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The Early Response to Dietary Therapy can Predict
the Late Outcome in Children with Intractable Epilepsy

Soo-young Lim . ) . o )
Background and Purpose Dietary therapy (DT), including the ketogenic diet (KD), is one

Mi-Sun Yum* . ) . . . .

B of the nonpharmacological treatment options for patient with drug-resistant epilepsy. How-
Hyunji Ahn ever, maintaining DT in patients without seizure reduction is very difficult, so it is critical for
Min-Jee Kim clinicians to decide when to stop this intervention.

Han Na Jang Methods We retrospectively analyzed early clinical and laboratory findings and the clinical
Tae-Sung Ko* characteristics of children who received DT. The maintenance of DT and the clinical seizure

L frequency were assessed at 1, 3, 6, 12, and 24 months after KD initiation. Responders were

Department of Pediatrics, R X L. X K

Asan Medical Center Children’s Hospital, defined as patients showing an overall reduction in seizure frequency of >50% relative to the

University of Ulsan College of Medicine, baseline.

Seoul, Korea Results We included 67 patients who received DT, but only 23 (34.3%) of these patients re-
mained on DT at 6 months. Only 1 (5%) of the 20 responders at 1 month became a nonresponder
at 6 months. The response rate at 6 months was significantly higher among patients under 2
years of age (15/17, 88.2%) than older patients (2/6, 33.3%; p=0.021). Moreover, the 6-month re-
sponders were significantly younger (29.4+38.6 months, mean®SD) than the nonresponders
(98.9184.6 months, p=0.012) at the initiation of the diet. A high blood B-hydroxybutyrate
(BHB) level at 1 month predicted a good DT response at 6 months.

Conclusions Most 1-month responders maintained their response on DT for up to 6 months.
The blood BHB level at 1 month was significantly correlated with the 6-month seizure outcome.
Confirming clinical and laboratory biomarkers for the efficacy of DT requires further studies
with larger cohorts.
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Refractory epilepsy is defined as “failure to achieve sustained seizure freedom with two ap-

first reported as a treatment option in 1921.> The classic ketogenic diet (KD) consists of
high fat, moderate protein, and low carbohydrate intakes, with a typical ratio of 3:1 or 4:1
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combines several mechanisms including the peroxisome proliferator activated receptors
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brain-derived neurotrophic factor signaling pathway, in-
creased mitochondrial function, and epigenetic modification
via DNA methylation that together reduce neuronal excit-
ability.*” A recent meta-analysis of five randomized con-
trolled trials revealed that 35-56.1% of patients on a KD
achieved a >50% reduction in seizures without severe ad-
verse effects.®

Nevertheless, the use of DT for refractory epilepsy is re-
stricted by its poor tolerability, insufficient feasibility for care-
givers (due to diet complexity), and relatively poor compli-
ance.’ Diet maintenance is especially difficult in patients who
do not experience definitive seizure reduction after DT. These
characteristics indicate the need to determine the antiseizure
efficacy of DT as early as possible.

Urine ketone (UK) levels have been used to monitor DT ad-
herence due to their noninvasiveness. However, some studies
have shown that blood B-hydroxybutyrate (BHB) levels are
a more accurate indicator of seizure reduction.'

We hypothesized that early clinical and laboratory findings
determine the final DT response in children with refractory
epilepsy. We tested this hypothesis by examining DT-induced
seizure reduction in a single-center cohort of children with re-
fractory epilepsy. Furthermore, to identify early predictors of a
DT-mediated response, clinical and laboratory data were com-
pared between early responders and nonresponders.

METHODS

Patients population and data collection
From April 2004 to April 2019, 81 patients with epilepsy start-
ed receiving DT at Asan Medical Center in Seoul, South Korea.
We excluded patients with insufficient clinical data (n=14).

We retrospectively reviewed clinical and laboratory data
and collected information on 1) demographics (sex, weight,
age at diagnosis, age at initiation of DT, number of AEDs pri-
or to DT, and duration of DT), 2) epilepsy characteristics
(etiology and baseline seizure frequency), 3) type of KD (KD
formulation, classic KD, or MAD), 4) response rates to the
diet at 1, 3, 6, 12, and 24 months, and 5) blood BHB levels.
The ILAE classification divides the etiologies of epilepsy into
structural-metabolic, genetic or presumed genetic, and un-
known." The clinical seizure frequency was obtained from
caregivers seizure diaries and evaluated at baseline (prior to
DT) and at 1, 3, 6, 12, and 24 months after the initiation of
DT. The blood BHB level was quantitatively measured using
a test strip every other day during hospitalization and at 1,
3, 6, 12, and 24 months after the initiation of DT.

