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Abstract

Background: Ketogenic therapy in the form of ketogenic diets or calorie restriction has been proposed as a metabolic
treatment of high grade glioma (HGG) brain tumors based on mechanistic reasoning obtained mainly from animal
experiments. Given the paucity of clinical studies of this relatively new approach, our goal is to extrapolate evidence
from the greater number of animal studies and synthesize it with the available human data in order to estimate the
expected effects of ketogenic therapy on survival in HGG patients. At the same time we are using this analysis as an
example for demonstrating how Bayesianism can be applied in the spirit of a circular view of evidence.

Results: A Bayesian hierarchical model was developed. Data from three human cohort studies and 17 animal
experiments were included to estimate the effects of four ketogenic interventions (calorie restriction/ketogenic
diets as monotherapy/combination therapy) on the restricted mean survival time ratio in humans using various
assumptions for the relationships between humans, rats and mice. The impact of different biological assumptions
about the relevance of animal data for humans as well as external information based on mechanistic reasoning
or case studies was evaluated by specifying appropriate priors. We provide statistical and philosophical arguments for
why our approach is an improvement over existing (frequentist) methods for evidence synthesis as it is able to utilize
evidence from a variety of sources. Depending on the prior assumptions, a 30-70% restricted mean survival time
prolongation in HGG patients was predicted by the models. The highest probability of a benefit (> 90%) for all four
ketogenic interventions was obtained when adopting an enthusiastic prior based on previous case reports together
with assuming synergism between ketogenic therapies with other forms of treatment. Combinations with other
treatments were generally found more effective than ketogenic monotherapy.

Conclusions: Combining evidence from both human and animal studies is statistically possible using a Bayesian
approach. We found an overall survival-prolonging effect of ketogenic therapy in HGG patients. Our approach is
best compatible with a circular instead of hierarchical view of evidence and easy to update once more data
become available.
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Background
High grade glioma (HGG) is the most common brain
tumor among adults, and is comprised of astrocytoma,
oligodendroglioma and glioblastoma multiforme (GBM).
GBM has the worst prognosis, with median survival
rates of approximately 15-20 months when treated with
the standard approach of surgical resection followed by
photon radiotherapy to 60 Gy with simultaneous temo-
zolomide administration [1, 2]. Given these poor out-
comes, there is an urgent need for alternative and
complementary treatment approaches. One such ap-
proach that has gained proponents in recent years is ke-
togenic therapy which targets the metabolic differences
between malignant tumor and normal brain cells by
shifting the cells’ substrate availability from glucose to-
wards fatty acids and ketone bodies [3—7]. This concept
is supposed to induce energetic stress in tumor cells,
which in case of malignant brain tumors have frequently
been shown to be deficient in key ketolytic enzymes, in
particular 3-hydroxybutyrate dehydrogenase 1 (BDH1)
and 3-oxoacid-CoA transferase 1 (OXCT1) [8-10], al-
though counterexamples exist [11]. This chronic energy
stress should make tumor cells more vulnerable to acute
stresses such as those induced by oxidative therapies
(chemo-, radio-, hyperbaric oxygen therapy) [12, 13].

Ketogenic metabolic therapy, or more shortly keto-
genic therapy, is an umbrella term comprising ketogenic
diets (KDs), calorie restriction (CR), the extreme form of
CR which is short-term fasting, and application of ex-
ogenous ketone bodies [7, 13, 14]. All these modalities
increase circulating ketone body levels and are able to
lower glucose and insulin levels. Combined and indi-
vidually, these metabolic changes are predicted to alter
tumor signaling networks, exerting putative actions
against tumor growth not only in brain cancer [4, 5] but
also other solid malignancies such as head and neck can-
cer [15], breast cancer [16] or advanced thyroid cancer
[17]. However, while these reviews optimistically empha-
sized the evidence available from preclinical studies,
case studies, small clinical pilot studies and basic mech-
anistic reasoning’ there currently appears to be no “real”
evidence for this approach within the classical
evidence-based medicine (EBM) framework which in its
standard form demands (systematic reviews of)
high-quality, randomized clinical trials for “really telling
scientific evidence” [18]. Although some authors have
recognized that in many clinical situations also other
types of evidence are sufficient or need to be considered
as well [19, 20], the common consensus is still, though
not uncontested [18, 21], that only randomized con-
trolled trials (RCTs) and their meta-analytical summaries
are “real” evidence.

This situation is problematic, because patients fre-
quently value ketogenic therapy as a putatively beneficial
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and safe treatment that returns agency and self-care and
thereby empowerment to them. For example, a recent
survey among HGG patients found that almost three
quarters of them (73%) would be willing to test a KD for
3 months [22]. Nevertheless EBM enthusiasts discourage
its use because scientific evidence is lacking [23]. This is
despite the fact that EBM in principle acknowledges that
other types of (what is called “next best”) evidence exist
that should be considered in case that RCTs are not
available. Furthermore, other types of evidence are
supposed to be incorporated into an overall judgment,
although it is not made explicit how this should be done
in practice [18].

Four specific problems exist which make finding a solu-
tion for the question how to best amalgamate evidence
from different sources challenging. First, as pointed out by
Thompson and Upshur, “the vast majority of clinical re-
searchers, regulatory agencies and clinical practitioners ei-
ther reject, ignore or are oblivious to ... criticisms [of the
superiority of RCTs for evidence generation]. We attribute
this to entrenchment” ([24], page 83). Second, the epistem-
ology of EBM and RCTs is firmly grounded in a frequen-
tist interpretation of probability [24, 25]. This makes an
amalgamation of different sources of evidence or different
outcome measures into a meta-analysis difficult due to
relative inflexibility of the frequentist framework [26, 2712
Third, although EBM claims to be based on evidence, it
lacks a sound theoretical concept of evidence itself [28], in
particular concerning its methods of statistical inference
[25]. Assuming that the theory of evidence in medicine
should conform to that in other sciences, the hierarchical
view of evidence that prevails in EBM seems to violate this
assumption [18]. For instance, in physics evidence for a
hypothesis is accepted, if a certain amount of independent
observers, irrespective of the particular methodology used,
agree on a phenomenon predicted by the hypothesis, and
the probability of observing the data or more extreme
values, given that the hypothesis is false, is low, usually
lying more than a few standard deviations away from the
mean. In other words, the observed data would be much
more likely under the hypothesis than they would be
under its rival hypotheses. In medicine, there is no com-
parable stringency [29], and the evidence hierarchy seems
to us to simulate stringency built on shaky theoretical
ground. Fourth, the frequentist approach to any statistical
problem makes a highly improbable and unnatural as-
sumption, namely that a hypothesis is either true or false
[30], corresponding to a probability of either 1 or 0, irre-
spective of the theoretical grounding of a particular re-
search or the mechanistic knowledge or the clinical
experience. Thus this approach excludes an important hu-
man property from decision making: the intelligent sum-
marizing of empirical findings against the background of
known or likely facts and theories.
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A promising concept that allows a solution to these
four problems has been proposed by Walach et al. [31]
in form of a circular view of evidence, in which different
study designs would contribute different and partly com-
plementary “pieces of evidence” for the generation of an
overall epistemic picture. While the hierarchical ap-
proach assumes that evidence generated by internally
valid methods, such as RCTs, is preferable over evidence
generated by externally valid methods, such as observa-
tional or epidemiological studies, the circular view ac-
knowledges that each method has strengths and
weaknesses that can only be balanced by taking all the
evidence together.

