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Elles J. T. M. van der Louw

, Joanne F. Olieman, Patricia M. L. A. van den Bemt,

Jacoline E. C. Bromberg, Esther Oomen-de Hoop, Rinze F. Neuteboom,
Coriene E. Catsman-Berrevoets and Arnaud J. P. E. Vincent

Abstract

Background: High-grade glioma cells consume mainly glucose and cannot compensate for
glucose restriction. Apoptosis may potentially occur under carbohydrate restriction by a
ketogenic diet (KD). We explored the feasibility and safety of KD during standard treatment of
chemoradiation in patients with glioblastoma multiforme.

Methods: A full liquid KD induced ketosis within 2weeks before start of chemoradiation. After
6weeks, the KD was modified with solid foods and medium-chain-triglyceride emulsions

and used for an additional 6 weeks while maintaining ketosis. During the total study

period (14weeks), feasibility, safety, coping (both patient and partner), quality of life (QoL),
neurological functioning and impairment were measured. Overall survival was analyzed with

actuarial estimates.

Results: Eleven patients started the study protocol, nine reached ketosis and six (67%])
completed the study. Severe adverse effects did not occur. The majority of coping scores
ranged from 3 to 6 on a 10-point scale at all timepoints; QoL, neurological functioning, and
impairment did not essentially change over time; overall survival ranged between 9.8 and

19.0 months.

Conclusion: KD was feasible and safe as an adjuvant to standard chemoradiation treatment
of glioblastoma multiforme. A supportive partner and intensive counseling were essential for
coping. Future research should identify possible beneficial effects on overall survival.
Clinical trial registration: Netherlands Trial Registry: NTR5167 (registration date 29-01-
2015), http://www.trialregister.nl/trialreg/index.asp
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Introduction

The median survival duration of patients with
glioblastoma multiforme (GBM) is 15months
after multimodal therapy combining surgery,
radiotherapy (RT) and chemotherapy (CT).! As
high-grade glioma cells consume mainly glucose,?
dietary carbohydrate restriction has been sug-
gested as a possible therapeutic strategy to
improve the survival duration.?* In recent i vitro
and n vivo studies, cancer growth was inhibited
by the ketosis and increased lipolysis induced by

low-carbohydrate diets.5>7 It seems, therefore,
that GBM cells do not compensate for glucose
restriction, whereas normal brain cells do so by
metabolizing ketone bodies. Apoptosis may
potentially occur under carbohydrate restric-
tion.%° An extremely carbohydrate-restricted diet,
the ketogenic diet (KDj; high-fat, low-carbohy-
drate diet), could be of interest because it mimics
the metabolic response to starvation when ketones
become the main fuel for the brain. Although
low-carbohydrate intake alone has been found
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effective on survival in the treatment of GBM in
several animal models and i vitro studies, com-
bining current therapies with KD was even more
effective.1® For example, the KD as adjuvant to
radiation therapy in mice with GBM showed an
impressive synergistic effect as compared with RT
alone. The underlying mechanism is not yet clari-
fied but this effect is presumed to be higher due to
radiation cytotoxicity as a result of sensitization of
the tumor cells by KD.10

Although glycemic modulation by carbohydrate-
restricted diets is currently a topic under investi-
gation in cancer research, clinical data are still
scarce. Systematic reviews of the preclinical and
early clinical studies available suggest positive
effects on survival in malignant gliomas.!1-13

In summary, the KD may have several beneficial
effects in cancer treatment, but more clinical data
to support this is needed. However, the strict reg-
imen of KD puts great demands on the patient
and partner, with risk of noncompliance. We
report a prospective study designed to test the
feasibility (including coping) and safety of the
KD as a treatment option for GBM in combina-
tion with standard chemoradiation treatment.

Methods

Study design

We performed an open-label, single-center, non-
randomized prospective study in adults with first
diagnosis of a histologically proven GBM after
surgical resection and receiving subsequent
standard treatment with chemoradiation at the
Erasmus MOQC, University Medical Center,
Rotterdam, The Netherlands.

