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Abstract

Purpose Patients with head and neck cancer (HNC) are at risk of malnutrition, especially during radiochemotherapy. We
aimed to study the impact of a ketogenic diet (KD) versus an unspecified standard diet (SD) on body composition and
survival in HNC patients undergoing radio(chemo)therapy.

Methods As part of a controlled clinical trial, non-metastasized HNC patients were enrolled into either a KD (N=11)
or an SD (N=21) group between May 2015 and May 2021. Body composition was measured weekly by bioimpedance
analysis and analyzed using linear mixed effects models. Overall and progression-free survival was assessed during regular
follow-up.

Results A total of 7 KD and 21 SD patients completed the study and were eligible for comparative analysis. Chemotherapy
was significantly associated with declines in all body composition parameters, while the KD had opposing, yet nonsignifi-
cant effects. In patients receiving chemotherapy, average weekly reductions of body mass (BM) and skeletal muscle mass
(SMM) were 0.9kg and 0.31kg in the KD group versus 1.2kg and 0.57kg in the SD group, respectively. Patients in the KD
group receiving no chemotherapy achieved an average increase of 0.04kg BM and 0.12kg SMM per week. After a median
follow-up of 42 months (range 6.7-78 months) there were no significant differences in progression-free or overall survival
between the groups.

Conclusion The KD may partially counteract the detrimental effects of radiochemotherapy on body composition in
HNC patients. This should encourage further research into KDs in frail cancer patient populations and motivate their
implementation as complementary therapy for selected patients.

Keywords Bioimpedance analysis - Chemotherapy - Ketone bodies - Ketosis - Squamous cell carcinoma

Introduction

Head and neck cancer (HNC) describes cancers originat-
ing from the lip, oral and nasal cavity, paranasal sinuses,
pharynx, larynx, and trachea. The vast majority (& 90%) of
HNCs are squamous cell carcinoma (HNSCC) that origi-
nate from the mucosal lining (epithelium) of these regions.
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Patients with HNC frequently present with feeding dif-
ficulties and malnutrition, which are often further aggra-
vated by tobacco and alcohol abuse and a general unhealthy
lifestyle. Studies have shown that nutritional status is al-
ready inadequate at the time of diagnosis in up to 60% of
all HNC patients [1, 2] and usually gets worse during anti-
tumor therapy, which can promote xerostomia, mucositis,
and anorexia. The negative effects of cancer- and therapy-
induced body mass (BM) reduction are mainly due to the
loss of skeletal muscle mass (SMM), which leads to de-
clines in strength, quality of life, and tolerability of cancer
treatment. A simple and easy-to-obtain indicator of mus-
cle mass and strength exists in the form of the phase an-
gle (PA) measured by tetrapolar bioelectrical impedance
analysis (BIA) [3]. The PA is determined by tissue cel-
lularity, hydration, and membrane potential, and therefore
is useful to assess malnutrition at the cellular level. Con-
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sistently, low PAs strongly predict poor survival in cancer
patients [4]. BIA measurements have shown that already
in early stages of disease, i.e., with normal body mass in-
dex (BMI) and minimal previous weight loss, HNC patients
exhibit a significantly lower PA than age-matched healthy
controls, which is not explainable by an altered hydration
status [5]. This sign of subclinical malnutrition therefore
seems to occur early in the progression of disease and may
be connected to the early systemic insulin resistance that
has been described in a variety of cancer patients [6—8].
To counteract subclinical and clinically manifest malnu-
trition, it has been recommended that even HNC patients
who appear healthy should be counseled and advised to eat
a high-calorie and high-protein diet [9]; the European Soci-
ety for Clinical Nutrition and Metabolism (ESPEN) guide-
lines recommend protein intakes up to 1.5 g/kg per day if
possible [10]. Nutritional support through counseling and
oral supplements has also become an important modality
during radiochemotherapy for HNC, as it may support the
maintenance of BM and quality of life, increase protein-
calorie intake, and improve anti-cancer treatment tolerance
[11]. In practice, however, the variety of available supple-
mentary nutrition formulas and general, inconsistent dietary
advice for cancer patients [12] pose a challenge for deciding
on the optimal diet for preventing body and muscle mass
reduction, improving quality of life, reducing inflammation,
and withstanding therapy-induced side effects. Many physi-
cians seem unaware of the fact that besides the amount of
caloric intake, the composition of the diet may have pro-
found influences on these dietary goals. For example, an
investigation of enteral and parenteral feeding practices in
a Chinese university teaching hospital [13] revealed that
only 2.1% of cancer patients received Supportan® (Frese-
nius Kabi Deutschland GmbH, Bad Homburg, Germany),
a disease-specific high-fat nutrition formula that has been
shown to improve nutritional and functional parameters in
HNC patients compared to a standard formula [14], while
most standard formulas contain large amounts of simple
sugars which elevate blood glucose concentrations and in
this way may possibly even “feed” the tumor [15]. HNSCC
are generally highly glycolytic tumors [16, 17], which in
theory also contributes to their radioresistance [18]. It has
therefore been suggested that low-carbohydrate diets could
target the altered metabolism of such glycolytic tumors
[19-22]. Among low-carbohydrate diet variants, the keto-
genic diet (KD) has gained particular interest as a comple-
mentary cancer therapy. In oncological settings, KDs can be
defined as high-fat (usually = 65% of energy intake), low-
carbohydrate (<50 g and day) diets ideally providing an ad-
equate protein supply (& 1.5g/kg per day) and leading to
an elevation of circulating ketone bodies into the mM range
(=0.5mmol/L). Preclinical research has shown that KDs
may not only impair tumor cell metabolism and growth,
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but also fight cachexia and therapy-induced side effects
[23-25]. However, data showing whether HNC patients can
comply to KDs are sparse. In a recent uncontrolled phase I
study, two thirds (8/12) of HNC patients did not manage to
tolerate a KD fed via percutaneous endoscopic gastrostomy
(PEG) tubes with an aim of 5 weeks, which would question
the clinical implementation of KDs as complementary ther-
apies for HNC patients. After gaining initial experiences
with KDs in our clinic [26], we initiated a controlled clin-
ical trial, the KETOCOMP study, in order to investigate
the feasibility and impact on BM and body composition
in cancer patients, including HNC patients [27]. Here we
describe the primary outcomes of the KETOCOMP study
for the HNC patient cohort, providing important insights
into the clinical implementation and the benefits of KDs
for such patients.