This approach overcomes the entrenchment which
prevails among the medical community and is com-
patible with a basic scientific concept of evidence. We
here adopt the concept of evidence as a measure of
distinction between two competing hypotheses [32],
something that could in principle be established in a
variety of study types by considering the study-specific
background information or context which would provide
clues for deciding whether one of two hypotheses is more
likely given the data and our background knowledge. A
circular view of evidence is also compatible with a more
general approach to evidence synthesis such as the
matrix-analytical approach proposed by Walach and
Loef [33] or flexible Bayesian meta-analytical methods [27,
34-37]. The matrix analytical approach would tabulate all
the available data according to design and questions
answered, potentially including the methodological
rigor of various studies. The Bayesian method takes
into account prior knowledge and background theory.
Combining these two approaches might yield a power-
ful, more flexible and adequate method of data
synthesis.

We here aim to demonstrate such a flexible Bayes-
ian approach to evidence synthesis using the available
data on ketogenic therapy against HGG as an ex-
ample. Specifically, given the paucity of clinical stud-
ies of this relatively new approach, our goal is to
utilize information from observational studies and the
large amount of preclinical animal studies, incorporat-
ing various assumptions about the relevance of these
data for humans into our model. We consider our ap-
proach important as an evidence summary reflecting
the current state of research that could aid decision
making of clinicians and patients alike, and as an evi-
dence base that can be updated anytime once more
studies, preferably in humans, become available. At
the same time this somewhat controversial area serves
as a testing ground for the purported flexibility of a
combined approach, using Bayesian reasoning and
cross-fertilizing data from various methodological
approaches.
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Methods

Bayesian evidence synthesis

Our approach is based on methodology developed by
DuMouchel and Harris [34], DuMouchel and Groér [38]
and Jones et al. [39]. These authors integrated findings
from animal and human studies on dose-response
relationships between certain toxic exposures and the
risk of complications, quantified by the slope of the
dose-response curves. Underlying these models is the as-
sumption that all experiments are “related through some
unifying biological hypothesis” and that “the results of
each experiment are summarized by a single number,
such as the slope of the dose-response relation.” [34]. We
here adopt the restricted mean survival time (RMST) ra-
tio (henceforth simply denoted as MR) between the
intervention and control group in each study as this
single outcome measure we seek to combine. While the
mean survival time for a random time-to-event variable
Tis given as 4 = [, S(¢)dt, the RMST measures the area
under the survival curve up to a specified time point:
RMST(¢*) = E[ min(T, ¢*)] = [& S(¢)dt. The RMST is
therefore a measure of average survival up to the specified
follow-up time. For the specified time point, we adopt the
last recorded time point in each study group, so that in
cases in which all subjects experience the event of interest
(like in most animal studies), the RMST is equal to the
mean survival time. Spruance et al. have argued that in
such cases, time parameters such as mean survival times
provide a more useful description of group survival statis-
tics than the hazard ratio [40]. Furthermore, an advantage
of the RMST is that it is valid under any distribution of
the time to event in the treatment groups, of which pro-
portional hazards models are only a (small) sub-class; it is
therefore an alternative to the hazard ratio whenever the
proportional hazards assumption is doubtful [41, 42].

The MRs between intervention and control groups were
converted to the logarithmic scale such that In(MR) > 0 in-
dicates longer survival in the treatment group. The unify-
ing biological hypothesis consists in assuming an “equal
relative potency” of the interventions, meaning that the ra-
tio between the MRs of any two interventions is preserved
across species. For example, if combining CR with radio-
therapy in a given strain of mice prolongs survival by a
factor of 2 compared to radiotherapy only, equal relative
potency implies that the same factor should apply to other
mouse strains or humans.

Data

All the data were retrieved from studies included in pre-
vious systematic reviews on KDs and cancer, specifically
the meta-analysis of mouse studies by Klement et al.
[43], the review on the role of ketogenic therapy in
HGG by Winter et al. [7] and the realist review by
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Klement [44]. Searches in PubMed using the search
terms “ketogenic diet”, “calorie restriction”, “caloric re-
striction”, “glioma”, “glioblastoma” and “astrocytoma” up
to December 2017 revealed no additional studies. Indi-
vidual survival times were retrieved for most studies
from the Kaplan-Meier graphs using the software Digiti-
zeit version 2.3.2, while for some studies authors delivered
the survival data upon request. Details of the studies are
given in Table 1. The studies could be categorized into
four ketogenic intervention groups: KD as monotherapy,
KD combined with other treatment (KD+), calorie restric-
tion as monotherapy and calorie restriction combined
with other treatment (CR+). A total of 17 animal experi-
ments from 10 papers [9, 45-53] allowed retrieval of indi-
vidual survival times from which RMSTs with standard
errors of ketogenic and control animals were calculated.?
For animal species, we differentiated different genera and
strains, but not sub-strains or gender so that the total
number of species considered in the model was five