This study was approved by the local medical ethi-
cal committee of the Erasmus MC (MEC-2014-
537, date of approval 19 January 2015), provided
that written informed consent was obtained from
both patients and partners. The study was regis-
tered in The Netherlands Trial Registry: NTR5167
(registration date 29 January 2015 http://www.tri-
alregister.nl/trialreg/index.asp) and performed
according to the Declaration of Helsinki 2013.

Patients

Patient inclusion was done stepwise. First, eligi-
ble patients were included if they met the follow-
ing criteria: first diagnosis of a histologically

proven GBM, age = 18years, availability of a
supportive partner or family member who is able
to help with calculating, preparing and providing
the meals, Karnofsky Performance Scale (KPS)
score > 70, and both patient and partner able
and willing to complete study-specific diaries
and questionnaires. Second, inclusion was final-
ized if the patient had reached and sustained a
ketone level of 3 mmol/l and tolerated the exclu-
sively liquid KD formula for 3 days before start
of chemoradiation.

Exclusion criteria were dexamethasone (DXM)
use at time of inclusion, hypertriglyceridemia
(>10mmol/l) with or without hypercholester-
olemia (>7.5mmol/l) despite treatment, (history
of) hepatic, renal, gastrointestinal or pancreatic
disease, diabetes mellitus, untreated or uncon-
trolled hypertension, underweight [body mass
index (BMI) < 16 kg/m?] or overweight (BMI >
30 kg/m?) and carbohydrate content of any con-
comitant medication exceeding 1000mg/day
without a suitable alternative.

Standard treatment

The standard treatment for GBM is surgery or
biopsy followed by combined RT and CT.
Fractionated RT with a total of 60 Gy is usually
started within 6 weeks after surgery and combined
with temozolomide (TMZ, 75mg/m?) daily fol-
lowed by six adjuvant 4-week cycles in which
TMZ is taken for the first 5 days of every cycle.
By standard protocol, all patients were prescribed
DXM after surgery, to manage cerebral edema;
this was stopped before start of the study.!4

Ketogenic diet

The KD is a high-fat (70-90% energy), low-car-
bohydrate (5-19% energy) diet. Patients con-
sumed an exclusively fluid KD with a 4:1 diet
ratio (4 g fat versus 1 g protein plus carbohydrates,
90% energy from fat) from baseline to end of
chemoradiation. Once a ketone level > 3 mmol/l
was reached and sustained for 3 days, the patient
was allowed a snack with the same 4:1 diet ratio
once a day. After 6 weeks chemoradiation, the
fluid KD was modified to a solid-food KD (diet
ratio 1.5-2.0:1) with median chain triglyceride
(MCT; 70% energy from fat with the consistency
of an emulsion) which was continued for another
6 weeks. Patients and partners were encouraged
to vary the KD prescriptions with recipes from a
ketogenic cooking book and the use of a KD
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calculation program (Microsoft Office Excel,
Microsoft Windows, Schiphol, The Netherlands).

During the study, the nutritional compositions of
both KDs were fine tuned, based on ketone lev-
els, glucose levels and tolerance.

Patient characteristics

Baseline patient characteristics collected were
sex, age, weight, height, BMI, date of diagnosis,
tumor location, kind of tumor resection, isocytric
dehydrogenase type (IDH type) methylation sta-
tus, methylguanide deoxyribonucleic acid meth-
yltransferase (MGMT) methylation status, and
use of antiepileptic drugs (AEDs). Resting energy
expenditure (REE) was measured at baseline and
after 6weeks, 3-day food intake and physical
activity data (determined with the short question-
naire to assess health-enhancing physical activity,
SQUASH) were collected both at baseline, at
6 weeks and at the end of the study.

Outcome measures

The primary outcome of this study was feasibility,
defined as at least 60% of patients successfully
following the KD for 14 weeks after start of proto-
col treatment.

Feasibility was determined by tabulating the num-
ber of patients reaching and sustaining ketosis of
3mmol/l in blood (beta-hydroxy butyrate, BHB)
and having tolerated the full liquid KD for 3 days at
start of chemoradiation, the number of withdrawals
during the study, and the number of patients who
completed the full study period of 14 weeks.

