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Potassium citrate and metabolic acidosis in children with
epilepsy on the ketogenic diet: a prospective controlled study
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ABBREVIATION

AED Antiepileptic drug

AIM To investigate if potassium citrate, a mild alkaline compound, can prevent metabolic

acidosis in children with epilepsy treated with the ketogenic diet without reducing

antiepileptic efficacy.

METHOD In this prospective controlled study, we investigated the frequency of initial

uncompensated metabolic acidosis in 51 participants. There were 22 participants with and 29

without potassium citrate supplementation. The ketogenic diet was used as add-on treatment

to children with drug resistant epilepsy. We also estimated the proportion of participants

with a greater than 50% seizure reduction after 7 months.

RESULTS None of the 22 participants (15 males, seven females; median age 1y 7mo,

interquartile range [IQR] 3y 3mo) with, and 10 of 29 (12 males, 17 females; median age 6y

1mo, IQR 4y 8mo) without potassium citrate developed metabolic acidosis (odds ratio=0.04,

95% CI 0.00–0.75 [p<0.01]); median pH 7.32 vs 7.24; [p<0.001]), and median bicarbonate

19.7mmol/L vs 14.0mmol/L (p<0.001). The number of seizures was reduced by more than 50%

in 9 of 22 with potassium citrate and 8 of 29 participants without potassium citrate, 7 months

after introducing a ketogenic diet (p=0.4).

INTERPRETATION In the ketogenic diet, potassium citrate supplementation can prevent

metabolic acidosis, without reducing antiepileptic efficacy.

Two randomized controlled studies1,2 have indicated that
the efficacy of the ketogenic diet is at least equivalent to
antiepileptic drug (AED) treatment in drug-resistant
epilepsies.

The ketogenic diet increases the acid load due to conver-
sion of fat to ketone bodies, leading to a liability for uncom-
pensated metabolic acidosis in the initial phase and chronic
low-grade metabolic acidosis.3 The initial uncompensated
acidosis might lead to dehydration and excessive weight loss
if left untreated. Chronic metabolic acidosis is also accompa-
nied by side-effects such as kidney stone formation and loss
of bone mineral content.4 Given the disadvantages and risk
of non-compliance, practical implementation of the keto-
genic diet is considered more complicated than treatment
with conventional AEDs,1 therefore, it is rarely used as first
line treatment of epilepsy.

Citrate is an organic anion that produces bicarbonate
when metabolized in the liver,5 and thus acts as an alkaliz-
ing agent. It has been proposed as a substance that can
reduce ketogenic-diet induced metabolic acidosis.6 In renal
diseases, potassium citrate is used to prevent metabolic aci-
dosis and to improve bone mineral density.7,8 Citrate is

also used to prevent nephrolithiasis by counteracting uri-
nary acidosis and hypocitraturia induced by the ketogenic
diet.9–11

In this study, we defined ‘uncompensated’ metabolic aci-
dosis as a state with clinical signs of metabolic acidosis
(nausea, vomiting, and somnolence) accompanied by a
blood pH of less than 7.30. The aim of this study was to
investigate if potassium citrate supplementation can pre-
vent uncompensated metabolic acidosis and related symp-
toms without affecting seizure frequency in ketogenic diet
treatment for intractable epilepsy.

METHOD
Participants
All participants (except one with GLUT1 deficiency
[OMIM #134140]) eligible for the study had tried at least
five AEDs without a satisfactory response. Thus, they rep-
resented the most difficult-to-treat or ‘super-resistant’
among our patients with drug-resistant epilepsy. Relevant
patient data, such as age at ketogenic diet initiation, sex,
number of AEDs in use, epilepsy syndrome, and intellec-
tual disability (Tables 1 and 2) were systematically
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collected and registered from the medical charts. The
degree of intellectual disability was assessed using the
International Classification of Diseases, 10th edition12 cri-
teria and was divided into IQ less than 35, profound and
severe intellectual disability; IQ 35 to 70, mild and moder-
ate intellectual disability; and IQ greater than 70, without
intellectual disability. We used a historical prospective
controlled study design.13 The ketogenic diet was adminis-
tered between 2005 and 2012 at Oslo University Hospital.
Thirty-eight of the participants in our report have been
included in a collaborative Scandinavian multicenter
study.10 In the present study, seizure frequency was mea-
sured before and after 7 months of ketogenic diet treat-
ment and the number of participants with a more than
50% seizure reduction was presented. We also evaluated
time participants needed to reach the ketogenic ratio they
had at the end of the first in-patient stay and how high this
ratio was. Clinical evaluation of the signs of metabolic aci-
dosis was performed during introduction of the diet. In the
29 patients not treated with potassium citrate, serum pH
and bicarbonate concentrations were only registered when
clinical signs of acidosis occurred. In the 22 patients trea-
ted with potassium citrate, the median pH and bicarbonate
concentration were calculated from three serum pH and
bicarbonate concentrations registered within the first 2
weeks after starting the diet.

