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Abstract

AIM—The long-term effects of the ketogenic diet, a high fat diet for treating intractable epilepsy,

on resting energy expenditure (REE) are unknown. The aim of this study was to evaluate the

impact of 15 months of ketogenic diet treatment on growth and REE in children with intractable

epilepsy.

METHOD—Growth, body composition and REE were assessed at baseline, 3 and 15 months in

24 children (14 males, 10 females; mean age 5y 6mo (SD 26mo), range 7mo–6y 5mo), 10 with

cerebral palsy [CP]). Fifteen were identified as ketogenic diet responders at 3 months and

continued on the ketogenic diet until 15 months. These were compared to 75 healthy children (43

males, 32 females; mean age 6y 3mo [SD 21mo] age range 2–9y). REE was expressed as

percentage predicted, growth as height (HAz) and weight (WAz) z-scores, and body composition

as fat and fat free mass (FFM).

RESULTS—HAz declined −0.2 and −0.6 from baseline to 3 and 15 months, respectively

(p=0.001), while WAz was unchanged. In ketogenic diet responders, FFM, age and CP diagnosis

predicted REE (overall R2=0.76, p<0.001) and REE did not change. REE adjusted for FFM was

lower (p<0.01) in children with CP at baseline (mean [standard error], −143[51] kcals/d) and 15

months (−198[53] kcals/d) compared to the healthy children.

INTERPRETATION—After 15 months of the ketogenic diet, linear growth status declined while

weight status and REE were unchanged. REE remained reduced in children with CP.

Half of the people with epilepsy are children and up to 30% become refractory to

medications and develop intractable epilepsy.1 Children with intractable epilepsy are
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exposed to many treatments and concomitant side effects2,3 and have suboptimal growth and

diets compared to healthy children.4,5 The ketogenic diet is a treatment for intractable

epilepsy and typically a third of the patients will experience a greater than 90% reduction in

seizure frequency.6 The ketogenic diet is often discontinued after three years, but in children

whose seizures return during a gradual taper, the ketogenic diet can be extended for more

than 10 years.7 Ketogenic diet treatment can result in height velocity deceleration and

growth failure.8–13 We previously demonstrated that the growth failure seen in children with

intractable epilepsy was not associated with an increase in resting energy expenditure

(REE).14 However, children with intractable epilepsy and CP had reduced REE compared to

those without CP and to healthy children.14 The long-term effect of ketogenic diet treatment

on REE has not been evaluated in children with intractable epilepsy, nor in the subgroup of

children with CP who have a greater risk for growth and body composition

abnormalities.15,16 The purpose of this study was to determine if ketogenic diet treatment

results in altered REE or growth in children with intractable epilepsy with and without CP

over 15 months. A better understanding of the long-term effects on growth and energy

requirement may guide changes in the ketogenic diet protocol to optimize growth, nutrition

and health status in these children.

METHOD

Participants

This study of the longitudinal REE response to the ketogenic diet was part of a prospective

trial where children with intractable epilepsy were randomized to one of two initiation

protocols, a fasting compared to a gradual initiation of ketogenic diet.17 The ketogenic diet

provided a caloric composition of about 90% fat, 7% protein and 3% carbohydrate. During

the study, all participants received a sugar-free, one-a-day type multivitamin and mineral

children’s supplement with additional calcium and phosphorus. The study was conducted at

the Children’s Hospital of Philadelphia, PA, and approved by the institutional review board.

Informed consent was obtained from a parent or guardian and assent was given by children

who were cognitively able to participate in the process. A cohort of 48 children age 1 to 14

years with a current history of one or more seizures per 28 days and with a diagnosis of

intractable epilepsy were included in the trial. We restricted this analysis to pre-pubertal

children (ages 2 to 9y) with long-term follow-up to avoid the complication of variable

maturity rates through puberty. REE was assessed at baseline before initiation of the

ketogenic diet and after 3 months of treatment. Participants were then identified as ketogenic

diet responders at the 3-month assessment if they experienced a decrease in seizure activity

of 50% or more. Ketogenic diet responders continued the ketogenic diet and were evaluated

at a 15-month protocol visit. A sample of historical and contemporary healthy children with

no known conditions affecting nutrition or growth status served as the comparison group.

They were assessed once for growth, body composition, and REE and served as the

comparison group for both baseline and 15-month time points.