The secondary outcomes were: safety, based on
adverse effects (AEs), adequate and stable ketosis
(3—-4mmol/l), extent of coping with the KD by
both patient and partner, quality of life (QoL),
neurological functioning, functional impairment
(KPS) and overall survival (OS), defined as time
from diagnosis till date of death.

Safety was measured by recording all AEs =
grade 2, based on common terminology criteria of
adverse events (CTCAE, version 4.03 2010, Nih
publication no 09-5410, US dept of Health and
Human Services, USA).1> AEs (e.g. gastrointesti-
nal complaints, fatigue) were all noted in a study
diary and reviewed weekly by the dietician.

Laboratory parameters (e.g. lipid profile, carni-
tine, lactate) other than those required for the

standard treatment protocol!* were collected at
baseline, after 6 weeks and at the end of the study.
Blood ketone levels (once a day in the afternoon)
and glucose levels (twice a day, fasting and in the
afternoon) were measured with an electronic
device, noted in a study diary and reviewed daily
by the dietician. Glucose levels > 2.5 mmol/l were
considered adequate.

The ability of coping with the diet was measured at
baseline, after 6 weeks and at the end of the study
with our self-designed questionnaires for both
patient and partner (questionnaires are shown as
supplementary material). They included 12 (base-
line), 15 (6 weeks) or 14 (end of study) questions.
Items addressed were, for example, the practical
information provided, daily measurement of glu-
cose and ketone levels, and calculating and prepar-
ing recipes. The item scores could range from 0 to
10 and indicated the level of difficulty experienced
when applying the KD in daily practice and coping
with it, with 10 being the highest level of difficulty.
Other items reflecting the level of received infor-
mation could range from 0 to 10 (0 reflecting ade-
quate and 10 reflecting not enough).

QoL was measured with the EORTC QLQ-C-30
(version 3, Buropean Organization for Research
and Treatment of Cancer, Protocol 15861,
Amsterdam , The Netherlands)!® at the start,
after 6 weeks, and at the end of the study and
compared with normative data of the Dutch can-
cer survival population.!” EORTC QLQ-30
scores were transformed to 0-100 scores using
standard procedures and calculations.

A neurologist examined the patients at the start
and end of the study. Adaptive behavior of the
patient was assessed at start and end of the study
with the Vineland Adaptive Behavior Scales:
interview edition, expanded form (VABS II, ver-
sion 2005, NCS Pearson, Inc. Bloomington MN,
USA!8). The patient’s level of functional impair-
ment was measured with the KPS!° at baseline
and at the end of the study.

OS was calculated as time in months from diag-
nosis to death.

Study procedures
Figure 1 shows the flowchart of the study
procedures.

The patient and his/her partner were extensively
informed by the neurosurgeon and dietician and
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Counseling

Phase A
8 weeks

Phase B
6 weeks

End study

® First inclusion/exclusion criteria check
® [nformation brochure
® Informed consent signed by both patient and partner

Eligible patients
n=11

A 4

® Baseline laboratory check, BMI, Indirect calorimetry

® Questionnaires baseline patient and partner and 3-day food diary

A

—

Not included in phase A
n=2

(1: second thoughts; 1: intensive care)

A 4

® Full liquid KD 4:1 and building up ketosis to >3 mmol/l
during maximum of 2 weeks

Final inclusion if:

ketosis > 3 mmol/] for 2 days and able to use the full liquid KD

for 3 days
® Inclusion/exclusion criteria check 2

A 4

Included in phase A
n=9

!

® Full liquid KD 4:1 for 6 weeks
® RT and CT daily for 6 weeks
® Ketone and glucose check daily

—

Dropout
n=1
(1: family circumstance)

A 4

End of RT and CT
® Laboratory checks, BMI, indirect calorimetry
® Questionnaires patient and partner and food diary

v

® KD MCT for 6 weeks
® RT and CT 1 cycle
® Ketone and glucose levels check daily

Included phase B
n=8§

l

Excluded
T L—— n=2
(1: MCT intolerance; 1: non-compliance)
y v
® [aboratory checks, BMI, Indirect calorimetry Concluded study
® Questionnaires patient and partner and food diary n==6

® RT and CT cycles 1 x month for 5 months
® Individual diet

Continued diet
n=4

Figure 1. Study flow chart.
BMI, body mass index; CT, chemotherapy; KD, ketogenic diet; MCT, medium-chain triglycerides; RT, radiotherapy.
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included in the study when inclusion criteria were
met and informed consent was signed.