Diet administration
The ketogenic diet was started without prior fasting as
add-on therapy to daily AEDs. The necessary intake of
calories was based on the nutritional status and level of
physical activity of the participants and complied with the
Norwegian recommended intake for age and weight.14

Vitamins and mineral supplements were within the norm
recommended by the World Health Organization. All par-
ticipants were kept in hospital for 2 to 3 weeks after treat-
ment onset. Four participants were fed via a nasogastric
tube and 23 via gastrostomy when the diet was initiated
(Table 3). We regarded a ketogenic ratio of 4:1 (3:1 in
infants <1y) to be a necessary but restrictive precondition
to obtain a seizure-reducing effect, except in participants
who became seizure free with a lower ketogenic ratio. An
increase in the ketogenic ratio increased the efficacy of the
ketogenic diet in some patients while others achieved sei-
zure freedom on a lower ratio.15

Potassium citrate supplementation
In 2007, we became aware of a report suggesting that
potassium citrate could prevent nephrolithiasis caused by
the ketogenic diet.9 This prompted us to start oral admin-
istration of potassium citrate in participants starting the
ketogenic diet after April 2007. Potassium citrate was
administered as oral Polycitra-K crystals (2mEq/kg/d up to
a maximum dose of 60mEq/d) and was started simultane-
ously with the ketogenic diet in 22 participants. The 29
participants who were started on the diet before May 2007
did not receive potassium citrate.

Statistical analysis
The association between citrate supplementation and
metabolic acidosis, efficacy of the ketogenic diet, and the
tendency to develop nephrolithiasis respectively, was esti-
mated as odds ratio with 95% confidence intervals using
Fisher’s exact test.

Serum pH and bicarbonate concentration were compared
between participants not treated with citrate who developed
acidosis and participants treated with citrate who did not
develop acidosis using the Mann–Whitney U test. Beta-hy-
droxybuturate concentration in serum, age at start of keto-
genic diet, ketogenic ratio at the end of the first hospital in-
patient stay, and the number of days needed to reach the
ketogenic ratio, were compared between groups treated and
not treated with potassium citrate using the Mann–Whitney
U test. The association between citrate supplementation,
body mass index (BMI), and enteral feeding was compared

Table 1: Participant characteristics in 51 children with drug-resistant
epilepsy treated with ketogenic diet

Variable

Potassium citrate supplementation

Group 1: No sup-
plement (n=29)

Group 2: Sup-
plement (n=22)

Sex, n (%)
Males 12 (41) 15 (68)
Females 17 (59) 7 (32)

Intellectual disability, n (%)
Profound or severe 19 (66) 18 (82)
Moderate or mild 10a (34) 4a (18)

Cerebral palsy, n (%) 12 (41) 7 (32)
Age at onset of epilepsy,
median (IQR), y:mo

0:7 (1:10) 0:2 (0:9)

Age at ketogenic diet start,
median (IQR), y:mo

6:1 (4:1) 1:7 (3:3)

Seizure types, n (%)
One seizure type 4 (14) 8 (36)
Multiple seizure types 25 (86) 14 (64)

Seizures per day at onset,
median (IQR)

7.5 (8.5)b 50 (41)b,c

Type of epilepsy, n (%)
Generalized 8 (28) 6 (27)
Focal/multifocal 8 (28) 10 (45)
Combined focal and
generalized

9 (31) 3 (14)

Unknown 4 (14) 3 (14)
AEDs tried before onset of
ketogenic diet, median (IQR)

8 (4) 8 (3)

AEDs used at onset of
ketogenic diet, median (IQR)

2 (1) 3 (1)

aOne participant in Group 1 and one in Group 2 did not have intel-
lectual disability. bSeizures that exceeded 50/d were not counted.
cTwo participants with status epilepticus. IQR, interquartile range;
AED, antiepileptic drug.

What this paper adds
• Citrate supplementation prevents metabolic acidosis in children treated with

a ketogenic diet.

• Efficacy of the ketogenic diet is not affected by supplementation with
citrate.

• Citrate supplementation does not affect beta-hydroxybuturate concentration.