Anthropometric and dietary measures

At each visit, height, weight, upper arm circumference and triceps, biceps, sub-scapular and

supra-iliac skinfold thickness were measured with standard research techniques as described
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previously.14 Height (HAz), weight (WAz) and BMI (BMIz) z-scores were computed.20

Total upper arm muscle and fat areas were calculated and z-scores computed.21,22 Using age

and sex-specific equations, fat free mass (FFM) and fat mass in kilograms were calculated

from the four skinfolds.23–26 For children with intractable epilepsy, dietary intake was

assessed at each visit using 3-day (including one weekend day) weighed food records.

Families were provided with a calibrated food scale (CS-200; Ohaus Corporation,

Pinebrook, NJ, USA), accurate to 0.1g, and instructed in detail by a research dietitian to

weigh and report everything that the child consumed. Dietary intake data were collected and

analyzed (Nutrition Data System, version 2005; Minneapolis, MN, USA). Energy intake

(kcals/d) was assessed and expressed as a percentage of the estimated energy requirement

(%EER) for children with a low active physical activity level.27

Resting energy expenditure

REE (kcals/d) and respiratory quotient were measured by open-circuit, indirect calorimetry

during an overnight research admission at baseline, 3 and 15 months. Participants fasted for

12 hours before REE measurement and were brought by wheelchair for the assessment. A

computerized metabolic cart (Sensor medic 2900 Z; Sensor Medics, Yorba Linda, CA,

USA) was used to measure REE for 60 minutes in a quiet, thermal neutral room. Participants

rested awake in a supine position under a large, clear, ventilated hood. Expiratory gases

were sampled and analyzed every 20 seconds, and 1-minute averages were recorded. The

first 10 minutes of the measurement period were devoted to environmental acclimatization

of the child and were not used in the analysis. Additionally, periods of significant movement

were documented, and if associated with changes in REE were excluded from the analysis.

The remaining minute-by-minute data were averaged and REE was calculated from oxygen

consumption and carbon dioxide production by the equations of Weir.28 For this analysis,

the participants were restricted to those who were resting and awake during the REE

measurement, because of known alteration of REE between awake and sleep states. REE is

presented as kcals/d and as a percentage of predicted value using the Schofield equation29

which is based on age, sex, weight, and height and often used in clinical care.

Statistical analysis

Data analysis occurred in two phases. In the first phase, descriptive statistics were

performed, and group differences between children with intractable epilepsy with and

without CP were assessed on the entire sample. All variables were tested for normality, and

nonparametric tests were used as appropriate. Differences between children with intractable

epilepsy with and without CP at baseline in continuous variables were determined using

Student’s independent samples (unpaired) t-tests for the normally distributed variables and

Mann–Whitney U tests for skewed data while Fisher’s exact tests were used for categorical

variables. Change from baseline to 3 months was assessed for growth status, body

composition, REE and respiratory quotient in children with and without CP using Student’s

dependent samples (paired) t-tests for the normally distributed variables and Wilcoxon

matched pairs single rank tests for skewed variables. Differences in the change variables for

each outcome time point between groups were assessed with unpaired t-tests for the

normally distributed variables and Mann–Whitney U tests for skewed data. Spearman’s

correlations were performed to assess the association between seizure frequency and REE
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variables. The second phase of analysis focused on ketogenic diet responders and included

the healthy comparison children. Multiple regression analyses were used to assess the

difference in REE (kcals/d) adjusted for FFM among ketogenic diet responders with CP,

without CP, and healthy comparison children at baseline and 15 months. Lastly, longitudinal

mixed effects (LME) models were used to assess change in REE over time and significant

predictors of REE over the 15 months in the ketogenic diet responders only. Potential

predictors of REE including FFM, fat mass, age, sex, time and randomization group (fasting

vs gradual initiation of ketogenic diet) were tested in these models. All statistical analyses

were performed with STATA 12.0 (STATA Corp., College Station, TX, USA). The results

were considered significant at p<0.05 and data are presented as mean (SD; normal

distribution) or median and range (skewed distribution).

RESULTS

There were 24 participants with intractable epilepsy who had baseline and 3-month visits

and 15 participants who were ketogenic diet responders with baseline, 3- and 15-month

visits. Baseline characteristics of the 24 children with intractable epilepsy are presented in

Table I for the whole sample and separately for those with (n=10) and without (n=14) CP.

Children with and without CP did not differ in age at onset of seizures, duration of seizures,

or seizure type. Each group had a similar history of status epilepticus, abnormal magnetic

resonance image result, and microcephaly. Moderate or severe learning disability was more

common in children with CP (p=0.005) and these children were less likely to be ambulatory

(p<0.005). Children with intractable epilepsy had suboptimal energy intake, with 65% below

the recommended %EER for low active children, and energy intake did not change at 3 and

15 months.