The carbohydrate content of all prescribed medi-
cation was evaluated by the pharmacist and, if
necessary, the medication was changed not to
exceed 1000mg/day. We distinguished two study
phases. Phase A marked the start of the exclu-
sively fluid KD continued during the period of
chemoradiation. Phase B marked the end of
chemoradiation and modification of the liquid
KD into KD-MCT.

The patient and partner were daily coached by
telephone or e-mail by the dietician and a nurse
practitioner and were seen monthly in the outpa-
tient clinic. Any additional support was provided
on an individual basis.

Statistical analysis

Data analysis was mainly descriptive and restricted
to the patients who had reached ketosis and main-
tained it for at least 3days before CT/RT treat-
ment (i.e. the patients who started phase A). Data
included were: the number of patients included in
the study, the number of days on KD, the reason
for not starting with the KD protocol treatment
and the reason for early termination (i.e. <14 weeks
on the KD). Individual ketone and glucose levels
and those of the total group were summarized and
are presented as mean (standard deviation, SD) or,
in the case of skewed data, median (IQR). The
analysis of adverse events and serious adverse
events was done by tabulation of the incidence and
nature. OS was analyzed with actuarial estimates
and illustrated with a Kaplan—Meier plot. All anal-
yses were performed using SPSS version 23 (IBM
SPSS Statistics for Windows, IBM, Armonk, NY,
US) and Stata 14 (Stata Statistical Software,
StataCorp LP, College Station, TX, US).

Results

Between February 2015 and April 2017, eleven
patients (nine men) and their partners were included
in the study. One patient wished to withdraw 1 day
after inclusion; another patient was excluded 1day
after inclusion because of refractory epileptic sei-
zures which required intensive care admission. The
remaining nine patients started phase A.

The median age of the nine patients included in
phase A was 53.8years (IQR 32).

Patient characteristics are shown in Table 1.

Feasibility

During phase A, one patient withdrew after
2weeks for family reasons (illness of a support-
ing partner). During phase B, one patient could
not tolerate the MCT emulsion and stopped,
and one patient was not compliant during the
last week of the study and was withdrawn from
the study.

Thus, eventually, six out of nine patients (67%)
adhered to the KD for the full 14weeks of the
study.

Safety

Seven out of nine patients (78%) suffered from
seizures at baseline, and were treated with
AEDs. The observed AEs of CTCAE grade 1
were constipation (n = 7), nausea/vomiting (n
= 2), hypercholesterolemia (z = 1), hypoglyce-
mia at initiation (z = 1), low carnitine (n = 1),
and diarrhea (n = 1). These episodes were
mainly transient and could be treated by medi-
cation or dietary adjustments. Reported AEs of
CTCAE grade 2 included hallucinations (z =
1), allergic reaction (# = 1) and wound infec-
tion (m = 1). Other reported severe adverse
events were related to seizures (n = 3), ambula-
tory problems (# = 1) and recurrent wound
infection (n = 1).

The lipid profiles showed mainly normal values.
One patient experienced hypercholesterolemia
(7.4mmol/l) that normalized with medication
(4.5 mmol/l).

One patient had to restart DXM (with a dosage of
8 mg/day) because of neurological deterioration
(with ambulatory problems) during the first week
of RT and continued using a lower dosage of
1 mg/day for the further duration of the study.

Nine patients reached adequate ketosis
(>3 mmol/l) in a mean of 4.5days (SD 0.91) and
had a mean ketone level of 4.3 mmol/l (SD 1.20)
during phase A and of 2.9 mmol/l (SD 1.17) dur-
ing phase B.