• Potassium citrate reduces the time needed to reach an optimal ketogenic
ratio.
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between participants treated with citrate and participants
not treated with citrate and between those who did and who
did not develop acidosis using the Mann–Whitney U test for
BMI and v2 test for enteral feeding. PASW Statistics for
Windows, version 18 (IBM Corporation, Armonk, NY,
USA) was used for all statistical analysis. We considered p-
values less than 0.05 as significant.

The regional ethics committee of the South Eastern part
of Norway (REC South-East) approved the study and the
committee’s recommendations have been adhered to. The
study was conducted in accordance with the ethical stan-
dards in the revised Helsinki Declaration of 1983. As our
study was designed as a historical prospective study, dis-
pensation from individual informed consent was obtained
from the Data Protection Official and REC South-East.

RESULTS
We present the results of 51 participants treated with the
ketogenic diet; 29 did not receive potassium citrate supple-
mentation (Group 1: 12 males, 17 females; median age 6y
1mo, interquartile range [IQR] 4y 8mo), and 22 received
supplementation (Group 2: 15 males, seven females; med-
ian age 1y 7mo, IQR 3y 3mo). General participant charac-
teristics are listed in Table 1 and classification of epilepsy
is shown in Table 2.

None of the 22 participants given potassium citrate sup-
plementation developed uncompensated metabolic acidosis,
whereas 10 of 29 who did not receive potassium citrate did
(OR<0.04; 95% CI 0.00–0.75 [p<0.01]). All participants
who developed uncompensated acidosis had clinical symp-
toms of metabolic acidosis such as nausea, vomiting, and
somnolence. These symptoms could not be explained by
other causes and were relieved when the participants
received carbohydrates. Metabolic acidosis developed
between 2 and 7 days (median 4d) after onset of ketogenic
diet treatment. At the time of acidosis, the ketogenic ratio

was registered in all 10 participants and ranged between
1.5 and 4 (median 2.25), beta-hydroxybuturate concentra-
tion was measured in five participants and varied between
4.0mmol/L and 6.0mmol/L (median 5.25mmol/L). Values
greater than 6.0mmol/L were not possible to distinguish
due to the measurement method.

Within the group not treated with citrate (Group 1), BMI,
measured when the ketogenic diet was initiated, varied
between 11.6 and 17.3 (median 14.8, IQR 3.1) in participants
who developed acidosis and between 13.9 and 22.3 (median
16.4, IQR 2.5) in participants who did not develop acidosis
(p=0.02). In the group treated with citrate (Group 2), BMI
varied between 13.1 and 21.4 (median 16.1, IQR 3.3). We
also compared participants who did not receive citrate (Group
1) and developed acidosis with participants who received
citrate (Group 2) and did not develop acidosis and found that
p=0.2 (Table 3). Of the 29 participants not treated with
citrate, 14 received enteral feeding and 15 oral feeding: five of
the participants who received enteral feeding and five who
received oral feeding developed acidosis (p=0.9). Of the 22
participants treated with citrate, 13 received enteral feeding
and none developed acidosis (Table 3).

Three participants in Group 1 discontinued the keto-
genic diet because of acidosis and one participant in Group
2 discontinued the ketogenic diet because of aspiration
pneumonia in the course of the first 2 weeks. We chose to
keep the participant with aspiration pneumonia in the anal-
ysis. The difference in the number of participants who
developed metabolic acidosis between the two groups was
significant. This was also the case if the participant who
ended the ketogenic diet due to aspiration pneumonia
was excluded from the analysis (odds ratio=0.04; 95% CI
0.00–0.75 [p<0.05]). Participants in Group 1 with clinical
signs of metabolic acidosis had lower serum pH and bicar-
bonate concentration than participants in Group 2 without
clinical signs of metabolic acidosis (Table 3). There was no

Table 2: Classification of epilepsy and etiology in 51 participants with drug resistant epilepsya

Variable

Potassium citrate supplementation

Group 1: No supplement (n=29) Group 2: Supplement (n=22)

Electro-clinical epilepsy
syndromes (n=22)

West (n=2); Dravet (n=1); Doose (n=2); Lennox–
Gastaut (n=5)b,c

West (n=3); Dravet (n=1); Doose (n=1); Lennox–
Gastaut (n=2)b; migrating epilepsy of infancy (n=3)d;
early myoclonic encephalopathy (n=2)e

Cortical malformation
(n=7)

Lissencephaly (n=3)b; cortical dysplasia (n=1) Lissencephaly (n=2)b,f; hemimegalencephaly (n=1)

Perinatal risk factors (n=6) Asphyxia (n=2)c; cerebral stroke (n=2)g Sinus venous thrombosis (n=1); cerebral stroke
(n=1)

