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hepatic CYP3A4 enzymes. Since intestinal CYP3A inhibition
has the most profound effect on drug exposure, cobicistat
was administered concomitantly with the axitinib to maxi-
mize the effect of CYP3A inhibition [7].

In a study by Pithavala et al.,, the effect of ketoconazole, a
potent CYP3A4 inhibitor, on axitinib exposure was investi-
gated. A twofold increase on axitinib exposure was seen
when axitinib was concomitantly ingested with ketoconazole.
Cobicistat is a more potent 3A4 inhibitor than ketoconazole
therefore a more than twofold increase in axitinib exposure
was expected [8].

Interestingly, during co-administration with cobicistat, axi-
tinib trough levels did not significantly increase even though
the G, level did increase. The clinical response in the absence
of sufficient trough levels can possibly be explained by the
over-expression of CYP3A enzymes in tumor cells in patients
with renal cell cancer [9]. This could indicate that axitinib is
not only metabolized systemically in the liver, but also intra-
cellularly in tumor cells. Inhibiting CYP3A metabolism by add-
ing cobicistat to axitinib therapy could potentially increase
the intracellular axitinib concentration by inhibiting the intra-
tumorcel CYP3A enzymes, leading to an increased intracellu-
lar exposure of axitinib resulting in a more effective
treatment.

Here, we described an mRCC patient treated with cobici-
stat boosted axitinib treatment. This resulted in increased axi-
tinib exposure and improved the quality of life by reduction
of ascites. The patient responded to cobicistat boosted axiti-
nib therapy for 15 months compared with 8.3 months, which
is seen on average [10]. Although our observations have to
be explored further, we believe that boosting axitinib expos-
ure with cobicistat may be a promising and cost-effective
way to increase axitinib response in patients with treatment
failure hypothetically due to sub-optimal exposure.
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Introduction

For the first time in history, curing cancer with radiotherapy
and restoring health in the cancer survivor seem to be realis-
tic goals for tumors in the pelvic cavity. The risk of radiation-
induced long-term effects that decrease quality of life is low
for postoperative radiation of the breast [1]. This success
rests on scientific achievements made possible by computer-
ized tomography imaging systems and computerized treat-
ment planning systems along with the development of
modern linear accelerators administering ionizing radiation.
The scientific achievements were implemented into treat-
ment planning and the delivery of ionizing radiation. With
the arrival of multileaf collimators and Intensity-Modulated
Radiation Therapy techniques such as Volumetric Arc
Therapy, it appears possible that our level of ambition can
be increased to reach a similar level of risk for irradiation of
tumors in the pelvic cavity as for tumors in the breast. What
kind of scientific knowledge do we need to move forward to
achieve that? Does the new technology require a refined clin-
ical science being necessary to reach our ultimate goal? We
want to deliver ionizing irradiation in a way that eliminates
the tumor cells and at the same time allows the surrounding
normal tissue to recover in such a way that the organs in the
pelvic cavity regain their normal functioning.

An important part of the scientific groundwork that builds
the backbone of modern radiotherapy was done during the
1960s and 1970s. In 1971, Kirk et al. [2] presented a formula
for calculating the biological effects on normal tissue, effects
designated as the cumulative radiation effect (CRE). Their
work was an effort to understand the results by Ellis and
coworkers, to make an extended use of results concerning
skin sensitivity and implement these in clinical practice [3,4].
In refining the formulas, our arsenal has been enriched with
approaches that also take into account injured cells
(Biological Effective Dose, BED) [5,6]. Moreover, discussing
whether an organ has a ‘serial’ or ‘parallel’ organization can
be regarded as attempts to build in an understanding of the
pathophysiology that the radiation triggers. Probably a fruit-
ful way forward would be to continue on that line of think-
ing and develop a modern radiophysiology based on
empirical results of tissue reactions on the physiological
level.

As we learn more and more about the tumor-stroma
interactions, we understand that these physiological dynam-
ics of the tumor must be accounted for when we predict
cure rates. Likewise, we have a plethora of interactions at the
physiological level that we may incorporate into modern
radiophysiology to understand normal-tissue [7]. We have a
rapid knowledge growth concerning the normal physiology
of the gut wall and its interaction with the gut microbiota.
The gut wall gets its energy, and some nutrients, from the
gut microbiota. Many receptors in the gut wall respond to
substances produced by bacteria in the microbiota [8]. When
we understand better the interplay between these receptors,
their dependence on the function and composition of the
gut microbiota, the bacterial production of the fatty acids
that nurture the endothelial cells in the gut wall, and the
retained capacity of crypt stem cells after having received
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ionizing radiation, we can most likely improve our means of
delivering radiotherapy.