Materials and methods
Study design

KETOCOMP was a non-randomized controlled clinical
phase I trial performed at the Department of Radiotherapy
and Radiation Oncology at a peripheral hospital in Bavaria,
Germany. The protocol was registered on August 6, 2015,
under ClinicalTrials.gov identifier NCT02516501 after
study approval was granted by the ethics committee of
the Bavarian Medical Association (Landesaerztekammer
Bayern). The KETOCOMP study comprised three different
cohorts of breast, rectal, and HNC patients [27]. An interim
report of all cohorts [28] as well as final results for the
breast [29, 30] and rectal cancer [31, 32] cohorts have
already been published. Here we present the final primary
outcomes for the HNC cohort consisting of patients which
presented at our clinic for curative radio(chemo)therapy.
The initial study protocol was designed to investigate two
intervention groups: intervention group 1 was supposed to
receive a ketogenic breakfast consisting of increasing doses
up to 225 ml of a ketogenic drink! containing 20 g medium-
chain triglycerides (MCTs) per 100ml (betaquik®, vitaflo,
Bad Homburg, Germany) plus essential amino acids in form
of the Master Amino Acid Pattern supplement (MAP, re-
branded as MyAMINO; dr. reinwald health-care gmbh + co
kg, Altdorf, Germany) while being free to follow their usual
diet for the remainder of the day. Intervention group 2 was
advised to follow a KD supplemented with MAP. Simi-
lar to the rectal cancer patient cohort [31], HNC patients
in intervention group 1 displayed poor tolerability of the

! Initially, the maximum volume of the ketogenic drink was 250ml
(one container) [27], but was reduced to 225 ml after a re-sizing of the
containers took place by the manufacturing company.
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Eligible
n=41

Asked for|participation

Not analysed

Fig. 1 Flowchart showing the recruitment process of the study

maximum target dose of 225 ml betaquik® (most frequently
due to diarrhea and stomach pain), so that this group was
closed after recruiting four patients of whom two were un-
able to finish the study per protocol. The protocol was sub-
sequently amended to shift focus to intervention group 2,
which will hereafter be referred to as the KD group, and
the target numbers for the KD and control group consuming
an unspecified standard diet (SD) were increased to 10 and
20 patients, respectively. In what follows, only results for
the KD and SD groups are analyzed and discussed.

Participants

Inclusion criteria were age between 18 and 75 years, di-
agnosis of a non-metastatic HNC, Karnofsky index =70,
and body mass index (BMI) between 18 and 34 kg/m?. Ex-
clusion criteria included metallic implants (because of pos-
sible interference with body composition measurements),
pregnancy, cognitive impairment, inability to speak or un-
derstand German, and metabolic disorders that would pose
a contraindication for a KD [27].