The glucose levels of these nine patients were
normal with a mean evening glucose level of
4.7mmol/l (SD 0.17) during phase A and of
5.2mmol/l (SD 0.70) during phase B. None of
the patients showed hyperketosis (defined as
=6.5mmol/l). One patient showed hypoglycemia
(defined as <2.5mmol/l) with a blood glucose
level of 2.0mmol/l once, during KD initiation,
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Table 1. Characteristics of patients included in phase A.

n=29
Sex, M (%)
Age, years, median (IQR)

Tumor location

Tumor resection

IDH 1 mutational status

MGMT promotor methylation status

AED use, n, (%)

BMI, kg/m?, median (IQR)

Time from diagnosis to start KD
weeks, median (IQR)

REE baseline
median (IQR)

Indirect calorimetry
Harris-Benedict equation

REE after 6 weeks diet (n = 8)
median (IQR)

Indirect calorimetry
Harris-Benedict equation

Caloric intake prior to trial per day
median (IQR)

Diet phase A: full liquid KD 4:1 per day
median (IQR)

Diet phase B: KD with MCT (n = 8) per day, median (IQR)

8 (89)
53.8 (22.5)

Temporal: 4
Occipital:
Parietal:
Frontal:

N )

Total:
Subtotal:

o1~

~O

Negative:
Positive:

Positive:
Negative:
Unknown: 7

N

7 (78)

Start of study (n = 9): 25(2.5]
End of study (n = 6): 24 (4.2)
3.3(1.1)

Kcal: 2020 (325)

Kcal: 1713 (389)

Kcal: 1983 (587)

Kcal: 1680 (437)

Kcal: 1996 (382)

Carbohydrates: 123 (183) g, (24.6% energy)

Kcal: 2400 (878)

Protein: 49 (16) g, (8.2% energy)

Carbohydrates: 11 (1.5) g, (2.0% energy)
Fat: 237 (69) g, (88.8% energy)

Diet ratio (fat:carbohydrate+protein):  4:1(0)

Kcal: 2835 (662)

Protein: 54 (24) g, (7.6% energy)
Carbohydrates: 57 (14) g, (8.0% energy)

Fat: 266 (51) g, (84.4% energy)
Diet ratio (fat:carbohydrate + protein): 2.2:1(0.7)
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Table 1. (Continued)

Physical activity (based on SQUASH)

Karnofsky Performance Score
median score (IQR)

Start 6weeks

(n=29) (n=8)
Normal (n) 9 8
Decreased (n) = =

Start

h=9

95/100 (10)

End of study
(n=6)
6

End of study

(n=6)
90/100 (15)

AEDs, anti-epileptic drugs; BMI, body mass index; IDH 1, isocytrate dehydrogenase type I; IQR, interquartile range; KD, ketogenic diet; M, Male;
MCT, medium-chain triglyceride; MGMT, methylguanine deoxyribonucleic acid methyltransferase; REE, resting energy expenditure; SQUASH, short

questionnaire to assess health-enhancing physical activity.

due to an extended overnight fast. Table 2 shows
treatment characteristics.

Coping

Data from the coping questionnaires indicate that
both patients and partners expected hardly any
difficulty at start; however, in daily practice they
were facing some challenges. The majority of the
coping scores ranged from median 3 to median 6
on a 10-point scale at all three timepoints.

Both types of KD were found slightly more dif-
ficult to cope with than expected. The introduc-
tion of a ketogenic snack was important for
adhering to the exclusively fluid KD. In daily
practice, preparing suitable menus proved more
difficult than expected for the patient but not for
the partner.

Patients and partners reported that intensive
counseling by the dietician was needed, not only
to solve practical problems, but also to stay moti-
vated. Nevertheless, all patients continued using
a kind of carbohydrate-restricted diet after the
end of the study during the additional 6-month
period of cyclic CT; four of them continued the
KD with MCT emulsions and had contact with
the research team at regular outpatient visits.
Data from the coping questionnaires are available
as supplemental material.

Quality of life
Data from QoL questionnaires showed normal
values as compared with the normative data from

the Dutch cohort!7 in 13/15 items at baseline ver-
sus 12/15 at end of the study. However, the pro-
portion of patients in our study who were fatigued
at start and stayed fatigued during the study was
higher than normal and this also held true for
pain and insomnia after 6 weeks of chemoradia-
tion. Complaints of nausea and vomiting
decreased over time, whereas gastrointestinal
complaints were reported throughout the whole
study period. Table 3 shows QoL data.