Table 1 Study data used for the evidence synthesis
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(humans, athymic mice, C57BL/6 mice, SCID mice,
Fisher rats). As in our previous meta-analysis [43], we
required animal studies to adopt a pre-specified sur-
vival outcome such as growth to a certain tumor vol-
ume but no pre-specified study termination time point.
If multiple studies were available for a given species and
intervention, we pooled the individual study outcomes to-
gether using Bayesian random effects meta-analysis with
three different priors for the between-study variance
(uniform, half-normal and DuMouchel’s prior) as de-
scribed in Klement et al. [43]. This was done as the model
required exactly one datum per intervention and species.
Only three human studies provided survival outcomes
that allowed computing a MR between a “ketogenic” and
a “non-ketogenic” group: Han et al. [54] combined CR
with hyperbaric oxygen, psychotherapy and standard of
care (radio-chemotherapy) as a treatment of newly diag-
nosed GBM patients and compared overall survival
against a control group that received standard of care

Year  First author Species Tumor Treatment  N;y+Nc  RMSTy RMSTc MR Data source
2014 Han Humans GBM CR+ 11423 4136+402 2370+£285 1.75+027 Figure
2015  Rieger Humans GBM KD 8+5 725+1.07 516+1.29 141+041  Figure
2018  Santos Humans GBM KD+ 17415 1056+£094 838+149 1.26£025 Author
2007 Zhou C57BL/6J mice CT-2A astrocytoma KD 9+7 19.78+084 17.71+£094 1.12+0.08 Author
(syn.)
2007 Zhou C57BL/6J mice CT-2A astrocytoma  CR 1M+7 31.82+226 1771+094 180+0.16 Author
(syn.)
2007  Zhou BALBc/J SCID U87 glioma (xen.) KD 7+ 11 19.71+£078 2127+184 093+009 Author
mice
2007 Zhou BALBc/J SCID U87 glioma (xen.) CR 14+11  3036£140 2127+184 143£0.14 Author
mice
2008  Marsh C57BL/6J mice CT-2A astrocytoma  CR 8+7 3050+409 1886+120 1.62+024 Figure
(syn.)
2010  Stafford C57BL/6J albino GL261 glioma (syn) KD 545 2400+094 1900+063 126+006 Author
mice
2011 Maurer Athymic mice LNT-229 glioma KD 12+12 8783+459 9690+357 091+006 Author
(xen.)
2012 Abdelwahab  C57BL/6J albino GL261 glioma (syn.) KD 20419 3390+5.12 2332+108 145+023 Author
mice
2012 Abdelwahab  C57BL/6J albino GL261 glioma (syn) KD+ 1T+11  9736+£493 5473+£981 1.78+033 Figure
mice
2013 lJiang Athymic mice U87 glioma (xen.) CR 747 2671+155 1871+£085 143+0.11 Figure
2014 Rieger Athymic mice U87 glioma (xen.) KD 8+8 3562+064 3383+153 105+005 Author
2014 Rieger Athymic mice U87 glioma (xen.) KD+ 8+8 5750+228 5025+224 1.14x007 Figure
2015  Martuscello NOD/SCID mice LO glioma (xen.) KD 10+11  4850+£563 1455+157 333+£053 Figure
2015  Martuscello NOD/SCID mice L2 glioma (xen.) KD 546 5520+£815 2554238 217+038 Figure
2016 De Feyter Fisher rats 9 L glioma (xen.) KD 10+9 3470+£163 3356+133 1.07+£007 Author
2016 De Feyter Fisher rats RG2 glioma (xen.) KD 10+11 2630+£1.11 2736+071 096+005 Author
2016 Lussier C57BL/6J albino mice  GL261 glioma (syn) KD 12+11 4217+£252 3309+£145 127009 Figure

Subscript “T" denotes treatment group, “C" control group. CR/KD Calorie restriction/ Ketogenic diet as monotherapy, CR+/KD+ Calorie restriction/ ketogenic diet
combined with another therapy, syn. syngeneic transplant, xen. xenogeneic transplant
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only. The ERGO study by Rieger et al. [50] prescribed a
KD as a monotherapy for patients with recurrent GBM
who already had received standard of care but had no
planned control group. However, since a number of pa-
tients did not reach stable ketosis, we compared their
outcome (progression-free survival) against that of the
patients who were in stable ketosis based on Figure 5A
in Rieger et al. [50]. Since there was no genuine standard
diet control group, the effect of omitting this study on
the MR posterior estimates was assessed in a sensitivity
analysis. Finally, Santos et al. conducted a clinical trial of
intranasal application of perillyl alcohol combined with
a KD against only perillyl alcohol delivery in
post-surgical recurrent GBM patients with no further
treatment options. The outcome of interest was
progression-free survival, while patients that died within
the first three months (the prescribed KD duration) or did
not conform to the KD were treated as censored. Individual
survival times and information was kindly provided by Dr.
Juliana Guimarées Santos. Figure 1 exemplarily shows the
Kaplan-Meier survival curves of the three human studies;
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those of the animal studies can be looked up in the original
publications. The individual study data that our analysis is
based on are given in Table 2.

Philosophical aspects
We assume a moderate ontological pluralism in which
each study type exists “in its own universe”, yet is able
to generate effect sizes that constitute evidence for or
against the hypothesis that ketogenic therapy increases
HGG survival and can be amalgamated into an overall
estimate, consistent with a more circular view of evi-
dence [31]. The standpoint of moderate pluralism im-
plies that different study types can have different access
routes to the underlying reality, thus offering multiple
perspectives on what counts as surviving/not surviving
depending on the outcome of a specific experiment. In
this sense, allowing for an ontological pluralism justifies
the summation and combination of each study by a sin-
gle number, in our case the MR.

Furthermore, the Bayesian framework allows us to use
the case studies which do not provide MRs, but still
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Table 2 Estimates of In(MR) + standard deviation from individual studies according to species and intervention

Species/Intervention KD KD+ CR CR+

Humans 0.3436 +£0.2842 0.2311£0.1972 NA 0.5596 + 0.1532
Athymic mice —0.0186+0.3529 0.1345+£0.0305 0.3563+0.0376 NA

C57BL mice 0.2261 +0.0956 0.576 +0.0961 0.5415+0.3219 NA

SCID mice 0.6325 +0.5048 NA 0.3556 £ 0.0501 NA

Fisher rats 0.0117+0.3228 NA NA NA

CR/KD Calorie restriction/Ketogenic diet as monotherapy, CR+/KD+ Calorie restriction/ketogenic diet combined with another therapy

could provide evidence for efficacy within their own spe-
cific context [44], to formulate prior expectations about
the MRs observed within the cohort studies. Analogously,
mechanistic reasoning, while usually excluded from the
evidence hierarchy of EBM [19], could be accounted for
using appropriate priors. In this way, the Bayesian ap-
proach is flexible enough to account for a circular instead
of hierarchical approach to meta-analysis. As Jones et al.
stated: “Other information about species differences, phys-
ical and metabolic characteristics of the exposures, disease
mechanisms, and so on may be represented in the prior dis-
tributions of hyperparameters in the Bayesian model” [39].

