
glucose oxidation and thereby mitigate related metabolic
and neurological impairments [1].

However, there is currently no consensus on the spe-
cific therapeutic approaches for implementing a KD
in such patients. For patients with mitochondrial dis-
eases who are prone to energy metabolism decompen-
sation, ensuring stable homeostasis while starting the
ketogenic diet is a crucial safety concern. Herein, we
report a 6-year-old boy with PDC deficiency, present-
ing with hypotonia, ataxia, lactic acidosis and retarda-
tion of motor development. The initiation of classical
KD was associated with clinical and biochemical ame-
lioration, but meanwhile, yielded a metabolic acidosis
which was promptly minimized by dietary adjustment
with decreased ketogenic ratio. The case report adds to
the limited evidence of KD application in this rare condi-
tion. What is more, to the best of our knowledge, it first
indicated that initiating treatment with the classical keto-
genic diet in patients with mitochondrial disorders might
exacerbate metabolic acidosis. It offers valuable insights
into the careful consideration needed when determining
the appropriate implementation of KD management in
such patients.

Case report

A 6-year-old boy was referred to Peking Union Medical
College Hospital due to motor developmental delay. The
boy was born preterm by caesarean section at 36 weeks
of gestation, after s pregnancy complicated with mater-
nal pregnancy-induced hypertension. The Apgar score
at birth was unclear and the birth weight was 2, 200 g.
The symptoms of hypotonia, poor primitive reflexes,
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tachypnea, lethargy and cyanosis of skin were observed
at birth and the boy was kept in hospital for intensive
care, further oxygen therapy, and nutritional support for
13 days. The presentation of hypotonia and lethargy per-
sisted thereafter, with exacerbation of symptoms by even
low-intensity exertion or in febrile episodes. A sustained
decrease in exercise tolerance and motor skill retarda-
tion were reported. He began to lift head at 4 months,
sit without support at 8 months, stand with support at
14 months, respectively. With a staggering gait, he was
still in need of other one’s support to walk at the age of 4.
The attack of epileptic seizure was denied, while convul-
sion spasm with staring spells occurred occasionally in
feverish episodes. The patient was then admitted into our
hospital for rapidly progressive muscular hypotonia. The
parents were nonconsanguineous and no family history
of neurological or metabolic disease was found.

On physical examination, the patient was somnolent
and lethargic. He was 115.5 cm in height and weighed
21.2 kg. There was a generalized muscular hypotonia and
the myotatic reflexes could not be elicited. An abnormal
wide-based and unsteady gait was observed when he
tried to walk. He had difficulty performing rapid alternat-
ing movements, finger-to-nose test and heel-to-shin test,
and had a positive Romberg sign. The pathologic reflexes
were not elicited.

His metabolic profile was unremarkable, except for a
condition of metabolic acidosis with respiratory com-
pensation (pH 7.416, HCO3 17.80mmol/L, base excess
(BE) -5.20mmol/L, PCO2 28.3mmHg, PO2 62mmHg,
Cl- 110mmol/L, Na+148.3mmol/L), which could be
exacerbated by exercise (pH 7.417, HCO3 17.30mmol/L,
BE -5.50mmol/L, PCO2 27.5mmHg, PO2 66mmHg). The
urinary organic acid analysis indicated slightly elevated
urinary excretion of pyruvic acid (45.57mmol/mol cre-
atinine, reference range 0 to 26 mmol/mol creatinine).
The lactic acid remained within normal reference range
(1.68mmol/L (0.4-2.0mmol/L)) at rest, but increased
obviously to 5.58 ~6.21mmol/L even with low-intensity
exercise.

The electromyography of limbs showed decreased
electrical activity in response to the muscle stimulation,
suggestive of neurogenic changes. Brain magnetic reso-
nance imaging (MRI) showed bilateral T2 hyperintensi-
ties of the globus pallidus, and lesions in periventricular
tissue and left subfrontal cortex (Fig. 1). For evaluation
of intelligence quotient, the patient scored 85 points by
Wechsler Preschool and Primary Scale of Intelligence
(Fourth Edition) (WPPSI-IV). In terms of assessment for
exercise tolerance and endurance, the 6-minute walk-
ing distance (6MWD) was 216 m, compared with a ref-
erence value of 494 m for healthy boys at the same age.
The genomic sequencing confirmed a hemizygote muta-
tion: NM_000284.3 (PDHAL1): c.214 C> T, p.R72C. This
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Fig. 1 Brain magnetic resonance imaging of the patient showed bilateral T2 hyperintensities of the globus pallidus, and lesions in periventricular tissue

and left subfrontal cortex

Daily food intake Food volume Daily food intake Food volume

Cereal 25g

Meat/fish/poultry 50g
Eggs 100g
Whole milk 250ml
Vegetables 250g
Oil/butter/cream 100g