Breakfast Group KD Group SD Group
n=7 n=13 n=21
Declined (n=1) Declined(p=3) | | ] Declined (n=1)
Unwillingtostay | ——— ———| - Too much stress (2) Too much stress (1)
fasted prior to BIA (1) o - Not wanting to eat a KD (1)
Witcheg 8roup (n:z)
\9 Switched group (n=3)
Switched group (n=4)
Enrolled Enrolled Enrolled
n= n=11 =21
7 Left Study (n=4)
a0 - By request (2)
- Incompliant (2)
Completed Completed Completed
n=2 (50%) n=7 (64%) n=21 (100%)

Included in analysis

Included in analysis

Fig. 1 shows a flowchart of the recruitment process.
In general, patients fulfilling the inclusion criteria were
asked at first consultation by their treating oncologist if
they would be willing to participate in a particular group.
Thereby, we first aimed to fill the SD group with consec-
utive patients, followed by the KD breakfast group (inter-
vention group 1), and then the KD group, each with the
prespecified number of patients. The reason for this consec-
utive recruitment pattern was to minimize patients’ self-se-
lection of a particular diet (through interpatient discussions,
e.g., in the waiting room). However, the protocol allowed
patients showing a large interest in a KD during the initial
consultation to enter the KD group irrespective of recruit-
ment phase, and vice versa, i.e., patients were allowed to
act as controls if they wanted to join the study but maintain
their usual diet [27]. In this way, the research team wanted
to ensure compliance with a chosen diet type. A total of
three patients decided to take that option and switch to the
KD group during recruitment to the SD group, among them
one woman who had metallic implants but was included due
to her wish and used for analyzing BM changes. Two other
patients decided to undertake a full KD instead of entering
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the ketogenic breakfast group. Finally, four patients who
were foreseen for the KD group switched to the SD group.
In total, 41 eligible patients had been asked to participate

(Fig. 1).
Measurements

In general, patients presented fasted and with an empty
bladder on the same morning they received their radiother-
apy planning computed tomography for initial (baseline)
measurements, approximately 1 week prior to the start of
radiotherapy. Baseline measurements consisted of:

e weight and bioimpedance analysis (BIA) on a cali-
brated seca 515/514 medical Body Composition Ana-
lyzer (mBCA; seca Deutschland, Hamburg, Germany),

o the validated EORTC QLC-C30 questionnaire version
3.0 together with the H&N35 module,

e blood draw with subsequent analysis in the hospital lab-
oratory.

BIA and weighing were repeated weekly during radio-
therapy. In addition, laboratory blood analysis and comple-
tion of the quality of life questionnaire were repeated once
during and in the final week of radiotherapy.

The primary outcome measures for this study were as
follows:

e dropout rate as a measure of feasibility,

e changes from baseline to the final week of radiother-
apy in body composition parameters: BM, fat-free mass
(FFM), fat mass (FM=BM-FFM), SMM, extracellular
water (ECW), total body water (TBW), and intracellular
water ICW=TBW-ECW),

o Changes in bioimpedance PA at 50kHz (PA).

The secondary outcomes analyzed here concern overall
and progression-free survival of the KD and SD groups.
Other secondary outcomes concerning quality of life and
blood parameter changes will be the topic of a future paper.

Dietary intervention

The KD was started after baseline measurements, about
2-3 days prior to the first RT fraction. It was supposed to
last until the final week of RT. The last measurement day
in the final week of RT was considered the stop date of the
diet.

The intervention comprised a self-administered, whole-
food KD (aiming for <50g of carbohydrates per day),
with emphasis on high-quality protein (meat, eggs, fish)
and micronutrient-dense foods (vegetables, bone broth, or-
gan meats). The meals were not controlled and no calories
were counted. Participants were instructed by a dietitian on
how to implement the KD and were provided with writ-
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ten guidelines (Supplementary File 1), recipes, and sample
menus. During weekly appointments for BIA measurement,
patients had the possibility to get further dietary advice and
to address difficulties. In case of swallowing difficulties or
utilization of a PEG tube, ketogenic formulas were provided
to the patients. Furthermore, all patients in the KD group re-
ceived a medium-chain triglyceride (MCT) oil (Dr. Schaer
AG/SpA, Burgstall, Italy), which they were asked to use
according to their own tolerance. Additionally, all patients
in the KD group received 10g MAP after each RT frac-
tion. MAP contains all essential amino acids (L-isoleucine,
L-leucine, L-lysine, L-valine, L-methionine, L-phenylala-
nine, L-threonine, L-tryptophane) and has been found to
have a net nitrogen utilization of 99% when consumed as
sole protein source [33]. No additional micronutrient sup-
plements were advised, apart from vitamin D in case of
low serum 25-hydroxyvitamin D levels, which we aimed to
correct in both KD and SD groups.