Neurological functioning and functional
impairment

On the VASB II, each patient obtained a maxi-
mum score on the ‘motor skills’ and ‘communica-
tion’ domains at both the start and end of the
study. Each patient was slightly impaired on the
domains ‘daily living skills’ and ‘socialization’ but
scores in these domains did not differ between the
start and end of the study for all. The median
group KPS decreased from 95 (IQR 10) at the
start to 90 (IQR 15) at the end of the study.

Survival

The median OS of the nine patients was
12.8months (IQR 12.3-17.7, range 9.8-19.0).
Two patients survived for 17.7 and 19.0 months,
respectively. Figure 2 illustrates the Kaplan—
Meier plot of OS.

Discussion
In this clinical study, patients with GBM con-
sumed a strict KD in addition to chemoradiation

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam
https://journals.sagepub.com/doi/suppl/10.1177/1758835919853958

Therapeutic Advances in Medical Oncology 11

*ap11a2k1b1dy ‘9] “1eAIAINS 11BJBA0 ‘SO ‘a1gedndde Jou ‘yN ‘sapliadk)biay uleyo-wnipaw ‘[ QN ‘91ew ‘W ‘381p d1uaboley ‘gy ‘| 403084 ymmodb unnsui ‘| -49| ‘unngo)boway pajedkib ‘0| yqH ‘e1ewsy ‘4 1oJaysajoyd oy
:epuaban
(86°0) 9¢€ 891 0l ¢5'1'9109704D
G'GS 8L°CL 1OW-aM 70l 6l°¢ (78°0) 8Z°¢€ (7£0)0°G  (€9°0)0°G 7€ 0¢e L0 990:9L6G104D 7'v7e S8A SIA W ol
(0z°'1) 23 0'0¢ - 08°1:9L%LA04D
8'€s LLLL 1OW-aM G6 Lee (9900 LL°E (€G°0)0G  (LY0)1CG 8¢ GGl €1l G40:918G04D 718 SaA SO N 6
wia (60°L) 6¢ 6'GE 60 261 °9L6€1104D
8'6G OL'LL  SUMV paijipon 66 oLe (LO°L) LYY (66°0)8'G  (78°0) LY 0y 9°0¢ - 1971 91 L7 71040 Gy S3A S9A N 8
8'GG g0l - - - - - - - A Gl €8°0°9L L7 1040 9°l€ ON ON N L
1°1a (LL70)
629 686 SUPIY PayipoiN g9 8¢€"L (G9°0) 05°€ (oe0)es  (LL0)9Y 9€ 6°LL 060 9L°1:9LG9104D €le ON S9A 4 9
1Id (86°0) 33 el ¢l 871916671040
L'€S LE'GL  SUMIV Paljipon 86 16'¢ (G0°L) 6€°S (LG0) 7S (2L 0)8Y 6€ 7l 8l G9'L *91 6°G 104D 4 S9A S9A N S
(€0L) G¢ 6'LL €1l LY'¢:91 L7 104D
g'ee (44" 1OW-aM L6 e (€8°0) L6 (18°0) 7’6 (99°0) 7% 62 7°0€ ¢l L0191 6°€1104D 9'8¢ S9A S3A W 7
(SL°1) €¢C Y4 L0 9071 9L L7 104]
7'9¢ 06l 1OW-aM L6 69°€ (LO°1) ¥8'% (0470)0°G  (840)9% €€ Ll 'l 181 *91 ¢’'G 104D 6'LS S9A S3A W €
1®Ia (€8°0) L€ 60  88°0:9L97%104D
Ly 9L°6 SUMIV PajipoN 96 71°€ (L8°0) 8677 (94°0) 7S (L€0)9Y € - v'¢  LL09LEY 04D GEe ON S8A W 4
G'q9 78l - Gl - (VN)0S€ - (VN) G'Y 9€ L9l 'l ¢8'0:9102°9 104D 608 ON S9A W l
as as as
‘ueaw ‘ueaw Qs ‘ueaw ‘ueaw  j/joww  j/jowu  )/joww 1/1oww Apms
1/1oww 1/10ww 1/1roww 1/1oww Apmis Apnis Apmis pus 1howw
sfkep g oaseyd v aseyd g aseyd v aseyd pua pua pua ‘1aels ‘1eys
sieak  syjuow vIpjoadhil  gyuo 19A9) 19A9) 19A9) 19A9] ‘lels ‘Lels ‘lels 91 10y>  auniuied Apnys v aseyd
aby so ApmsIsyeiaig awip auo0)ay U0}y 9s0dn|9 asodn)9 JLVaH 1-491 9epe] spidi jelol  peoddwo)y  papnpul X3S jualed

‘(01 = u) syuaned q1e Jo sdNside)deleyd Juswieal| "z a1qeL

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

EJTM van der Louw, JF Olieman et al.