Post infectious (n=1) Post-herpes encephalitis (n=1)
Genetic disorders (n=15) Rett syndrome (n=2); Down syndrome (n=2)g;

partial trisomy 13/monosomy 5p (n=1); tuberous
sclerosis (n=1); GLUT 1 (n=1)

Wolf Hirschhorn syndrome (n=1); polymerase
gamma gene mutation (n=1); potassium
channel gene mutation (n=3)d; CDKL5 mutation
(n=1)e; Miller-Dieker syndrome (n=1)f; congenital
disorder of glycosylation (n=1)

Unknown (n=8) (n=7) (n=1)

aAccording to a modified version of the proposed classification system by the International League against Epilepsy.16 bOne participant in
Group 1 and one in Group 2 had combined lissencephaly and Lennox–Gastaut syndrome. cOne participant with combined perinatal
asphyxia and Lennox–Gastaut syndrome. dTwo participants with migrating epilepsy of infancy and potassium channel gene mutations.
eOne participant with early myoclonic encephalopathy due to CDKL5 mutation. fOne participant with lissencephaly due to Miller-Dieker
syndrome. gOne participant with combined perinatal cerebral stroke and Down syndrome.
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difference in serum beta-hydroxybuturate concentration
between the groups (Table 3). Nephrolithiasis developed
in two of the 29 participants not treated with potassium
citrate and in none of the 22 patients treated with potas-
sium citrate (p=0.5). No participant was lost to follow-up
and all participants eligible for the study were included in
the analysis.

DISCUSSION
We found that supplementation with potassium citrate in
ketogenic diet treatment prevents uncompensated meta-
bolic acidosis (Table 3). We believe that these results can
be generalized to all individuals treated with the ketogenic
diet, since citrate is metabolized to bicarbonate in the liver

and thus acts as a mild alkalizing compound. Citrate has
briefly been mentioned as a substance that reduces symp-
toms of initial metabolic acidosis in the ketogenic diet.17

However, the dosage used, or the efficacy obtained, has
not been specified previously. Potassium citrate supple-
mentation did not affect the serum beta-hydroxybuturate
concentration and the long-term efficacy of the ketogenic
diet in our study. Even if acute metabolic acidosis is known
to be anticonvulsive, it is important to diminish its acute
symptoms in order to improve adherence to the diet and
diminish long-term side-effects of chronic metabolic acido-
sis, including possible proconvulsive effects.6

BMI did not differ between participants who developed
acidosis and participants treated with citrate who did not
develop acidosis. However, among participants not treated
with citrate, the risk of developing acidosis was higher in
participants with a lower BMI when the ketogenic diet was
initiated (p=0.02). In participants without potassium citrate
supplementation, we gradually introduced the ketogenic diet
to avoid metabolic acidosis. Supplementation with potas-
sium citrate contributed to a faster tolerance at the onset of
the ketogenic diet, which reduced the time needed to reach
an optimal ketogenic ratio (Table 3). At the end of the trial,
participants who received potassium citrate supplementation
were started directly on a 3:1 or 4:1 ketogenic ratio without
developing symptoms of metabolic acidosis. Our result
could be of special interest in an outpatient setting where it
is important to avoid metabolic acidosis and, according to
our results, in participants with a low BMI.

Another area for consideration is treatment with keto-
genic diet in refractory status epilepticus in the intensive
care unit. In refractory status epilepticus it is important to
terminate seizures as soon as possible and thus start
directly with a high ketogenic ratio. If ketogenic diet is
introduced rapidly, ketosis can be reached faster, but there
is also an increased risk of acidosis.17 Acidosis due to keto-
genic diet might be confused with other underlying causes
of metabolic acidosis in the intensive care unit such as
hypoxia and can lead to premature discontinuation of the
diet in this setting.18 Thus, potassium citrate can be used
as ketogenic diet supplementation, not only to prevent
nephrolithiasis, but also to prevent initial symptoms and
side-effects related to metabolic acidosis, without reducing
ketonemia and efficacy.

It could be argued that the different median age at initi-
ation of the diet in the two groups (Group 1: 6y 1mo,
Group 2: 1y 7mo [p<0.01]) could interfere with the results.
A lower age at the start of the ketogenic diet indicates
lower ketogenic ratio because of higher risk of early symp-
toms of metabolic acidosis. The dietary acid load per kilo-
gram of body weight is higher in infants than in older
children19,20 and the normal serum bicarbonate concentra-
tion is lower.21 The ketogenic diet ratio was increased to a
higher level in a shorter time among the younger children
in Group 2 (Table 3) and treatment with potassium citrate
could be one explanation as to why these children did not
develop metabolic acidosis.