In fact, we argue that Bayesianism is the only statis-
tical school able to provide a unifying philosophical
account of scientific reasoning through its ability to
address three fundamental questions of scientific
inference [32, 55]: (i) Given the data, what should we
believe and to what degree (the belief question)? (ii)
Given the data, what is the evidence for our hypoth-
esis that ketogenic therapy has a survival-prolonging
effect in HGG patients, equivalent to In(MR) >0 (the
evidence question)? (iii) What should we do (the de-
cision question)? See Additional file 1: Appendix A
for more information and our justification for the
Bayesian approach.

The model

For our Bayesian model, we adopt the notation given by
Jones et al. [39]. We assume a normal likelihood for
the In(MR) in the ith row (species) and jth column
(intervention):

Vi ~ N <9ij, cf/)
where

0 ~ N((xi +¥; 02),

a; ~ N(uai, aii),

y;~N(uy 0y ).

Thus, 6; is the true In(MR) and cfj the variance of y;
for species i and intervention j. The variables a; and y;

represent the species and intervention effects, respect-
ively, and ¢* measures how well the assumption of
equal relative potency of interventions across species
fits the data [39].

Prior distributions

As noted above, prior distributions on the hyperpara-
meters a; ; and o” allow us to incorporate prior know-
ledge on disease mechanisms, metabolic effects and any
information or belief about inter-species relationships
from external sources. We can also model the prior be-
liefs of ketogenic therapy proponents as against skeptics,
and assess the different impact on the results in sensi-
tivity analyses. Accordingly, we specify different prior
distributions for the relationship between the species
effects, a;, and the intervention effects, y;, The rela-
tionships of species and intervention effects are speci-
fied through covariance matrices Ralpha and Rgamma,
respectively [39].

Prior for o

The parameter ¢ gauges the accuracy of the equal rela-
tive potency assumption by measuring the deviations of
the a; + y; from the true effects 8;. Thus, the assumption
that the ratio between the MRs of two interventions is
preserved across species is only accurate to within a de-
viation of exp(+o) with 68% probability [34]. We use a
prior distribution o~N (0.5,0.01) as in Jones et al. [39],
implying that with 68% probability, the constant relative
potency assumption would be accurate to within a factor
ranging from exp(0.4) = 1.5 to exp(0.6) =~ 1.8 with a factor
of exp(0.5) = 1.65 being most likely.

Skeptical priors

Skeptical priors assume that none of the species and
interventions yields information relevant to the others.
They have a diagonal structure. We use two skeptical
priors: SP1 specifies rather vague priors for both species
and intervention effects, a;~N(0,10) and y;~N(0, 10),
following DuMouchel and Groér [38] and Jones et al.
[39] and implying a variance of the true effects of
100 + o*. SP2 specifies weakly informed priors a;,~N(0, 1)
and y;~N(0, 1), implying a variance of the true study
effects of 1+ o™
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Fundamentalist skeptical priors

“Fundamentalist skeptics”* would argue that ketogenic
therapy could accelerate tumor growth, resulting in de-
creased survival times. We model such beliefs by the
priors FSP: a;~N(-0.35,1),y;~N(-0.35,1) and a diagonal
structure of the covariance matrices assuming no infor-
mation of one species or intervention is relevant to
others as in SP1 or SP2 above. Together, these priors
correspond to the expectation of the survival time be-
ing decreased by a factor of =2 in a group treated with
ketogenic therapy.

Relational priors

With a relational prior on Rgamma, we take into ac-
count the similar metabolic effects of CR and KDs [56]
by assigning a correlation of 0.9 between KD and CR as
well as between KD+ and CR+:

10 0 9 0
Rgamma = 100 o
& 19 o 10 o

0o 9 0 10

In the relational prior RP1, we additionally assume
strong correlations between the three mouse strains
which we express by off-diagonal elements in the 5 x5
matrix Ralpha using a correlation coefficient of 0.9995
as in Jones et al. [39]:

10 O 0 0
0 10 9.995 9.995
0 9.995 10 9.995
0 9.995 9995 10
0 O 0 0 10

Ralpha =

(=N el

We also specify a second relational prior RP2 which
additionally assumes a correlation between mice and rats
of 0.9, corresponding to a standard deviation of 1.41 for
the difference aouse — drar- Finally, a third relational
prior RP3 assumes some biological relevance between
the animal models and humans, although we consider
this weak based on the exaggerated metabolic effects
compared to humans when rodents are put on caloric-
ally restricted diets [57], as well as differences in blood
glucose regulation [58]; we thus apply (arbitrarily) a cor-
relation of 0.3 and check the impact of this choice in
sensitivity analyses.

Mechanistic prior for Rgamma

Mechanistic reasoning suggests that ketogenic therapy
is able to boost the effectiveness of other anti-cancer
treatments [12—14, 59] which we model through the re-
lations y, = y1 + 7 and yy4 = y3 + 5 with #~N(0.3,0.3), and
a weakly informative prior on the y/s according to
7;~N(0, 1). This prior expresses the assumption that the
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average MR for KD+/CR+ is exp(0.3) = 1.35, i.e. a 35%
increased survival time compared to no additional keto-
genic treatment. In this basic mechanistic prior (de-
noted MP1) Rgamma is therefore

Rgamma =

We can also combine the mechanistic prior with the
correlations assumed for the treatments as in the rela-
tional priors, so that in MP2:

1 0 09 0
R [ o 13 0 1287
gamma = 4 99 1 0

0 1287 O 1.3

Both MP1 and MP2 assume
Hy1 = fy3 =0 and pry = p1,4 = 0.3.