The study was approved by Institutional Review Board
2018-0021 of Asan Medical Center.
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KD protocol and outcome assessment

Patients were admitted to the hospital for 1 week to receive
an introduction about DT. In general, patients were advised
to begin consuming one-third of the target calories, followed
by a gradual increased in caloric input over the first 3 days.
The target calories and ketogenic ratio were established by the
department of nutrition at the hospital.

The responders were defined as patients with a reduction
of >50% reduction in the predominant seizure frequency rel-
ative to baseline. The effects of DT at 6 months were evalu-
ated in the 1-month responder and nonresponder groups.

We compared clinical variables and blood BHB levels be-
tween 6-month responders and nonresponders in order to

Table 1. Baseline demographics and clinical data for the study popu-
lation

Variable Value (n=67)
Sex
Male 39 (58)
Female 28 (42)
Weight
>90th percentile 7 (10)
10-90th percentiles 37 (56)
<10th percentile 23 (34)
Age at diagnosis, months 19.3+31.5 (0.0-170.0)
Epilepsy etiology
Structural or metabolic 38 (57)
Malformation of cortical development 1
Hypoxic ischemic encephalopathy 8
Sequelae of encephalitis 7
Tuberous sclerosis complex 6
Periventricular leukomalacia 4
Metabolic disease 2
Genetic or presumed genetic 5(7)
Unknown 24 (36)
West syndrome 37 (55)
Lennox-Gastaut syndrome 10 (15)
Baseline daily seizure frequency
At least once 55 (82)
Less than once 12 (18)

Number of antiepileptic drugs prior to DT
Fewer than three 21 (31)
At least three 46 (69)
Initial blood B-hydroxybutyrate level, mmol/L ~ 2.6£2.0 (0.1-5.8)
4491541 (1.8-253.3)
6.6+11.4 (0.0-82.0)

Age at initiation of DT, months
Duration of DT, months

Type of DT
Classic ketogenic diet 58 (87)
Modified Atkins diet 9(13)

Data are mean=SD (range), n, or n (%) values.
DT: dietary therapy.



identify predictors of a DT-mediated response. Additionally,
receiver operating characteristic curves with 95% confidence
intervals for distinctions were calculated to determine the
blood BHB cutoft for differentiating 6-month responders from
nonresponders.

Statistical analyses

Categorical data were analyzed using Pearson’s chi-square
tests and numerical data were analyzed using independent
Student’s ¢-tests. Mann-Whitney U-tests were used to assess
the relationships of urine and blood BHB levels with seizure
reduction. Correlations with p<0.05 were considered signifi-
cant in all tests.

RESULTS

Patient demographics

The baseline demographics and epilepsy characteristics of
the 67 patients included in the study are listed in Table 1. The
mean age at diagnosis was 19.3 months, and most of the pa-
tients were diagnosed with West syndrome (n=37) or Lennox-
Gastaut syndrome (LGS) (n=10). Most of the patients (n= 55,
82%) reported daily seizures. The mean age at the initiation
of DT was 44.9 months and the mean duration on the diet
was 6.6 months. Overall, 58 and 9 patients were initiated on
the classic KD and MAD, respectively.

Efficacy and tolerability of DT

Figs. 1 and 2 present the overall efficacy and tolerability of
DT over time. At 3 and 6 months after DT initiation, 42
(62.7%) and 23 (34.3%) patients were able to remain on the
diet, respectively. Moreover, at 1 and 2 years after DT initia-
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tion, only 8 (11.9%) and 4 (6.0%) patients continued the diet,
respectively (Fig. 1). Altogether, the data indicate that the DT
retention rate had decreased to <50% after 6 months (Fig. 2).

Among the patients who remained on DT, the overall rates
of response to DT were 34.5% (20/58), 57.1% (24/42), 73.9%
(17/23), 87.5% (7/8), and 50.0% (2/4) at 1, 3, 6, 12, and 24
months after diet initiation, respectively (Fig. 1).