Table II presents growth, body composition, REE and respiratory quotient results at baseline

with changes observed over 3 months and 15 months in children with intractable epilepsy,

comparing those with and without CP. HAz decreased (−0.2, p<0.001) and WAz was

unchanged over 3 months. Fat mass increased (0.4 kg, p=0.01) while FFM was unchanged at

3 months. Children with intractable epilepsy with and without CP were equally distributed

in the ketogenic diet fasting vs. gradual initiation randomization groups (50% fasting for

those with CP, and 57% for those without CP). REE was unchanged over 3 months

regardless of CP status. Baseline characteristics for the subset of 15 ketogenic diet

responders were comparable to the total sample of 24 participants presented in Table I. In

ketogenic diet responders, WAz was unchanged and HAz decreased (−0.6, p=0.001) over 15

months. At 15 months, a decline in HAz was observed in 12 of 15 participants. Looking at

children with and without CP separately, only those with CP had a significant decrease in

HAz at 15 months (p=0.005). Fat mass and FFM increased (+1.1 kg [p<0.001] and +1.2 kg

[p<0.001] respectively) in the group of ketogenic diet responders at 15 months.

REE at baseline was 103 (13) % predicted in the ketogenic diet responders but was lower in

children with CP than in those without CP (95 [12] versus 110 [8] % predicted, p=0.01).

REE did not change over 15 months regardless of CP status. As expected, respiratory

quotient significantly decreased (p<0.01) after 3 and 15 months of ketogenic diet treatment

in children with intractable epilepsy with and without CP reflecting increased fat intake and
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fat oxidation on the ketogenic diet. The 75 healthy children in the comparison group (43

males, 32 females, mean age 6y 3mo [SD 21mo] age range 2–9y) had one REE

measurement with a result of 111 (13) %. The relationship between REE and FFM at

baseline and 15 months for the ketogenic diet responders with and without CP is presented

in Figure 1, compared to the healthy comparison group. Results from regression analyses

showed that REE adjusted for FFM was lower in children with intractable epilepsy and CP

than in healthy children at both baseline (mean [SE], −143 [51] kcals/d, adj. R2 =0.61,

p<0.01) and 15 months (−198 [53] kcals/d, adj. R2=0.57, p<0.001). Children with intractable

epilepsy without CP did not differ from healthy children at either time point. Among

children with intractable epilepsy who responded to the ketogenic diet (Table III), the LME

models showed that FFM, age and diagnosis of CP were significant predictors of REE over

the 15 months. Neither randomization group nor time of ketogenic diet treatment

significantly predicted REE.

There was no difference in seizure frequency between children with and without CP at any

point in time. The median seizures’ frequency (seizures per week) at baseline was 8.8 (0.2,

196) in children with CP and 3.1 (0.5, 4116) in children without CP. The seizures’ frequency

decreased in both groups at 3 months (CP: −7.6 [−133, 0], p<0.01; non-CP: −1.5 [−4114,

7.3], p=0.01) and 15 months (CP: −1.5 [−196, −0.2], p=0.02; non-CP:−12.4 [−4116, 0],

p=0.01). Using Spearman’s rank correlations, there was no significant association between

seizures frequency and REE or respiratory quotient.

DISCUSSION

In our 15-month study of ketogenic diet treatment, height status declined while weight status

was unchanged. REE did not change regardless of CP status. REE was significantly lower at

both baseline and 15 months in participants with intractable epilepsy and CP, compared to

healthy children. Bergqvist et al.14 previously demonstrated that children with intractable

epilepsy before ketogenic diet treatment had a lower percentage predicted REE compared to

healthy children and children with intractable epilepsy and CP had an even lower FFM-

adjusted REE. Recently, Tagliabue et al.30 examined the impact of the ketogenic diet on

REE in 18 children (mean age 12y 5mo [SD 5y 7mo]) with intractable epilepsy without CP

and showed that six months of ketogenic diet treatment increased fat oxidation and

decreased the respiratory quotient as expected, without significant changes in REE. Our

results confirm these findings of unchanged REE in the short term and extend the

observation to 15 months in participants with and without CP. Having intractable epilepsy

alone or being treated with ketogenic diet did not alter REE but CP status is known to have

an impact on energy expenditure. Children with CP are known to have lower energy

expenditure and energy requirements.31–34 The nutrition-related growth failure and

abnormal pattern of REE was likely to be related in part to inadequate energy intake.34 We

also documented a reduced REE in children with CP and intractable epilepsy, and that the

predictors of REE were FFM, age and the diagnosis of CP. Energy intake was not a

significant predictor in the longitudinal model of REE with ketogenic diet treatment,

although it was a significant predictor of REE in our previous study of children with

intractable epilepsy at baseline, before ketogenic diet treatment.14
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While REE did not change, linear growth status declined over 15 months of ketogenic diet

treatment. HAz decreased overall from baseline to 3 and 15 months indicating height

velocity deceleration and this was particularly true for children with CP. However, weight

velocity was maintained, as indicated by unchanged HAz over 3 and 15 months in both

groups. Numerous studies have evaluated the impact of ketogenic diet treatment on growth.