Enthusiastic prior for Ralpha

Klement has compiled cohort and case studies on KDs
in cancer patients and asked whether each of them pro-
vides evidence for an anti-tumor hypothesis against the
hypothesis of no effect [44]. There are a total of seven
case studies in his compilation related to treatment of
patients with astrocytoma and/or GBM. Out of these, three
were judged as providing evidence for the anti-tumor hy-
pothesis [60—62], three were inconclusive [63—65] and one
clearly provided no evidence [11]. No study provided evi-
dence for any pro-tumor effects. Thus, based on these
published case reports, and consciously neglecting any
publication bias associated with these case reports, we for-
mulate an optimistic prior for an anti-tumor effect of KDs
at least in some patients which we express as the expect-
ation that ketogenic therapy combined with other treat-
ments could prolong survival by 40% with 3/7 = 42.9%
confidence that the MR will lie between 1.1 and 2, favoring
KDs. On the log-scale, adopting a normal distribution this
corresponds to a standard deviation of [In(2) - 1In(1.1)]/
(2x0.79) =0.378, with mean at In(1.5) = 0.336. For mice,
we further adopt the findings of the meta-analysis of
Klement et al. [43] which revealed a prolongation of
mean survival times in mice bearing brain tumors that
were treated with KD monotherapy which can be trans-
lated to a normal distribution on the log-scale with
mean value In(1.124)=0.117 and standard deviation
[In(1.136) — In(0.962)]/(2 x 1.96) = 0.080 (note that the MR
in Klement et al. [43] was defined as the ratio between
mean survival times in the control versus the ketogenic
group, which is the reciprocal of the MR adopted here).
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Thus, we apply a;~N(0.336, 0.378%) and ®34~N(0.117,
0.08%) together with a weakly informative prior as~N(0, 1)
for the rats, so that the enthusiastic prior (EP) is

0.3782 0 0 0 0
0 0.08>  0.0063 0.0063 0
Ralpha = 0  0.0063 0.08 0.0063 0
0  0.0063 0.0063 0.08 0
0 0 0 0 1

Model inference

Models were run in WinBUGS version 1.4. Each time,
the first 100,000 iterations were considered as burn-in
samples and discarded, and the next 200,000 iterations
were sampled for inference using a thinning of 20 in
order to reduce auto-correlation. From the resulting
10,000 samples, medians were taken as point estimates
and 95% credible intervals (Crls) derived. A sample code
for the model with the enthusiastic prior is given in
Additional file 1: Appendix B.

Plausibility of prior assumptions
The plausibility of the various priors was checked using
the Deviance Information Criterion (DIC) [66, 67]. DIC
is defined as the sum of the posterior mean deviance D
(a measure of model adequacy) and the effective number
of parameters pp (a measure of model complexity). An
information-theoretical perspective on DIC has been
given by van der Linde [68]. She showed that for sam-
pling distributions belonging to the exponential family,
the complexity term pp in DIC can be interpreted as an
estimate of the symmetrized mutual information between
future observations and posterior parameter estimates.
Compared to Bayes factors, DIC is more appropriate to
compare hierarchical models; it measures what the data
tell us about the predictive accuracy rather than the truth
of a model and can easily be monitored in WinBUGS [69].
Similar to the Akaike Information Criterion, to which
DIC reduces under a vague prior, DIC differences can be
understood as a proxy of evidence for one model com-
pared to the other, because they can be re-written as a
quasi-evidential condition for the likelihood ratio: a
model M1 is preferred by the data over M2 if and only if

20161)
P(|6)
posterior mean parameter estimates, and Pp, and Pp,
the effective number of parameters of model 1 and 2, re-
P(|0>)
is not invariant against reparametrization [67] and there-
fore disqualifies as a genuine evidence function [70]; that
is why we call DIC differences only a proxy of evidence.

> exp(pp,_pp,), whereby 6, and 6, denote the

spectively.” We note, however, that the likelihood
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Another method of model comparison could be based
on choosing the model with minimum entropy. By using
the analytical expression for the entropy of a normally
distributed variable [71], in each model we plugged in
the posterior point estimate of the variance, i.e., its me-
dian @2, to derive a representative estimate of the differ-
ential entropy of 0;; as H(6; ;[6*) = 0.5 In(2mec?).

Results

Main model outcomes

The posterior MR estimates for humans obtained from
fitting the model using different priors are given in
Table 3 and displayed in Fig. 2. It can be seen that des-
pite missing study data concerning the application of CR
monotherapy to glioma patients, effect estimates have
been obtained by utilizing information from other spe-
cies and the various assumptions expressed in the priors.
All posterior estimates indicated overall beneficial effects
of ketogenic therapy, although the 95% Crls display a
relatively wide range of uncertainty which includes the
range of non-beneficial effects. Noteworthy, this was also
the case for the fundamentalist skeptical prior (FSP)
which assumes tumor growth promoting effects of keto-
genic therapy. In this case, the probability for a survival
prolonging effect (MR > 1) was still >75% for all inter-
ventions. The greatest uncertainties were obtained for
the vague prior SP1 which has a large variance and ig-
nores possible information that one species or interven-
tion could contribute to others. On the other hand,
modelling prior expectations based on mechanistic in-
sights and published patient data reduced the uncertain-
ties of posterior estimates. In general combinations of
KDs or CR with other treatments resulted in greater ef-
fect estimates than each dietary intervention adminis-
tered as monotherapy. The greatest probability of a
benefit was obtained when adopting an enthusiastic
prior based on previous case reports together with as-
suming correlations between KDs and CR and synergism
between ketogenic therapy with other forms of treat-
ment (prior EP + MP2); in this case, the probability for a
survival prolongation was >90% for all four ketogenic in-
terventions. However, compared to the prior expectation
of MR = exp(0.3 + 0.336) = 1.89 for KD+/CR+ (because
Mo, =0.336 in EP and p, =p, = 0.3 in MP2), the pos-
terior estimates for combining KD or CR with other
treatments indicated ~30% less benefit, showing that
these prior assumptions would have been too enthusias-
tic compared to the actual data. On the other hand, the
data turned the prior belief in a detrimental effect of ke-
togenic therapy as modelled by an expected MR of 0.7
in the FSP into a 260% higher posterior estimate; thus,
the fundamentalist sceptical prior assumption appeared
even more unjustified than the enthusiastic one.
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Table 3 Posterior estimates of the MR for humans
KD KD+ CR CR+