At 1 month, 58 of 67 patients remained on the diet, with the
9 patients discontinuing due to a lack of efficacy (n=1), adverse
effects (n=7), or poor compliance (n=1). Twenty (34.5%) of
the patients who remained on the diet exhibited >50% sei-
zure reduction, and five (8.6%) also achieved the electroen-
cephalographic improvement: three patients with hypsar-
rhythmia and two LGS patients with generalized fast activities
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Fig. 2. Kaplan-Meier curve showing the retention rate on DT. DT: di-
etary therapy.
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Fig. 1. Seizure outcomes of the patients on dietary therapy and dropouts at each time point.

www.thejen.com 39



- J C N Early Prediction of Ketogenic Diet Efficacy

(Figs. 1 and 3). At 6 months, 23 patients remained on DT, with
41 patients discontinuing due to a lack of efficacy (n=12), ad-
verse effects (n=24), poor compliance (n=4), or discontinued
production (n=1); 3 patients were lost to follow-up.

Only one of the 1-month responders became nonrespon-
sive to DT after 6 months (Fig. 3). Importantly, six of the
1-month nonresponders achieved seizure reductions of >50%
at 6 months; their clinical characteristics are listed in Table 2.
One of these six patients started on a 4:1 classic KD, but their
caregiver had difficulty making the diet properly, thereby in-
hibiting its effectiveness. The other five patients were on a 3:1
classic KD or the MAD, with two reporting poor tolerance or
compliance. Moreover, 2 days after DT initiation, these two
patients had blood BHB levels of 1.2 and 0.2 mmol/L. All these
six patients achieved seizure reduction of >50% at 3 months.

Among the 23 patients remaining on DT at 6 months,
17 (73.9%) showed >50% seizure reduction and 5 (21.7%)
with infantile spasms also showed disappearance of hypsar-
rhythmia. When clinical characteristics were compared be-
tween responders and nonresponders after 6 months of DT
(Table 3), there were significantly more responders under the
age of 2 years (15/17, 88.2%) than older responders (2/6, 33.3%;
p=0.021). Moreover, 6-month responders were significantly
younger (29.4138.6 months, mean+SD) than the nonre-
sponders (98.9184.6 months, p=0.012) at the initiation of the

diet. Finally, there was no significant difference of diet types
between 6-month responders and nonresponders (p=0.089).

Adverse events of DT

Several adverse events were reported while receiving DT (Ta-
ble 4). During DT initiation, 40 (60%) of the 67 patients expe-
rienced adverse events, including food refusal (n=14), vom-
iting (n=12), and hypoglycemia (<50 mg/dL, n=10). After
discharge, anorexia (n=17) and vomiting (n=15) were the most
frequent difficulties, and hypertriglyceridemia (=200 mg/dL,
n=46) was the most common abnormal laboratory finding.

Blood BHB levels according to responsiveness to
DT

A blood BHB test was performed in 21 of the 58 patients re-
ceiving DT at 1 month (Fig. 4). After the initiation of DT,
blood BHB levels of 1-month responders were significantly
higher than those of nonresponders at both 2 days (4.4+1.3
mmol/L vs. 2.0£1.7 mmol/L, p=0.031) and 1 month (5.1£0.9
mmol/L vs. 2.2+1.7 mmol/L, p=0.011) (Fig. 4). Blood BHB
levels were measured in 10 of the 23 patients who were still
receiving DT at 6 months (Table 3 and Fig. 4). The blood
BHB level was significantly higher in 6-month responders than
in nonresponders at both 1 month (4.8+1.0 mmol/L vs. 1.2%
1.0 mmol/L, p=0.016) and 3 months (5.2+1.3 mmol/L vs.

Patients with DT
_ | Exclusion (n=9)
* 9 discontinued DT
\4 l
1-month
responders
(n=20) Exclusion (n=14)
Exclusion (n=2) « 2 lost to follow-up
« 2 discontinued DT | »| ° 12discontinued DT
, , !
3-month 3-month 3-month 3-month
responders nonresponders responders nonresponders
(n=15) (n=3) (n=9) (n=15)
(n=4) (n="1)
Exclusion (n=6) < (n=2) (n=2) ; Exclusion (n=13)
* 6 discontinued DT —_— o1 Ioslt to fql\ow—up
y (n=1) « 12 discontinued DT
6-month 6-month
responders responders
(n=11) (n=6)

Fig. 3. Flow chart of patients at 1 and 6 months after DT. DT: dietary therapy.
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Table 2. Clinical characteristics of late responders who had no response at 1 month