A B

Cereal 25¢g
Meat/fish/poultry 150g
Eggs 150g
Whole milk 250ml
Vegetables 250g
Oil/butter/cream 40-50g
Nuts 30g

Fig. 2 The specific regimen of the ketogenic diet intervention. (A) The intervention initiation with a classic ketogenic diet (with a ketogenic ratio of
3~4:1) providing 1400 kcal/d. (B) The subsequent change to a modified Atkins diet (with the ketogenic ratio of 0.8-1: 1) providing 1400 kcal/d

variant was determined to be pathogenic according to
ACMG Guidelines, 1993 [PMID: 8504309] [7]. The acces-
sion number is RCV000011627.8 from the ClinVar data-
base [8]. Combined with the results of genetic testing, a
comprehensive diagnostic workup confirmed the diagno-
sis of PDC deficiency.

At the time of diagnosis, supplementation of the thia-
mine (30 mg/day) was initiated. Following 24 h of fast-
ing (clear water allowed) period, the classic ketogenic
diet (KD) was started with a ketogenic ratio of 3 ~4:1.
To meet the total energy expenditure, daily intake of
1400 kcal was provided via the KD, containing 85-90%
fat, 5% carbohydrate and 5-10% protein (Fig. 2). Except
for mild nausea without vomiting, gastrointestinal dis-
comfort rarely occurred.

Biochemical indicators were monitored. The ketone
concentration in urine dramatically increased from neg-
ative to above the detection upper limit (7.8mmol/L)
after the commencement of KD and remained at this
level. A metabolic acidosis aggravation (pH7.297, base
excess (BE) -11.30mmol/L, anion gap (AG) 22.3, cHCO3
13.50mmol/L, PCO2 28.2mmHg, PO2 86mmHg) was

reported in the fifth day post KD intervention, along
with transient hypoglycemia (blood glucose 2.8mmol/L).
The urine sample from that day, even when diluted four-
fold by the laboratory, still indicated urine ketones>7.8
mmol/L, suggesting that the actual urine ketone concen-
tration might be greater than 31.2 mmol/L. Given the
relatively stable level of serum lactic acid (1.26 mmol/L),
ketosis is the primary cause of acidosis (Table 1; Fig. 3).
Oral supplementation of 30-60 ml of dextrose 10%
was provided immediately to ameliorate the ketoaci-
dosis, followed by a modification of the classical KD
to a less-restrictive variation. The patient was eventu-
ally suggested following the modified Atkins diet (with
the ketogenic ratio of 0.8-1: 1), with the macronutrient
composition of 60-65% fat, 10-20% carbohydrate and
20-25% protein (Fig. 2). Subsequent metabolic profile
monitoring revealed alleviated metabolic acidosis (pH
7.381, BE -6.20mmol/L, AG 16.5, cHCO3 17.50mmol/L,
PCO2 30.2mmHg, PO2 82mmHg, Cl- 109mmol/L,
K+4.27mmol/L, Na+143.0mmol/L) in the sixth day
post KD intervention. Follow-up assessments showed
a less negative BE, decreased AG, and elevated HCO3-,



Li et al. BMC Pediatrics (2024) 24:603 Page 4 of 7

Table 1 Monitoring of biochemical data for the patient on the initiation of KD intervention

Biochemical tests Prior to KD Post KD introduction
introduction Day 1 (Fasting Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
period)
ALT (IU/L) 10 8 17 14 9
Creatinine (umol/L) 33 34 38 34 27
Lactic acid (mmol/L) 442 1.15 1.26 218
BG (mmol/L) 46 43 2.8 54 4.7
TCO2 (mmol/L) 164 194 121 18.0
Urinary ketone level Negative >7.8 mmol/L >7.8 mmol/L >78mmol/L =78 mmol/L =78
mmol/L
Na® (mmol/L) 138 135 141.8 143 139
CI' (mmol/L) 109 108 106 109 110
K* (mmol/L) 50 45 54 427 42
ABG pH 7417 7297 7.381 7.357
BE (mmol/L) -5.50 -11.3 -6.2 -6.5
HCO3 17.30 135 175 16.3
(mmol/L)
AG 21 13.2 223 16.5 12.7
PaO, (mmHg) 62 86 82 77
PaCO, 283 28.2 30.2 29.8
(mmHg)
Footnote: KD: ketogenic diet; ALT: alanine aminotransferase; BG: blood glucose; TCO2: serum total carbon dioxide; ABG: Arterial blood gas; BE: base excess; AG: anion
gap
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Fig. 3 Change of the ABG following the KD implementation. A decease in pH, cHCO3, BE and an elevation in AG was associated with the classic KD
initiation in 5 days; the metabolic acidosis was ameliorated promptly by small amount of glucose intake and a long-term remission of the metabolic
disturbance was maintained subsequently on modified Atkins diet with or without MCT replacement
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indicating remaining improvement in metabolic acidosis.
(Fig. 3).