Original study estimates 41 (061-2.21) 6 (0.77-1.75) NA 1.75 (1.22-2.28)
Skeptical prior SP1 9 (0.58-2.81) 1.39 (0.65-2.98) 1.51 (0.57-3.98) 1.69 (0.68-4.22)
Skeptical prior SP2 9 (0.68-2.45) 39 (0.73-2.59) 1.50 (0.70-3.21) 1.54 (0.73-3.29)
Fundamentalist skeptical FSP 9 (0.65-2.55) 6 (0.68-2.65) 149 (0.65-3.6) 147 (0.64-3.33)
Relational priors RP1 3 (063-2.76) 140 (0.71-2.76) 1.50 (0.64-3.48) 1.65 (0.76-3.63)
Relational priors RP2 3(0.63-2.77) 40 (0.72-2.78) 1.50 (0.64-3.48) 1.65 (0.75-3.64)
Relational priors RP3 3 (0.63-2.74) 41 (0.71-2.77) 1.50 (0.63-3.47) 1.65 (0.76-3.64)
Mechanistic prior MP1 4 (0.65-2.34) 140 (0.73-2.64) 143 (0.66-3.04) 1.67 (0.78-3.58)
Mechanistic prior MP2 6 (0.73-2.49) 48 (0.87-2.53) 139 (0.73-2.57) 151 (0.87-2.63)
Enthusiastic prior EP 45 (0.81-2.51) 0 (0.86-2.58) 1.68 (0.88-3.13) 1.59 (0.80-3.22)
Enthusiastic prior EP + MP1 0 (0.78-242) 3 (0.86-2.65) 1.62 (0.84-3.04) 1.74 (0.86-3.59)
Enthusiastic prior EP + MP2 1.53 (0.91-2.49) 1.56 (0.97-2.50) 1.56 (0.91-2.57) 1.58 (0.97-2.61)

The numbers give the median and 95% credible interval obtained with different prior distributions

The posterior estimates for o, for which we had specified
0~N(0.5,0.01) a priori, were all within a range of [0.37,0.44]
(Additional file 1: Table S1), indicating that the assumption
of equal relative potency of the interventions was more ac-
ceptable in the model than suggested by its prior.

Evidence for anti- versus pro-tumor effects

The DIC values (Additional file 1: Table S1) indicated
that models assuming relational structures between spe-
cies and interventions or incorporating mechanistic rea-
soning performed better than the skeptical models. The
best performance was obtained for enthusiastic priors, in

particular when expectations of anti-tumor effects where
combined with mechanistic reasoning. However, there
was no substantial difference between any two individual
models, with the largest difference of ADIC =1.858 ob-
served between the enthusiastic EP + MP2 prior model
and the skeptical SP1 prior model.

Comparing the models in terms of entropy also picked
out the EP + MP2 prior model as the one to prefer, al-
though entropy differences among the models where not
strongly pronounced (Additional file 1: Table S1). This is
expected since the entropy does not penalize sufficiently
for model complexity, so that DIC is to be preferred [68].

B KD B KD+ @ CR B CR+
Prior
SP1
SpP2
FSP ; :
RP1 :
RP2
RP3 =
MP1 —— =— { s
MP2 E
EP =
EP+MP1 )
EP+MP2
[ T ] ] T I I | I T T I ] ] |
0.5 1 1.5 2 2.5 3 3.5 4
Restricted mean survival time ratio (MR)
Fig. 2 Posterior estimates of the restricted mean survival time ratio (MR) obtained with different prior specifications (see text for details). MR > 1 indicates
longer survival with ketogenic therapy. CR/KD: Calorie restriction/ Ketogenic diet as monotherapy; CR+/KD+: Calorie restriction/ ketogenic diet combined
with another therapy; EP: enthusiastic prior; FSP: Fundamentalist skeptical prior; MP: Mechanistic prior; RP: Relational prior; SP: Skeptical prior
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Sensitivity analysis

The sensitivity of the model to different prior assump-
tions was evaluated and results are given in the
Additional file 1.

Sensitivity to the prior on o

Posterior estimates of the MR for humans depending on
the prior specification for ¢ are given in Additional file 1:
Table S2, adopting the skeptical prior SP2 for a and y in
all cases. The posterior estimates for the MRs did not
vary substantially with the choice of the prior for o;
however, the width of the posterior 95% Crls and the
point estimate for o itself were quite sensitive to that
choice. Consistent with the main analysis, the posterior
estimates for o were always closer to zero than their
prior mean specifications, indicating better acceptability
for the assumption of equal relative potency than speci-
fied a priori.

Removal of individual studies

We assessed the impact of removing experiments that
basically replicated other experiments: We removed
the studies of Stafford et al. [47] and Lussier et al.
[53], because they used the same tumor model as
Abdelwahab et al. [48] (the latter was kept because it
tested both the KD as monotherapy and in combin-
ation with radiotherapy). We also removed the study
by Marsh et al. [46] which used the same tumor
model that had already been used by Zhou et al. [45].
Except for slightly higher effect estimates for KD and
CR monotherapy, this had a negligible impact on the
results (Additional file 1: Table S3).
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Removal of study by Rieger et al.

Rieger et al. [50] compared progression free survival be-
tween patients in stable ketosis and those without stable
ketosis despite prescription of a KD. Since this control
group differs from the usual standard diet groups, we
tested the effect of removing this study’s MR estimate
from the analysis. The result is shown in Fig. 3 and tabu-
lated in Additional file 1: Table S4. As expected, removal
of the Rieger et al. data led to increased uncertainty in the
posterior estimate of the MR for KD and - to a lesser ex-
tent — KD+ interventions. In addition, a visibly lower KD
effect estimate was obtained for most of the priors except
the enthusiastic ones. Nevertheless, even with the scep-
tical priors the bulk of the MR posterior density indicated
a beneficial effect of ketogenic therapy.