Number of
antiepileptic

Daily
seizure

Response

Age at

diagnosis initiation of

Age at

Reasons for
poor

Seizure Adverse

Blood
B-hydroxybutyrate

Type of DT

DT type

at

Diagnosis

response

effects

level at 2 days
after DT (mmol/L)

formula

at 1 month

drugs

type

frequency

(months) DT (months) 3 months

parental
education

Poor

Vomiting, diarrhea

Spasms

Once+

(4:1)

Classic KD  Homemade weaning
food

16

10

Tuberous sclerosis, IS

None

Spasms

Once+

food+ketogenic milk

(3:1)

Classic KD Homemade weaning
Classic KD
(3:1)

10

Perinatal HIE, IS

None

Diarrhea

3

Spasms

Once+

Ketogenic milk

Perinatal HIE, IS

None

GTCS

Once+

Homemade Atkins diet

MAD

140

135

Encephalitis,

focal seizures

Poor

Hypoglycemia

tolerance

3

Head drops

Once+

1.2

Classic KD

Homemade DT

(3:1)

78

Lissencephaly, IS,

Lennox-Gastaut syndrome

Poor

compliance

GTCS

<Once

0.2

Homemade Atkins diet

MAD

97

Dravet syndrome,

generalized seizure

DT: dietary therapy, GTCS: generalized tonic-clonic seizure, HIE: hypoxic-ischemic encephalopathy, IS: infantile spasms, KD: ketogenic diet, MAD: modified Atkins diet.
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1.7+1.7 mmol/L, p=0.036) (Table 3 and Fig. 4). Additionally,
for 6-month responders, a blood BHB cutoft at 1 month after
DT of 3.9 mmol/L yielded a sensitivity and specificity of 80%.
Opverall, the blood BHB levels of patients on a 4:1 and 3:1
classic KD were higher than those on the MAD (Supplemen-
tary Table 1 in the online-only Data Supplement and Fig. 4).

DISCUSSION

This study has demonstrated the difficulty of maintaining DT
in children with epilepsy, as evidenced by the low retention
rate of 34.3% after 6 months. The mean duration of DT was
6.6 months, which was shorter than those described in other
reports.””* Many epileptic patients have difficulty remaining
on DT due to side effects, lack of efficacy, or poor compliance.

Table 3. Responders versus nonresponders at 6 months after DT

Responders  Nonresponders
Variable at 6 months at 6 months ]
(n=17) (n=6)

Sex 0.408
Male 8 (47) 4 (67)
Female 9 (53) 2(33)

Weight 0.134
<10th percentile 4(24) 4 (67)

Age at diagnosis 0.021*
<24 months 15 (88) 2 (33)
>24 months 2(12) 4 (67)

Epilepsy etiology 0.715
Structural/metabolic 9 (53) 3 (50)
Genetlc. or presumed 16 1 (17)

genetic

Unknown 7 (41) 2 (33)

Baseline daily seizure frequency 0.576
At least once 14 (82) 4 (67)
Less than once 3(18) 2 (33)

Number of antiepileptic drugs prior to DT 0.058
Fewer than three 8 (47) 0(0)
At least three 9 (53) 6 (100)

Age at initiation of DT, 29.4138.6 98.91+84.6 0.012*

months

Type of DT 0.089
Classic ketogenic diet 15 (88) 3(50)
Modified Atkins diet 2(12) 3 (50)

Blood B-hydroxybutyrate level, mmol/L
2 days 32422 14114 0.257
1 month 48+1.0 1.2£1.0 0.016"
3 months 52%13 1.7£1.7 0.036*

Data are mean+SD or n (%) values.

*b<0.05.
DT: dietary therapy.
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However, the overall efficacy of DT was 73.9% at 6 months,
with most of the 6-month responders also showing respon-
siveness after 1 month. A few 1-month nonresponders be-
came 6-month responders, but those patients failed to benefit
from the full strength of the classic KD and ketosis, since

strongly correlated with seizure reduction than are UK lev-
els.”® Van Delft et al.'”” reported that UK levels were merely
indicative of the compliance with DT, rather than accurately