Statistical analysis

Data were analyzed using the statistical software R (R Foun-
dation for Statistical Computing, Vienna, Austria) version
4.1.2. Differences between groups were compared using the
Wilcoxon rank sum and Fisher’s exact test for continuous
and categorical variables, respectively. We did not adjust
for multiple comparisons [34] but used a more stringent
threshold of p<0.005 for claiming statistical significance
in order to minimize non-replicable, false-positive findings
[35].

Baseline-to-final changes were analyzed using linear
mixed effects models, thereby using all weekly repeated
measurements and assuming a linear gradual change. The
slope and intercept of the variable 7 (time since start of RT)
were modeled as random effects varying by the individual
patient. Let y;, i = 1,...,n;, denote the ith measurement
on patient j =1, ..., N at time #; during the study. We con-
structed basic models predicting an individual measurement
y; based on time, group (0=SD; 1=KD), a time x group
interaction, the corresponding baseline measure yj;, and sys-
temic therapy (abbreviated as “chemo” with 0=no; 1 =yes)
and a timex systemic therapy interaction as confounding
variables:

yij =Bo+(B1+Uj)-ti +B>-KDj + B3 -KD; - 1;
+ B4 -chemo; + Bs - chemo; - #; + B - y1; + €5
Uj~N (0,0%).j=1,...N
€;j~N (0.02),i=1,...n; (1)
The average time trends of patients in the SD and KD
group not receiving chemotherapy are therefore given by S,

and B, + B3, respectively, or by B, + 5 and B + B3 + B5 for
those patients who had received chemotherapy. By adding
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Table 1 Baseline characteristics of the intervention and control group

Parameter KD group (N=7) SD group (N=21) p-value
Gender 1
Male 5(76.2%) 16 (71.4%)

Female 2 (23.8%) 5 (28.6%)

Age (years) 65 (61-75) 63 (55-75) 0.063
Karnofsky index 0.630
70 4 (51.1%) 7 (33.3%)

80 2 (28.6%) 10 (47.6%)

90 1(14.3%) 4(19.0%)

T stage 0.914
1 0 3 (14.3%)

2 5(71.4%) 10 (47.6%)

3 1 (17.3%) 4 (19.0%)

4 1 (17.3%) 4 (19.0%)

N stage 0.884
0 2 (34.6%) 8 (31.1%)

1 1 (17.3%) 3 (14.3%)

2 4(57.1%) 9 (42.9%)

3 0 1 (4.8%)

Body weight (kg) 64.2 (55.2-76.7) 74.3 (47.9-99.4) 0.184
BMI (kg/m?) 22.5(19.3-26.1) 24.8 (17.8-35.6) 0.074
Fat mass (kg) 17.0 (11.8-32.7)* 24.0 (6.8-53.4) 0.260
Fat free mass (kg) 48.2 (40.0-58.6)* 50.5 (36.8-66.0) 0.919
Skeletal muscle mass (kg) 21.3 (17.9-27.2)* 22.7 (15.0-30.0) 0.828
Total body water (L) 35.6 (30.9-43.2)* 36.8 (28.1-48.6) 0.988
Extracellular water (L) 16.2 (15.2-19.4)* 16.9 (13.4-22.8) 0.646
Intracellular water (L) 19.6 (15.7-23.8)* 20.4 (14.0-26.0) 0.835
Phase angle (°) 4.33 (3.98-4.74) 4.49 (3.96-5.70) 0.430
Serum blood glucose (mg/dl) 106 (100-153) 107 (83-188) 0.622
Serum [3-hydroxybutyrate (mmol/L) 0.1 (0.02-0.9) 0.1 (0.03-1.0) 0.406
Diabetes 0.574
No 5 (71.4%) 18 (85.7%)

Yes 2 (28.6%) 3 (14.3%)

Smoking status 0.362
No 1 (14.3%) 3 (14.3%)

Active 0 (0%) 5(23.8%)

Formerly 6 (85.7%) 13 (61.9%)

Tobacco consumption (packyears) 17.5 (0-60) 30 (0-55) 0.311
PEG use 0.145
No 5 (71.4%) 20 (95.2%)

Yes 2 (28.6%) 1 (4.8%)