In 2 weeks after KD introduction, the boy had consid-
erable improvement in symptoms of weakness, ataxia,
lethargy and generalized hypotonia. In regard to motor
improvements, he also showed enhanced exercise capac-
ity (walking without support) and increased tolerance to
physical activity, with decreased serum lactate. After dis-
charge, the patient was maintained on the modified KD
for a long term. After 6 months on KD, to improve com-
pliance, the medium chain triglyceride (MCT) oil was
substituted for 50% of conventional cooking oil, while
the dietary macronutrient composition still remained
unchanged. After keeping the KD for 9 months, he was
presented with obvious motor development (walking,
jumping and jogging independently), increased exercise
endurance, and even was able to go to a primary school.
The reevaluation showed acceptable ketosis, improved
physical activity tolerance and diminished lactic acidosis,
normal growth and development, and slightly elevated
serum triglyceride and cholesterol (Table 2). The ABG
was monitored till 20 months on the KD, and showed a
trend of remission in metabolic acidosis (Fig. 3).

Discussion

The pyruvate dehydrogenase complex (PDC) is crucial
for glucose metabolism, linking glycolysis to the citric
acid cycle by converting pyruvate to acetyl-coenzyme A
[9]. Defects in any PDC enzymatic subunits (pyruvate
dehydrogenase (E1) (including 2 a and 2 [ subunits),
dihydrolipoamide transacetylase (E2), dihydrolipoamide

Table 2 Long-term follow up of clinical data evaluation for the
patient on KD intervention

Clinical data Prior to KD introduction  After 9 months
following KD
Height 115.5 cm (75th percentile) 125 cm (75th-
90th percentile)
Weight 21.2 Kg (50th percentile) 24.6 Kg (50th-
75th percentile)
6MWD 216 m 410m
Lactatic At rest 1.68 mmol/L 1.30 mmol/L
acid post 6.21 mmol/L 2.64 mmol/L
exertion
Urinary ketone level Negative 3.9 mmol/L
ABG pH 7417 7404
BE -5.50 mmol/L -5.10 mmol/L
cHCO3 17.30 mmol/L 17.80 mmol/L
AG 21 132
Lipid TG 041 mmol/L 0.62 mmol/L
profile TC 3.75 mmol/L 5.52 mmol/L
HDL-C 1.08 mmol/L 1.52 mmol/L
LDL-C 2.34 mmol/L 3.564 mmol/L

Footnote: KD: ketogenic diet; ABG: Arterial blood gas; BE: base excess; AG: anion
gap; 6MWD: 6-minute walking distance; TG: triglycerides; TC: total cholesterol
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dehydrogenase (E3)) or the E3 binding protein can lead
to PDC deficiency and impair mitochondrial function,
glucose metabolism, and ATP production [3]. The most
common cause is mutations in the X-linked PDHA1
gene, affecting the E1-a subunit, as seen in this case. It
results in poor cellular energy failure, increased lactate
and pyruvate levels, and progressive neurological and
neuromuscular deterioration. Symptoms include hypo-
tonia, lethargy, ataxia, tremors, seizures, developmental
delay, and mental decline [3].

The ketogenic diet (KD), a high-fat, low-carbohydrate
regimen, bypasses the PDC by providing fat as an alterna-
tive substrate for the citric acid cycle, thereby enhancing
mitochondrial ATP production and reducing glycolysis
[5]. Since the first application of KD on two boys with
PDC deficiency in 1976 [6], a growing number of estab-
lished evidence has emerged advocating its utility in this
rare inborn metabolic disorder [10, 11]. Prior reports
and case series studies has demonstrated that the KD
improved life expectancy, mental development, clinical
symptoms, lactate levels, and neurocognitive functions
in PDC deficiency, with over 90% of patients responding
positively [1, 3, 9, 12—16]. Based on the evidence, institu-
tions like Johns Hopkins Hospital, the Practice Commit-
tee of the Child Neurology Society, and the International
Ketogenic Diet Study Group have recommended KD as
a first-line therapy for PDC deficiency, advocating for its
early implementation upon diagnosis [17, 18].