Table 3. Quality-of-life median scores at baseline, after 6weeks, and end of study.

Baseline 6weeks End of study Reference
(%, min-max) (%, min-max) (%, min-max) value4!
(n=29) (n=8) (n=6)
Global quality 83 67 58 78
of life (50-92) (33-83) (0-75)
Functioning Physical 100 97 93 90
scales: (87-100) (92-100) (75-100)
Role 93 83 67 89
(33-100) (17-100) (50-100)
Emotional 88 67 75 89
(58-100) (58-100) (67-92)
Cognitive 83 83 83 92
(50-100) (67-100) (67-100)
Social 75 67 100 94
(33-100) (33-100) (67-100)
Symptom Fatigue 28 39 22 17
scales: (0-56) (11-44) (11-67)
Vomiting/ 0 0 0 2.7
nausea (0-83) (0-33]) (0-17)
Pain 0 0 0 15
(0-17) (0-67) (0-0)
Single items: Dyspnea 0 0 0 7.1
(0-0) (0-0) (0-33)
Insomnia 0 0 0 14
(0-33) (0-67) (0-0)
Appetite loss 0 0 0 33
(0-67) (0-33) (0-67)
Constipation 0 33 0 4.8
(0-33) (0-67) (0-67)
Diarrhea 0 0 0 3.9
(0-33) (0-33) (0-33)
Financial 0 0 0 3.1
difficulties (0-67) (0-33) (0-33)

after first surgery. They reached strong ketosis
before starting chemoradiation and were able to
maintain it during the total study period.

The safety outcomes in this study were in line
with those in previous studies.20-24¢ The reported
adverse events were mild and temporary and
could be resolved by medical treatment or die-
tary adjustments. All serious AEs registered dur-
ing this study were considered not related to
dietary treatment.

QoL, neurological functioning and KPS out-
comes did not change essentially during the study.
The median OS was lower than generally
expected, although the cohort consisted of rela-
tively young patients in good performance status
who had undergone total or subtotal resection,
that is, patients with favorable prognostic charac-
teristics. However, all patients who entered phase
A included those who had confirmed IDH 1
wildtype, which is negatively associated with
08S.25 The MGMT promotor methylation status,
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Figure 2. Kaplan-Meier plot of overall survival
stratified by time interval between diagnosis and
death.

n represents the number of patients at the start of the study;
F represents the number of failures.

Nine patients were included into phase A of the study: at
4months and 8 months after diagnosis, nine had survived;

at 12months after diagnosis, six had survived; at 16 months
after diagnosis three had survived; and at 20 months, all had
died.

which is a predictor of positive response to TMZ
treatment,2® was negative in two patients and
unknown in seven. The small sample size pre-
cluded correcting for confounding factors, and
thus, a definite statement on the efficacy of KD
on OS cannot be made.

All patients continued using a carbohydrate-
restricted diet after the end of the study, with
variable intake of carbohydrates, resulting in
substantially decreased ketone levels. Two
patients with a prolonged survival duration (17.7
and 19.0months, respectively) had continued
consuming large amounts of MCT emulsions
after the study period ended and were able to
maintain strong ketosis. It is not clear which fac-
tor might have favored this outcome. Currently
a subject of interest in cancer research, dietary
carbohydrate restriction such as use of KD is
thought to help the host fight against this tumor
type when ketones become the main fuel for the
brain. To date, only limited data from clinical
trials in malignant brain tumors are available,
based on small cohorts of patients or case repo
rts.20-22,24,27-30 PData from animal studies suggest
a KD combined with energy restriction (ERKD,
energy restriction range of 30-40%) may pro-
long survival.31-33 In clinical practice, additional
energy restriction is more likely to negatively
influence tolerability and adherence to the

diet.?3:28 In line with this, intermittent fasting
might be an alternative.3%35 Because the dietary
composition and time of diet onset differ between
all studies, it is hard to tell which strategy is most
beneficial to OS.