Discussion

Clinical and biomedical inference is inductive in nature
[24]. In his “principle of total evidence”, the philosopher
Rudolf Carnap pointed out the importance of considering
the totality of evidence for testing (confirming) hypotheses
through inductive reasoning [72]. By constituting a rigid
evidence hierarchy, EBM seems to violate this principle,
because evidence of “lesser dignity”, such as mechanistic
studies, case reports or uncontrolled cohort studies are
discarded from the evidence synthesis model as soon as
“better” evidence from RCTs becomes available [19]. The
eliminatory process of reducing information down to only
a few RCTs tends to create comparatively small sets of
homogenous studies. Depending on the number of studies,
their quality and the number of participants involved, the
pooled confidence intervals can become comparatively

Prior
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Fig. 3 Posterior estimates of the restricted mean survival time ratio (MR) obtained with different prior specifications, but without using the datum
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small, but at the expense of generalizing to a broader
patient population (external validity). Some proponents of
RCTS have even claimed that only “the process of
randomization makes it possible to ascribe a probability
distribution to the difference in outcome between treatment
groups receiving equally effective treatments and thus to
assign significance levels’ to observed differences” [73],
implying that randomization is essential to perform signifi-
cance tests and estimate confidence intervals in the first
place. This argument suffers from the serious problem that
the target population from which the study groups are
supposed to be random samples cannot be clearly defined
[24, 74]. Furthermore, confidence intervals can in practise
also be derived for non-randomized studies while account-
ing for confounders. Yet, the fundamental importance of
randomization has remained in the frequentist paradigm,
so that non-randomized studies are usually excluded from
standard meta-analyses. Several statisticians and philoso-
phers have cautioned against this approach, such as Steven
Goodman who argued that “the methods of statistical
inference in current use are not ‘evidence-based’ and thus
have contributed to a widespread misperception ... [that]
has damaged the quality of scientific reasoning and
discourse, primarily by making it difficult to understand
how the strength of evidence in a particular study can be
related to and combined with the strength of other evidence
(from other laboratory or clinical studies, scientific reason-
ing, or clinical experience)” [25]. As Goodman and others
point out, Bayesian methods do not have these problems
as they naturally provide a measure of evidence in form of
the Bayes factor or likelihood ratio [32, 75]. From a Bayes-
ian perspective, there is also a less important role for
randomization [74], and methods to synthesize different
study types while accounting for their variability with
respect to effect estimates exist [37]. Hence, the Bayesian
approach is the only one allowing the integration of a more
varied dataset from different study designs, appearing more
able to respect Carnap’s total evidence requirement as well
as common sense. This however not only introduces more
studies, but also more sources of bias and therefore more
heterogeneity which will likely lead to larger credibility
intervals around the overall effect estimate, if those differ-
ent datasets will not converge. But if they converge we can
expect a stronger effect with higher credibility than an
eliminatory process can provide.

Thus the Bayesian approach appears ideally suited for
a circular view of evidence whose methodological princi-
ples have been described formerly [31]. Our goal in this
paper was to carry out a Bayesian evidence synthesis,
taking ketogenic therapy for GBM as an example for
which according to EBM no “real evidence” would yet
exist. By accounting for mechanisms, mainly in form of
the biological hypothesis that the effect ratio between
two different ketogenic interventions would be preserved

Page 11 of 15

across species (equal relative potency of interventions),
we constructed a model which allowed us to combine
evidence from human and animal studies and account
for different further assumptions relating to external
knowledge. While the model builds on previous work
and is similar in structure to the models by DuMouchel
and Harris [34] and Jones et al. [39], it extends these
models by exemplarily showing how a variety of prior
beliefs or information could be accounted for.

As a main result, our analysis yields an overall
beneficial effect of ketogenic therapy in HGG
patients, although the uncertainties were too large to
render these effects “significant” in a classical
frequentist sense. An overall beneficial effect was also
obtained even when a fundamentalist skeptical prior
was used that assumes that ketogenic therapy would
have the effect of promoting tumor growth and short-
ening survival. Even in this case, the posterior MR
distribution supported beneficial effects of KDs and CR
with more than 75 and 80% probability, respectively.
Therefore the data provide some justification for the hy-
pothesis of an overall life-prolonging and anti-tumor effect
of ketogenic therapy in HGG. However, if the DIC differ-
ences are taken as proxies for an evidence measure via the
likelihood ratio, we must conclude that more positive out-
come data would be needed to also provide strong evi-
dence for this hypothesis (compared e.g. to the hypothesis
of pro-tumor effects).

The results of our analysis are in line with the
qualitative systematic review by Winter et al. [7]
which concludes that a “substantial amount of pre-
clinical literature demonstrates [ketogenic therapy] effi-
cacy and safety in model systems of malignant
glioma” and that the current clinical studies “suggest
[ketogenic therapy] is safe and feasible in brain cancer
patients, with some encouraging indications of poten-
tial anti-neoplastic effects and clinical utility in ma-
lignant glioma treatment”. Our study indicates a
greater benefit when ketogenic therapy is combined
with other treatment modalities, but at the same time
our analysis is limited by only a small percentage of
studies investigating such combinations. Furthermore,
this fact prohibited a more detailed analysis differenti-
ating between different types of concomitant treat-
ment. Nevertheless, synergistic effects of ketogenic
therapy with other treatment modalities have also
been found in non-HGG tumor models. Examples in-
clude combinations of KD and hyperbaric oxygen [76],
KD and radio-chemotherapy [77], CR and radiotherapy
[78], or KD/CR and chemotherapy [79]; the underlying
mechanisms have been reviewed in [12-14, 59].

Methodologically, the strength of our Bayesian evi-
dence synthesis is that the individual survival data it is
based on are almost exactly known: some have been
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retrieved from the study authors, while most come from
direct read offs of the Kaplan-Meier plots (always
double-checking by computing survival estimates and
comparing them to the values read off the graphs). Epis-
temologically, the strength of our model is that it is
based on a biological hypothesis (of equal relative poten-
cies of interventions across species) and that it incorpo-
rates animal studies that not only provide statistical data
(which by their nature are non-explanatory) but also a
connection between these statistical data and mechanistic
explanation of how ketogenic therapy influences tumor
biology. Furthermore, we have incorporated mechanistic
reasoning and case reports through priors and shown that
this improves the model fit, providing a link between ex-
planatory qualitative research and statistical associations,
both of which are required to establish causation [80]. In
this way our evidence synthesis overcomes some of the
limitations of conventional meta-analysis which typically
excludes qualitative and experimental empirical research
(such as preclinical studies and case reports) and therefore
lacks explanatory power [81].