Three retrospective studies reported that one year of ketogenic diet resulted in reduced

height and weight gain of children with intractable epilepsy.8–10 Kim et al.13 retrospectively

studied 40 children with intractable epilepsy and documented a decrease in height and

weight status over two years of treatment with a catch-up growth in height and weight after

a year of ketogenic diet discontinuation. In a shorter-term study, Tagliabue et al.30

prospectively assessed 18 children with intractable epilepsy and reported that height and

weight status were unchanged over six months of ketogenic diet. Duration of treatment

exposure may be important in linear growth evaluation because of a relatively slow rate of

growth compared to measurement error. It is possible that a 6-month interval was too brief

to show the changes observed in the longer studies. Groesbeck et al.7 retrospectively studied

28 children treated with the ketogenic diet for more than 6 years. While less than half were

below the 10th centile for height and weight at the introduction of the ketogenic diet, after at

least 6 years of ketogenic diet most fell below the 10th centile. In their sample, 15 children

had CP and the percentage below the 10th centile for height doubled over 6 years. Vining et

al.11 conducted a cohort study that included 76 children treated with ketogenic diet for at

least 2 years. They reported a decline in height status overall, and a decline in weight status

also, which was more pronounced in children with good weight status before ketogenic diet

initiation. In the subgroup analysis of children with CP, non-ambulatory and non-

communicating children had a greater decline in WAz.

The ketogenic diet-related alteration in the neuroendocrine axis may contribute to the

growth failure and change in body composition, with increased fat mass, FFM, reduced

height velocity and unchanged WAz that we observed. Insulin-like growth factor I (IGF-I)

regulatory system is essential for skeletal growth.35 Spulber et al.36 prospectively studied 22

children treated for a year with the ketogenic diet and showed a decrease in weight and

height status. This was observed mainly in children with pronounced ketosis, indicated by

elevated serum beta-hydroxybutyric acid. They reported a correlation between linear growth

velocity and serum IGF-I and both decreased after the initiation of ketogenic diet. The

strength of the significant association between IGF-I and growth was lower during the

treatment phase than before initiation of ketogenic diet, and may be secondary to a change in

IGF-I bioavailability. Fraser et al.37 studied the ketogenic diet as a treatment for adults with

rheumatoid arthritis and demonstrated a 46% reduction in IGF-I after only seven days while

providing adequate dietary calories and protein. The increase in fat mass that we observed

has not been reported in humans before but has previously been demonstrated in animals

treated with a ketogenic diet.38 We know that children with low IGF-1 have an increase in

%fat mass as seen with Laron syndrome.39 The declining IGF-1 may, therefore, affect

height velocity, bone acquisition and the increase %fat mass that we observed.

Further studies of the relationship between growth and the IGF-I axis during ketogenic diet

treatment may provide new insight into the mechanisms of linear growth faltering and body

composition changes.
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CONCLUSION

The longer-term ketogenic diet treatment resulted in a decline in linear growth status in

children with intractable epilepsy, with no associated alteration in weight status or REE over

time. The linear growth deceleration in the settings of stable weight and REE supports the

hypothesis that ketogenic diet may decrease IGF-I without caloric deprivation. Furthermore,

REE was reduced in children with CP at baseline and remained reduced. This study

emphasizes the fact that children with intractable epilepsy on ketogenic diet treatment

require careful monitoring of growth, and this is particularly true for children with

intractable epilepsy and CP.
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What this paper adds

• Linear growth declines in children with intractable epilepsy treated with the

ketogenic diet for 15 months.

• REE is not affected by long-term ketogenic diet treatment.

• REE in children with intractable epilepsy and CP is reduced before and after

ketogenic diet treatment.
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Figure 1.
Relationship between resting energy expenditure (REE) and fat free mass (FFM) at baseline

and 15 months in the ketogenic diet responders. Children with intractable epilepsy and

cerebral palsy (CP; n=7) and children with IE without CP (non-CP, n=8) compared with the

healthy comparison children (n=75).
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