Table 3: Comparison of data between groups that received and did not
receive potassium citrate supplementation

Variable

Potassium citrate supplementation

p

Group 1: No
supplement
(n=29)

Group 2:
Supplement
(n=22)

Clinical ketoacidosis, n (%)
Yes 10 (34) 0 (0)
No 19 (66) 22 (100) <0.01a

Serum pH
Median 7.24 7.32b

IQR 0.06 0.04
n (%) 6/10c,d 12 (55) <0.01e

Serum bicarbonate
Median (mmol/L) 14 19.7 b

IQR 2.5 5.8
n (%) 6/10c,d 12 (55) <0.01e

Body mass index at start of the diet
Median 14.8 16.1
IQR 3.1 3.3
n (%) 10/10d 15 (68) 0.2e

Beta-hydroxybuturate maxf

Median (mmol/L) 5.3 5.6
IQR (mmol/L) 1.7 1.4
n (%) 17 (59) 17 (77) 0.9e

Beta-hydroxybuturate ming

Median (mmol/L) 2.7 2.6
IQR (mmol/L) 1.4 1.4
n (%) 17 (59) 17 (77) 0.8e

Number of participants with >50% seizure reduction
n (%) 8 (28) 9 (41) 0.4a

Number of days to achieve final ketogenic ratioh

Median 9 4
IQR 7 9
n (%) 23 (79) 19 (86) <0.01e

Ketogenic ratio when discharged from hospitalh

Median 3 3.5
IQR 1.3 1.0
n (%) 26 (90) 20 (91) <0.001e

Enteral feeding, n (%) 14 (48) 13 (59) 0.6i

aFisher‘s exact test. bMedian of at least three values measured
before discharge from hospital. cData were registered in 6 out of 10
participants when there were clinical signs of metabolic acidosis.
dOnly data on participants who developed acidosis. eMann–Whit-
ney U test. fThe highest value measured before discharge from
hospital. Values >6mmol/L were not possible to distinguish due to
the measurement method. gThe lowest value measured before dis-
charge from hospital. hKetogenic ratio when the participant was
discharged from hospital after 2 to 3 weeks. iv2 test. IQR, interquar-
tile range.
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None of the 22 patients started on potassium citrate
developed nephrolithiasis during the 7 months follow-up,
compared to two of the 29 not treated with potassium
citrate, a non-significant result (p=0.5). According to earlier
studies,9–11 citrate supplementation protects against
nephrolithiasis in ketogenic diet treatment.

One weakness of the study is the lack of pH and bicar-
bonate values in some participants with ketoacidosis
(Table 3). However, all four participants without measure-
ments of serum bicarbonate concentration had typical
symptoms of metabolic acidosis that could possibly not be
explained by other causes. The symptoms also resolved after
treatment with glucose. Chronic, low-grade reduction of
pH has been documented in the ketogenic diet.3 An
increased rate of kidney stone formation and loss of bone
mineral content with fractures are described side effects of
the ketogenic diet that might be related to chronic acido-
sis.22 It is known from studies on acidosis-producing diets,
with a high amount of animalic protein and sodium chlo-
ride, that even low-grade reduction of pH and bicarbonate
within the normal range over time predisposes to kidney
stone formation, increased bone resorption, reduced bone
mineral density, loss of muscle mass, and other side effects.4

In this study we have no long-term follow up measure-
ments of serum pH or bicarbonate concentration. In one

study by McNally et al.,11 there was no difference in serum
bicarbonate concentrations between participants who
received and who did not receive citrate 3 months after start-
ing the ketogenic diet. A possible explanation for the differ-
ence between our study and this study regarding acidosis is
that the tendency to develop acidosis is at its highest in the
initial phase, as development of renal compensatory mecha-
nism takes several days.23 This explanation is supported by
the fact that we later could increase the ketogenic ratio in
several of the participants who developed acidosis without a
relapse of acidosis. Another difference between the two stud-
ies is that we used the subgroup of participants who devel-
oped acidosis for comparison of pH and bicarbonate values
while McNally et al. used all participants without citrate
supplementation for comparison. It has previously been
shown that potassium citrate effectively normalized chronic
metabolic acidosis and increased serum bicarbonate in renal
transplant patients8 and in patients with renal tubular acido-
sis.7 Further studies are needed to investigate if potassium
citrate also affects chronic metabolic acidosis and related
side effects in patients treated with the ketogenic diet.
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