We hypothesized that maintaining strict ketosis
during the 6 weeks of chemoradiation was crucial
to maximizing the potential beneficial effect of
the combined therapies. After these 6 weeks, we
allowed liberalization of the diet. The question is
whether we chose the right KD modification.
Still, other kinds of liberal KDs like the modified
Atkins Diet and the Low Glycemic Index Diet
(40-60 g carbohydrate/day with a glycemic index
> 50, high fat and protein intake)3® would not
have produced the high levels of ketones we
aimed for in this study. Nevertheless, despite the
modification of the KD, our patients and part-
ners had some problems varying the menus and
some reported difficulty consuming the large vol-
ume of prescribed MCT emulsions. Additionally,
the carbohydrate restriction of the KD-MCT
used in our study was in line with diets of previ-
ous studies.?0-22:37

Our study has several strengths. First, in clinical
practice, chemoradiation therapy is started soon
after surgery and we were able to successfully ini-
tiate KD and instruct patients and their partners
within this small timeframe because of a strict and
well-structured protocol. An adequate state of
strong ketosis was reached within less than a week
without major side effects and could be sustained
during the study period. Second, we included
patients with partners who could help them com-
ply with this highly demanding diet. Our study is
in line with the lessons learned from Schwartz
er al.** where a supporting partner, apart from
intensive coaching by a dietician and nurse prac-
titioner, is of importance for successful imple-
mentation and adherence to the diet.

Still, several limitations need to be addressed.
First, during a 2-year period, only 10 patients
could be included, of whom only 9 were included
into phase A. We had expected that many eligible
patients confronted with severe brain disease and
a poor prognosis would decline participation due
to the experimental character of our study.
Therefore, probably only those families highly
interested in nutrition were likely to participate.
Our strict inclusion criteria may also have ham-
pered inclusion of more patients. Although the
feasibility study of Martin-McGill ez al.?° reported
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sending questionnaires to 172 patients with brain
tumors, only 6 patients with GBM initially started
a modified KD, of which 4 completed the study
of 12 weeks and no data on survival were reported.
Only Rieger et al.??2 described a larger cohort of
GBM patients (z = 20), of whom only those with
secondary tumor progression used the KD, and
not those patients receiving regular upfront
chemoradiation.

Second, the exclusion of patients needing DXM
might have caused selection bias.

Third, although we proved that a 3 mmol/l level
of ketosis could be achieved by a very strict full
liquid version of the KD under normoglycemia,
an association with OS could not be established
in this small cohort of patients. The mouse study
of Abdelwahab et al.,!° showed a significant dif-
ference in OS with adjuvant KD during RT.
However, the increased BHB levels (>2mmol/l)
measured in their study were even lower than the
levels we achieved, although BHB levels are not
to be extrapolated 1:1 from rodents to humans.!©
Lastly, as questionnaires for evaluation of the die-
tary application were not available in the litera-
ture, we used a self-designed one, which had not
yet been validated.

Conclusion

This study suggests that the use of KD as adju-
vant to standard treatment, with chemoradiation
after first surgery, is feasible and safe in patients
with GBM. The value of this study should be
regarded in light of upcoming metabolic therapy
trials which will be performed in several types of
cancer. Specifically, in GBM, there are three
studies ongoing.38-40

Given that the KD proved feasible, future stud-
ies should focus on the use of modified versions
of the KD, with a nutritional composition that
induces at least a moderate level of ketosis. A
less-strict diet might be crucial to recruit a cohort
large enough to explore if survival in GBM ben-
efits from metabolic therapy when it is combined
with other treatment modalities. In future stud-
ies, early identification of GBM patients who
would particularly benefit form KD as add-on
therapy should be systematically explored by
studying the mutational and methylation status
of the tumor, as well as using imaging techniques
to identify relevant tumor biomarkers with rapid
response to ketosis.
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