Systemic therapy” 0.674
No 3 (42.9%) 7 (33.3%)

Yes 4 (57.1%) 14 (66.7%)

Radiation dose (Gy) 58 (50-71) 63 (50.4-75) 0.121
Radiation therapy fractions 30 (25-34) 30 (28-36) 0.077
PTV (cm?) 636 (155-1278) 755 (132-1359) 0.617

Continuous and categorical variables are presented as median (range) and counts (frequencies), respectively

BMI body mass index, KD ketogenic diet, PTV Planning target volume, SD standard diet
%One patient excluded due to metallic body parts

bSystemic therapy was cisplatin in all cases except for one patient in the SD group who had received cetuximab
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additional covariates to the basic model (Eq. 1), we tried to
further improve the model fit which was judged by the bias-
corrected Akaike information criterion (AICc) [36]. The set
of considered covariates consisted of age, gender, baseline
Karnofsky index, PTV size, and PEG use. It was decided
that a new covariate would be included into the model only
if it resulted in a reduction of the AICc by at least 2.
Models were fit using the Imer function in the R package
ImerTest [37] with restricted maximum likelihood, and p-
values of fixed effects calculated by means of a ¢ test.

Results
Dropouts

Recruitment began in May 2015 and ended in May 2021
due to slow recruitment and the impact of the COVID-19
crisis. Of 11 patients enrolled into the KD group, four pa-
tients (36%) dropped out and seven patients completed the
study. Patients dropped out 1, 5, 7, and 12 days after start-
ing radiotherapy and median time on the diet was 8§ days.
One of the patients that dropped out had switched voluntar-
ily to the KD group and then quit the study due to strong
bronchitis and craving for carbohydrate-rich foods (pota-
toes). The rest of the patients that dropped out had been
recruited during the KD block recruitment phase and quit
due to psychological problems (N=1) and non-compliance
with the KD (N=2). Of the 21 patients that were enrolled

into the SD group, all patients terminated the study success-
fully and were included into the analysis. The difference in
dropout percentages between the KD and SD groups was
almost statistically significant (p=0.0092).

The median study duration (time from start of RT until
final measurement) was 39 days (35-46 days) in the KD
and 40 days (34-55 days) in the SD group (p=0.422). The
median time on the diet for the patients in the KD group
was 47 days (42—49 days). These patients had started their
KD on average 7 days (range 0—14 days) prior to the first
irradiation.

Patient characteristics

The baseline characteristics of patients included in the anal-
ysis are displayed in Table 1. Overall, the block recruitment
had resulted in roughly balanced groups with respect to
most baseline variables (all p-values for differences >0.05).
One patient each from the KD and SD groups had elevated
B-hydroxybutyrate concentrations (= 0.5 mmol/l) already at
baseline. The patient from the SD group had not eaten for
3 days prior to baseline measurement, while the patient
from the KD group had probably already started to reduce
carbohydrates after agreeing to participate in the study.

As a measure of cellular malnutrition, we compared
baseline PAs at 50kHz with the rectal [31] and breast cancer
[29] cohorts. Women with HNC (N=7) had significantly
lower PAs (median 4.10°) than women with breast can-
cer (N=59, 4.86°; p=0.0033), but not compared to women

Table2 Changes in body weight, body composition parameters, and phase angle from baseline to final measurement

KD SD

N Intragroup difference P-value N Intragroup difference P-value
ABW (kg) 7 -3.45+3.0 0.047 21 —5.25+4.4 0.00013*
ABMI (kg/m?) 7 -12+1.0 0.047 21 -1.8x1.5 0.00066*
AFM (kg) 6 -13+13 0.094 21 —2.1£2.7 0.0025*
AFFM (kg) 6 -1.5+1.7 0.156 21 —2.7+23 <0.0001*
ASMM (kg) 6 -09+1.0 0.094 21 -1.9x%1.5 0.00023*
ATBW (L) 6 -1.2+1.5 0.156 21 -23+1.8 0.00020*
AECW (L) 6 -0.6+£0.9 0.219 21 -0.9+0.9 0.00019*
AICW (L) 6 -0.6+0.8 0.094 21 -1.4x1.2 0.00028*
AFM (%) 6 -0.8+1.3 0.219 21 -0.9+£25 0.168
AFFM (%) 6 0.8+1.3 0.219 21 0.9+25 0.168
ASMM (%) 6 0+0.8 0.844 21 -0.5+1.1 0.119
ATBW (%) 6 04+1.0 0.563 21 03+1.7 0.838
AECW (%) 6 0.1+£0.8 1 21 03+1.3 0.539
AICW (%) 6 0.3+£0.8 0.563 21 -0.1x£1.0 0.946
APA (°) 7 0.01+0.30 0.938 21 0.15+0.47 0.424