However, there is no detailed consensus on how to
implement the KD for PDC deficiency. Considering that
PDC deficiency is a type of energy metabolism disor-
der, many researchers prefer to initiate KD with a lower
ketogenic ratio and relatively higher carbohydrate intake,
with the ratio gradually increased based on patient toler-
ance [12]. Meanwhile, some other studies suggest that it
is possible to commence the classical KD directly with a
higher ketogenic ratio of 3—4: 1 [19].

In this case, the boy with PDC deficiency underwent
fasting induction followed by a classic ketogenic diet with
a ketogenic ratio of 3 ~4:1 and developed worsening met-
abolic acidosis within five days of treatment. The wors-
ening metabolic acidosis was accompanied by a further
decrease in BE, an elevated AG and a significant increase
in urinary ketones, while blood lactate levels remained
unchanged. Therefore, ketosis was identified as the pri-
mary cause of the exacerbation of acidosis.

Non-diabetic ketoacidosis refers to a metabolic condi-
tion where excessive production of ketone bodies leads
to acidosis in the absence of diabetes mellitus. Certain
inborn errors of metabolism such as ketolytic disorders
are potential causes of this condition. These include
monocarboxylase transporter 1 deficiency [20, 21],
beta-ketothiolase deficiency [22], or Succinyl-CoA:3-
ketoacid CoA transferase deficiency [23]. Non-diabetic
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ketoacidosis can be caused as well by the application of
KD, extraordinary starvation or alcoholism, although it
is rarely reported in these contexts [24—26]. For patients
receiving KD for the treatment of PDC deficiency, this
severe complication remains infrequent, with only one
case briefly mentioning transient and mild ketoacidosis
following KD in a 1-year-old boy with PDC deficiency
[9].

The mechanism triggering KD-induced ketoacido-
sis has been shed light on by previous literature. When
people get started on the KD, the fatty acids are mainly
utilized as alternate fuel sources and undergo p-oxidation
to produce acetyl CoA [27]. Under condition of low car-
bohydrate intake, the acetyl CoA is converted to ketone
bodies, including acetoacetate, beta-hydroxybutyrate and
acetone. Maintaining an adequate and sustained state of
ketosis is of pivotal importance for therapeutic effects of
KD [1, 12]. Secretion of insulin and glucagon in response
to ketonemia can regulate formation and metabolism
of ketone bodies, and prevent abnormally high levels of
them in blood [28, 29]. On most occasions, the ketosis-
associated acidemia was low grade, well tolerated and not
clinically significant, with mild decrease in blood pH and
plasma bicarbonate and increase in anion gap [27, 30,
31]. However, in rare cases, massive overproduction of
ketone bodies overwhelms the acid buffer system of the
body, giving rise to significant metabolic derangement.
The severe KD-induced ketoacidosis has been observed
in some isolated cases who maintained on KD for weight
management or epilepsy control [24, 32—35]. Ullah et al.
[24] summarized possible precipitating factors for this
uncommon condition, including pregnancy, lactation,
asthma, pneumonia, hyperthyroidism, history of bariat-
ric surgery, and simultaneous salicylate use, all of which
might make people vulnerable to ketoacidosis when
under the KD treatment.

In the context of energy metabolism disorders, includ-
ing PDC deficiency, the combination of pre-existing
hyperlactacidemia from the primary disease and KD-
induced ketosis can make individuals more susceptible
to metabolic disturbances during KD treatment. Con-
sidering the risk of triggering ketoacidosis due to energy
deficiency, very low carbohydrate intake, and prolonged
fasting in individuals with co-existent energy metabolism
decompensation, it is rational to initiate KD with a lower
ketogenic ratio and higher carbohydrate content, and
subsequently adjust the ketogenic ratio according to the
metabolic profile.

In our case, the boy’s ketoacidosis was alleviated by
the oral administration of a small amount of dextrose.
Subsequently, as the classic diet (with a ketogenic ratio
of 3—4:1) transitioned to a modified Atkins diet (with a
ketogenic ratio of 0.8-1:1), ketoacidosis did not recur, and
the metabolic profiles stabilized. This enabled the patient
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to adhere to KD long-term, ultimately achieving striking
improvement in neuromotor development and hyper-
lactatemia while maintaining normal growth in height
and weight. Subsequent monitoring demonstrated the
effectiveness of a less-restrictive KD in both relieving the
metabolic acidosis and improving clinical course of the
patient with PDC deficiency.

Conclusion

As a first-line treatment for PDC deficiency, there is
currently no widely accepted consensus on the specific
implementation of the KD. However, considering the
propensity of such diseases to be associated with energy
metabolism decompensation and metabolic distur-
bances, initiating treatment with a modified KD with a
lower ketogenic ratio might reduce the risk of non-dia-
betic ketoacidosis and provide better safety.
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