Table 4. Adverse events of DT

they had difficulty remaining on DT during the first month Variable (Va—I:;)
and only reported seizure reduction 2-3 months later. This . — =
illustrates the importance of the successful induction of ear- Adverse events during DT initiation
ly ketosis and strict DT for achieving the effective control of \F/OOq r.efusal o)
seizures. Considering the poor DT retention rate, an early de- Hommlng Y ——— 1(2) (18
cision about DT maintenance can be made since the efficacy Df/poﬁ Va0 el 17 ((1105;]
can be predicted during the initiation period of DT. C|arrt.ea m 0l
To identify other clinical factors affecting DT responses, the SlICEEEon
. . Fever 4 (6)
clinical characteristics of 6-month responders and nonre- - .
. . Adverse clinical events after discharge
sponders were compared. Six-month responders were diag- )
] ] o o Anorexia 17 (25)
nosed with epilepsy and initiated DT at a significantly lower A 1522)
age than did nonresponders. This group also showed signifi- Seizure gggravation 1 (19
cantly higher blood BHB levels at 1 and 3 months after DT Infection 9(13)
initiation. The DT efficacy did not vary with sex, weight, epi- Weight loss 6(9)
lepsy etiology, baseline seizure frequency, or number of AED:s. Ra—— 4(6)
ILI hfle. x./vrfh our flndllngs, prev10ui st.udles have sugges'flcl Adverse chemical events after discharge
that initiating DT ata ower age resu .ts in better outcomes. Hypertriglyceridemia (triglyceride >200 mg/dL) 46 (69)
It seems that young children, espc'ecmyy those younger tha'n Hyperuricemia (uric acid >7 mafdL) 41 (61)
2 yfears, carll toler.ate DT better,. which is probably due 'to.thelr Hypercholesterolemia (total cholesterol =200 mg/dL) 30 (45)
e.atu.ig habits belng more flexible. Although not .statlstlcally Metabolic acidosis 21 31)
significant, the classic KD seemed to be more effective than the Hypoglycemia (BST <50 mg/dL) 18 (27)
MAD. However, this result is inconsistent with recent find- Hypomagnesemia (magnesium <1.8 mg/dL) 13 (19)
: 17,18 : 3 :
ings,"”" which is probably due to the younger age and high- Hypercalcemia (total calcium >10.2 mg/dL) 1 (16)
er seizure burden of our patient group, as well as the inclusion Hypocalcemia (total calcium <8.6 mg/dL) 6(9)
of fewer patients on the MAD. Data are n (%) values.
Recent studies have shown that blood BHB levels are more BST: blood sugar test, DT: dietary therapy.
@® A W Responders @® A MW Responders
® A I Nonresponders ©® A W Nonresponders
MAD MAD
8 8 .
E—— —_ —_— n
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Fig. 4. Scatter plots of BHB level in responders and nonresponders at each time point. A: 1-month responders vs. nonresponders. B: 6-month re-
sponders vs. nonresponders. *p<0.05. BHB: B-hydroxybutyrate, MAD: modified Atkins diet.
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reflecting treatment efficacy. For this reason, the present study
measured blood BHB levels rather than UK levels. We found
that the blood BHB levels at 1-month after DT initiation were
higher in 6-month responders than in nonresponders. More-
over, high blood BHB levels were significantly correlated with
reductions in DT-mediated seizures. These data suggest that
the 6-month response can be predicted by measuring the blood
BHB level at 1 month, allowing direct decisions to be made
regarding the continuance of the diet as early as 1 month af-
ter initiating DT.

Opverall, DT was found to be safe with no severe effects on
mortality or intensive care unit admissions during the study
period, which may have been due to the flexible DT applied
at our center and the low retention rate. During the initiation of
DT, 60% of the patients displayed side effects, the most com-
mon of which were food refusal and vomiting.

Our study was subject to some limitations, including its
retrospective design with the seizure frequencies being report-
ed by caregivers, the relatively short duration of DT mainte-
nance, and the lack of data on blood BHB levels for patients
who began DT before 2015. However, since the DT protocol
remained consistent, it is unlikely that the blood BHB levels
of patients would have differed between before and after
2015.

Notwithstanding these limitations, this study has revealed
the critical value of the early prediction of DT efficacy in
reducing DT-related side effects, which can help medical
professionals to make decisions regarding DT for children
with refractory epilepsy. Moreover, our data illustrate the
usefulness of blood BHB levels as an early biomarker for DT
efficacy.

In conclusion, maintaining DT is very difficult in chil-
dren with refractory epilepsy. Moreover, most patients with
DT-mediated clinical responses exhibited effects at 1 month
or at least until 3 months after initiating DT. Blood BHB
levels at 1 month are reliably predictive of the 6-month sei-
zure outcome in patients on DT for a cutoft of 3.9 mmol/L.
Further studies are needed to confirm clinical and laborato-
ry biomarkers for the efficacy of DT.
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The online-only Data Supplement is available with this arti-
cle at https://doi.org/10.3988/jcn.2021.17.1.33.
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