Changes given as mean + standard deviation. Within the KD group, one patient had metallic implants excluding her from analysis of BIA-derived
body composition. P-values determined by paired Wilcoxon rank sum tests
BMI body mass index, BW body weight, ECW extracellular water, FFM fat-free mass, FM fat mass, ICW intracellular water, KD ketogenic diet,

PA phase angle at 50kHz, SD standard diet, SMM skeletal muscle mass, TBW total body water
*p<0.005 (statistically significant)
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with rectal cancer (N= 14, 4.56°; p=0.218). Men with HNC
(N=21) had lower PAs than men with rectal cancer (N=27),
although this was not statistically significant (4.50° versus
5.14°, p=0.0672).

Ketogenic diets

While on the KD, median capillary p-hydroxybutyrate
concentrations in the KD group were 0.7mmol/L (0.2—
3.2mmol/L). Thereby, all 7 patients in the KD group
achieved at least one capillary or laboratory f-hydroxybu-
tyrate measurement > 0.5 mmol/L, showing that all patients
tried to comply with the diet.

Absolute changes in body composition

Table 2 shows the absolute changes that occurred within
both groups between the baseline and final measurement.

Significant absolute reductions in all body composition pa-
rameters occurred only in the SD but not the KD group.
However, all changes in relative body composition param-
eters were statistically nonsignificant. Noteworthily, SMM
was reduced less in the KD group in absolute terms and did
not change relative to BM, while it decreased by 0.5% in
the SD group.

Fig. 2 displays the absolute body composition changes as
boxplots and shows the p-values corresponding to a com-
parison of changes between both groups. While all body
composition parameters were reduced to a lesser degree in
the KD group, the difference to the SD group was not sig-
nificant for any of the parameters. We note that the initial
BM loss in the KD group (change from the first to the sec-
ond measurement) measured 0.24 + 1.4 kg BM (mean+ SD),
which was almost equal to the reduction of TBW measur-
ing 0.23+1.4L; this indicates that initial weight loss was
mostly due to initial water losses. Fig. 2 also shows that the
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changes in FFM and SMM were paralleled by those in TBW
and ICW, respectively. Indeed, the correlation between ab-
solute changes in FFM and TBW (Spearman’s p=0.984,
p=2.2%x10"%) as well as between changes in SMM and
ICW (p=0.994, p=2.2x 107'%) were highly significant. On
average, 0.38+0.55kg FFM and 0.43+0.34kg SMM loss
could not be accounted for by losses of TBW and ICW, re-
spectively. This indicates that the reductions that occurred
in FFM and SMM were not only due to extracellular and
glycogen-bound water losses, but also reflect a reduction in
structural tissue mass.

Gradual changes in body composition

The results of the linear mixed effects models (Eq. 1) are
displayed in Table 3 in form of the best-fit regression co-
efficients. Additional covariates to the ones shown in Ta-
ble 3 were not considered because their inclusion into the
basic models increased the AICc values and hence did

not improve model fits. Overall model fits were judged
as good, since the R? values indicated that the included
covariates were able to explain most of the variance. Pa-
tients in the KD having received chemotherapy experienced
an average gradual reduction of 0.9kg BM, 0.44kg FM,
and 0.31kg SMM per week, while those who did not re-
ceive chemotherapy achieved an average gradual increase
by 0.04kg BM and 0.12kg SMM per week. In the SD
group, average gradual reductions in BM, FM, and SMM
for patients who had received chemotherapy were some-
what larger, namely 1.2kg, 0.57kg, and 0.48kg per week,
and even those patients who did not receive chemother-
apy experienced a gradual reduction of BM and FM by
0.30+0.16 (p=0.071) and 0.24+0.10 (p=0.029) per week
(Table 3). Noteworthily, compared to the SD, the KD was
associated with a gradual SMM increase of 0.17+0.08kg
per week with a p-value of 0.06. However, really signif-
icant changes in body composition were only associated
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with chemotherapy, which tended to reduce especially lean
mass and ICW.