Nevertheless, while our statistical model is mainly
concerned with a quantitative prediction of the survival
benefit of HGG patients in response to ketogenic ther-
apy, it falls short of providing context-dependent expla-
nations such as why and under which conditions we
would observe a survival prolongation in a given pa-
tient receiving a certain ketogenic therapy. Such inquir-
ies are typical for realist reviews, which are rooted in
the social sciences [82] but increasingly used for evalu-
ating complex heath care interventions [83]. By con-
necting mechanisms with statistical quantities as
described above, we consider our analysis complemen-
tary to such qualitative realist syntheses, which could
help clinicians with mechanistic reasoning and guide
discussions with patients in regards to the risk and ra-
tionale of implementing ketogenic therapy in light of
the totality of current evidence. Other approaches in
areas in which according to EBM only very low level
evidence exists try to use expert opinion and consensus
together with mechanistic reasoning and the available
clinical data; there are even some cases where evidence
of mechanisms becomes more important than statistical
evidence for establishing a causal claim of treatment
efficacy. Such an example related to our topic here is
the treatment of the rare disease glucose transporter 1
(GLUT1) deficiency syndrome using KDs: despite only
“low level” evidence available, a recent consensus
guideline recommends KDs as the treatment of choice
for GLUT1 deficiency syndrome mainly based on the
physiological mechanisms that ketone bodies are able
to cross the blood-brain barrier independent from
GLUT]1, providing an alternative fuel for the brain in-
stead of glucose [84].
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Given the results of our analysis, we try to briefly an-
swer the “what should we do?” question which is one of
four fundamental epistemological questions and relates
to the acceptance of a hypothesis (Additional file 1: Ap-
pendix A) —in our case that ketogenic therapy prolongs
survival in HGG patients. As Bayesians, we contend that
in a decision situation one ought to accept the hypoth-
esis which has a higher expected utility than any other.
Given the low extra costs of ketogenic therapy, its low
probability of severe side effects [85] and great potential
to reduce epileptic seizures [84, 86], which are a com-
mon side effect of HGG, we would expect some utility
for patients who wish to utilize ketogenic therapy, so
that their physicians should not be discouraged from
supporting them in this attempt. Physicians, however,
should keep the limitations of our analysis and the stud-
ies it is based on in mind. First, as already noted, the
number of studies as well as the number of human and
animal subjects treated therein is very limited, as is the
number of (animal and human) studies investigating dif-
ferent combinations of ketogenic and other therapies.
Thus, there are many possible contexts in which the ap-
proach has never been evaluated. Second, all of the in-
cluded studies suffer from various forms of bias such as
reporting, performance and selection bias in the animal
studies [43] and selection and performance bias in the
human studies due to missing randomization [19]. The
risk of bias in all studies was judged as high, but similar
enough to not account for it in the analysis.® Acknow-
ledging the various forms of bias in the studies utilized
in our model, we judge the real uncertainties of our
overall results as higher than estimated. Third, our
model depends on the plausibility of the equal relative
potency assumption. The fact that the posterior estimate
of o, which measures the accuracy of this assumption,
was always closer to zero than its prior at least indicates
some plausibility of equal relative potency of the inter-
vention across species. Fourth, the different priors we
have tested are all more or less subjective and in no way
exhaustive as a representation of what different agents
or experts could belief about the expected effects of ke-
togenic therapy in HGG patients. Nevertheless, by test-
ing a total of eleven different prior assumptions, we have
covered a range of varying beliefs regarding beneficial ef-
fects of ketogenic therapy including very skeptical as
well as enthusiastic expectations. The fact that no sub-
stantial DIC differences existed for all these priors indi-
cates that the posterior estimates were much more
sensitive to the data than the priors.

Finally, we have shown that this approach, integrating
a Bayesian analysis across different types of studies and
designs is not only feasible, but yields useful clinical in-
sights that would be difficult to glean from standard
modes of analysis and reviews. Thus, we have provided a
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proof of concept analysis that makes the circular view of
evidence not only more realistic than the hierarchical
one, but also provides EBM with an important new tool
to improve the methodology of synthesizing evidence in
such a modality.

Conclusions

In conclusion, we have found an overall survival-
prolonging effect of ketogenic therapy in HGG patients
by combining evidence from both human and animal
studies. These findings are in line with the general notion
of anti-tumor effects of ketogenic therapy as summarized
in several expert revqgiews [5, 16, 87—89]. However, our
analysis is the first to provide quantitative estimates for
the expected survival prolongation in the form of MRs,
and one of only a few that attempts to extrapolate quanti-
tative results from preclinical studies to humans. Our ap-
proach is best compatible with a circular instead of
hierarchical view of evidence and complementary to more
qualitative research-oriented reviews mainly concerned
with the mechanisms and context-dependency of inter-
vention effects. A limitation of our model consists in the
low number of and high risk of bias in the human and ani-
mal data it incorporates, which would make the uncer-
tainties of our overall results larger than estimated.
However, it will be straightforward to update our model
once new and more precise data from planned or cur-
rently running clinical trials (e.g. [90]) become available.

Endnotes

"Mechanistic reasoning can be defined according to
Howick as involving “an inference from mechanisms to
claims that an intervention produces a patient-relevant
outcome. Such reasoning will involve an inferential
chain linking the intervention ... with a clinical outcome
(such as mortality)” [19].

*Concerning the general inflexibility of frequentist
methods, Jordi Vallverdtt writes: “Perhaps one of the
most unnoticed but deep problems of frequentist tech-
niques has been the strict perspective about the range of
available statistic tools as well as sometimes naive per-
spective about how real science is performed ... Then,
when Bayesian methods were reintroduced, they spread
fast among scientists, not for philosophical reasons but
for practical ones” ([91], page 73).

*During data extraction, we noticed an inconsistency
between the number of mice needed to make sense of
the Kaplan-Meier survival percentages and those given
in the figure caption of Figure 6 in De Feyter et al. [52].
The issue has been resolved with the authors and the
correct numbers are used in our analysis.

“The term “fundamentalist skeptic” was used by Klement
[44] to describe skeptics of ketogenic therapy who believe
that this therapy is dangerous and able to promote tumor
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growth despite a lack of evidential support indicating other-
wise. The term was borrowed from the astronomer-
philosopher Milan M. Cirkovi¢ [92].

*The derivation is analogous to that for AIC (see
Forster & Sober [93]): Model M1 is favored over
M2 if and only if DIC1 - DIC2 < 0, so that

-2[ logp(y|61)- logp(¥/6:)-(pp, Pp,)] <O

-1 p(y\g) N
Og(p(y\(?z)) Po-FPr,

= M > exp(pp, Pp,)-
p(r162)

®For methods to incorporate risk of bias of certain
study types into a Bayesian evidence synthesis see e.g.
Welton et al. [37].
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