Overall and progression-free survival

Survival outcomes of radio(chemo)therapy were evalu-
ated between the SD and KD group (Fig. 3). In the KD
group, median follow-up for OS and PFS was 35.2 months
(12.4-63.7 months) and 35.2 months (4.3-63.7 months),
respectively. In the SD group, median follow-up was
45.8 months (6.7-78.0 months) and 36.9 months (6.7—
70.4 months), respectively. One patient in the KD group de-
veloped locoregional progression 4.3 months after starting
radiochemotherapy and died 8.1 months thereafter; another
patient experienced locoregional relapse at 48.5 months
follow-up and was reirradiated (he is currently alive). In
the SD group, a total of five patients experienced tumor
progression and four patients had died after a median
follow-up of 17 months (12.1-20.2 months). Differences
in PFS or OS were not significant between both groups
(Fig. 3), and this result did not change qualitatively when
performing an intention-to-treat analysis (Fig. 4).

Discussion

In this analysis, we show that an individualized KD supple-
mented with essential amino acids consumed during cura-
tive radio(chemo)therapy of HNC patients was able to slow
down the negative consequences of therapy on body compo-
sition to some extent. The major factor inducing BM, FM,
and SMM reductions was the administration of chemother-
apy, while the KD was nonsignificantly associated with
opposing trends, in particular a gradual SMM increase of
0.17+£0.08kg per week (p=0.060). A difference between
the KD and SD groups with respect to either OS or PFS
could not be demonstrated, nor was the study powered to
show this. However, the results regarding body composition
should encourage further research of KDs in frail cancer
patient populations and motivate their implementation as
complementary therapies for select patients.

Compliance and dropouts

“Is it realistic to restrict carbohydrates for HNC patients?”
is the question which was addressed in a review article
written by one of us (RJK), and it was concluded that car-
bohydrate restriction in the form of KDs or intermittent
fasting “seems feasible and therefore realistic, but requires
additional time and effort as it has to be tailored towards
the individual patient” [38]. In an uncontrolled phase I
study, Ma et al. found that two thirds of HNSCC patients
did not manage to consume a KD during 5 weeks of ra-

@ Springer

diochemotherapy [25]. Thereby, all patients had received
a PEG tube prior to the study, which was used to provide
a ketogenic formula that accounted for the main calories
of the KD. Reasons for discontinuation included fatigue,
nausea, and vomiting, two cases of grade 4 hyperuricemia,
and one case of acute grade 3 pancreatitis; the attribution of
these side effects to the KD was unclear in all cases [25].
Thus, a KD—even if applied via a PEG tube—may not be
feasible in the general HNC population. The results of our
study also go into this direction, although compliance was
higher (64%) in our patients of whom 2/7 had a PEG tube.
It appears that the possibility to voluntarily switch to the
KD group may have contributed to the higher compliance
rate in our study. Our experience was that patients who
consented to join the KD group because they were asked
to appeared motivated at the beginning, but soon became
noncompliant and consumed nonketogenic foods such as
potato squash in one case or high-sugar formula foods pre-
scribed by other physicians during a brief stationary stay
in another case. Frequently, patients were also not able to
care for themselves and depended on family members to
prepare foods. We admit that we underestimated these facts
in the beginning. We think that compliance problems in
HNC patients are not KD-specific, because they also oc-
cur with other individualized dietary prescriptions as has
been shown for example in a Turkish study in which only
18/48 (37.5%) of patients undergoing radio(chemo)therapy
were able to achieve at least 75% of the prescribed en-
ergy and protein intake [39]. We think that with broader
support from patients’ social environment and oncological
colleagues, a significantly higher fraction of HNC patients
would be able to maintain a KD.

Survival outcomes

Ma et al. also showed that the combination of a ketogenic
formula with ionizing radiation significantly prolonged the
survival time of HNC xenograft-bearing mice compared to
irradiation alone [25]. However, the survival benefit van-
ished when a new version of the formula with another fatty
acid composition was given. This indicates that the hetero-
geneity of individually consumed KDs may affect whether
they act synergistically with ionizing radiation or not. Nev-
ertheless, there are also more general effects that would lead
one to expect synergism between KDs and therapies acting
through oxidative DNA damage [22, 40]. In particular lac-
tate and, to a lesser extent, pyruvate have been shown to
act as antioxidants and protect tumor cells against ionizing
radiation [18, 41, 42]. Lactate concentrations in HNSCCs
are higher than in normal tissue, correlate positively with
tumor stage, and predict worse OS [43]. It is therefore in-
teresting that Schroeder et al. measured a decline in lactate
concentration in HNSCC tissue after only a few days of
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a KD [44]. Despite these mechanistic insights predicting
synergistic effects between a KD and radiotherapy, we did
not observe a clear benefit of the KD group with respect to
either PFS or OS. We point out that both high pretreatment
carbohydrate intake [45] and pretreatment nutritional sup-
port with presumably high-carbohydrate supplements [46]
are associated with poor prognosis in HNC patients, which
may have influenced survival outcomes but was unfortu-
nately not measured. Furthermore, the sample size was too
small to detect potentially small survival benefits in the KD

group.
Body composition changes

Compared to breast and rectal cancer patients, our HNC pa-
tient cohort already had low PA values at the start of radio-
therapy, indicative of subclinical or clinically manifest mal-
nutrition. As expected, the administration of platinum-based
chemotherapy further worsened the condition of patients,
being the most significant predictor of body composition
decline. Patients having received adjuvant chemotherapy
experienced a significant average reduction of 0.94+0.18
BM, 0.59+0.13 FFM, and 0.43+0.07 SMM per week (all
p-values < 0.005). The KD appeared to counter these trends,
being associated with an average increase of BM, FFM, and
SMM by 0.34+0.20kg, 0.22+0.15kg, and 0.17+0.08kg,
respectively. Although these effects associated with the KD
were nominally not significant, they are consistent with
clinical and mechanistic evidence for the hypothesis that
KDs are able to counteract muscle catabolism in frail pa-
tient populations [23, 24, 47, 48].

The impact of nutritional counselling alone on nutritional
status of HNC patients during radiochemotherapy is hard
to predict, as recent studies found either no [49] or a signif-
icant difference to the no-counselling group [50]. A better
strategy appears to be nutritional counselling plus the deliv-
ery of calorie-dense, high-protein, and omega-3 fatty acid-
enriched supplements, which was shown to lead to signifi-
cantly less BM loss than nutritional counselling alone [11].
Our intervention mostly relied on nutritional counselling,
but patients were also provided with 10g essential amino
acids per day in the form of the MAP supplement. While
MAP makes no significant contribution to energy intake, it
may have helped to maintain SMM. It is noteworthy that
we did not find any association between MAP intake and
better preservation of FFM or SMM in the KETOCOMP
breast cancer cohort, which we explained by the fact that
these women had no difficulties in consuming ample quan-
tities of high-quality protein in their KD. It is possible that
the addition of MAP had a larger effect in the HNC patients
who had more difficulties with food intake. In addition, the
rise of ketone bodies during the KD may have counteracted
SMM degradation, in line with the muscle-sparing effect

of ketosis that is essential for surviving longer periods of
starvation [51]. Rat studies have shown that ketosis inhibits
oxidation of the branched-chain amino acids in muscle [52]
and decreases the release of the gluconeogenic amino acid
alanine [53]. Finally, our KD prescription emphasized the
intake of high-quality animal protein from meat, organs, and
eggs. Protein of animal origin has a higher anabolic poten-
tial in general compared to plant proteins, because it has
a higher digestibility and no limiting dietary indispensable
(essential) amino acids [54]. Together, these factors may
have been effective in reducing the loss of SMM compared
to the SD group, although it was not statistically significant,
possibly due to the small sample size.

Limitations

The major limitation of this study is the small sample size
of patients in the KD group, which was partly due to the
rare presentation of HNC patients in our clinic and partly
to the fact that some patients declined to participate in the
KD group, switched to the SD group, or dropped out of
the study. While patient numbers were large enough to de-
tect a clear signal of chemotherapy as a highly significant
predictor of body composition changes, it is possible that
the opposing influence of the KD would have been more
significant with a larger patient number.

Another limitation could be that patients were allowed to
self-select to enter the KD group, and that the KD food com-
position was not standardized but rather highly individual.
While the KD and SD groups were comparable with respect
to many confounding factors, there might have been some
residual confounders influencing outcomes that remained
unaccounted for. Individualization of diet prescriptions is
usually considered essential in order to maximize compli-
ance in cancer patients, and therefore our study reflects the
real-world clinical situation, which increases the degree to
which our results apply to any “real world” HNC population
(external validity).

Finally, the validity of BIA for assessing body compo-
sition may be criticized. First, however, we were mainly
interested in average (group-wise) time trends of body com-
position, and a study in non-metastasized colorectal cancer
patients has shown that on a group level, FFM estimated
by our BIA device (the seca mBCA 515) was not differ-
ent from FFM estimated by the gold standard dual-energy
X-ray absorptiometry (DXA) [55]. Second, by looking at
gradual changes, any systematic biases in individual BIA
measurements would not affect the time trends. Third, mea-
surements were strictly standardized by telling patients to
appear fasted and with an empty bladder, in order to mini-
mize individual measurement errors.

@ Springer
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