Methods

For more than 10 years, we have been developing a method-
ology to irradiate juvenile mouse brain with a small field [9].
To be able to understand better the radiation-induced
changes in the bowel, we transferred this technology to
irradiate about 1.5cm of the distal end of the bowel in
C57BI/6 mice. Being able to use a linear accelerator (Varian
Clinac 600CD) during a weekend we delivered two, three or
four fractions of 6 Gy in the first experiment. Humans under-
going radiotherapy typically receive one fraction per day,
however, the cell cycle of dividing mouse colon crypt cells
is several times faster compared to human colon crypt
cells [10]. We thus spaced the fractions by 12 hours, which
according to current evidence provides enough time for sub-
lethal DNA damage repair in surviving mouse stem cells [11].
To lessen the risk that anesthesia would confound the com-
parisons we make, all animals (irradiated and sham-irradiated)
were anesthetized the same number of times with similar
intervals. Since the mice appeared healthy throughout the
duration of the experiment (six weeks), we performed a
second, identical experiment but with a higher dose of 8 Gy
per fraction. Six weeks after the irradiation we sacrificed the
mice, removed seven mm of the distal bowel and fixed the
tissue in Histofix before embedding in paraffin. To clearly
visualize the crypts, the specimens were sectioned in 4 pum
thin transverse sections and stained with Neutral Fast Red
(cell nuclei) and Alcian Blue (goblet cells). Using a Leica
DMi6000 microscope, all clearly degenerated crypts in six
sections 72um apart were counted per subject. The
Kruskal-Wallis test was used to determine if the frequency of
degenerated crypts differed between a specific group of irra-
diated mice and sham-irradiated mice.
The BED was calculated as follows:

where n is the number of fractions, and d is the dose per
fraction. The ratio of « over f is equal to a dose o/f5, where
the linear and quadratic components of cell killing are equal.

Results

We irradiated 24 mice with 6 Gy fractions and 24 mice with
8 Gy fractions. For one mice receiving two fractions of 8Gy,
the tissue could not be used. The picture in Figure 1(C,D)
shows a typical degenerating crypt. Besides the dilated
appearance of these crypts, few or no cells in the crypt walls
stained for the proliferation marker Ki67 (Figure 1(E)) [12],
while adjacent crypts displayed an abundance of ki67-
positive cells. The lack of proliferating cells indicates that the
dilated crypts were indeed degenerating, and not in the pro-
cess of regenerating.

No degenerating crypts were found in the large group of
non-irradiated control animals (SHAM-IRR, n=44). No or few
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Figure 1. (A) The number of degenerating crypts in six analyzed colorectal cir-
cumferences per subject in the 6 Gy cohort. (B) The number of degenerating
crypts in six analyzed colorectal circumferences per subject in the 8 Gy cohort.
(C) Mucosa stained with Nuclear Fast Red for nuclei, and Alcian Blue for goblet
cells six weeks after four fractions of 8 Gy. A degenerating crypt, depicted with
an asterisk, is flanked by seemingly healthy crypts (arrow). (D) A magnification
of the degenerating crypt in (C), showing a top-to-bottom degenerative pro-
gress, as the crypt wall and a few goblet cells are still visible at the base of the
crypt (arrow). (E) DAB-stain of ki67-positive proliferating cells. No labeled cells
are visible in the degenerated crypt (asterisk), while multiple darkly stained
ki67-positive nuclei are visible in a nearby crypt (arrows). Data presented as
number of degenerating crypts in six circumferences per subject +SEM: 6 Gy
cohort; SHAM-IRR = 0.00 + 0.00, IRR 2 x 6 Gy =0.000.00, IRR
3x6Gy=05+033, IRR 4x6Gy=55+124. 8Gy cohort; SHAM-
IRR=0.00+0.00, IRR 2x8Gy=0.71+0.36, IRR 3 x 8Gy=0.63+0.42, IRR
4 x 8Gy =11.3+2.09. Statistical analysis was performed using the nonparamet-
ric Kruskal-Wallis. Scale bar =50 pm.

degenerated crypts were found in the animals that had
received two fractions of 6 or 8 Gy. Unexpectedly, mice that
had received three times 8 Gy, corresponding to a BED of
88.0Gys (Table 1, a/f =3, late-tissue reaction), displayed very
few degenerating crypts. In stark contrast, mice that had
received four times 6Gy, corresponding to a somewhat
smaller BED of 72.0Gys, displayed a high occurrence of
degenerating crypts (Figure 1(A,B); 4 x 6 Gy versus 3 x 8 Gy).
For this outcome, data indicate the real-life biological effect
(formation of degenerated crypts) of 24Gy (physical dose)
given in three fractions is less than the real-life biological
effect of 24 Gy given in four fractions. Not until the fourth 8-
Gy fraction was delivered, corresponding to a BED of
117.3 Gys, did we see numerous degenerating crypts in the

Table 1. Biological effective doses (BED) and physical doses for different frac-
tionation schedules.

BED (Gy)
o/ =3 (Gy) of/ f =14 (Gy)
Fractions d==6 (Gy) d=28 (Gy) d==6 (Gy) d=28 (Gy)
n=2 36.0 58.7 17.1 25.1
n=3 54.0 88.0 25.7 37.7
n=4 72.0 117.3 343 50.3
Physical dose (Gy)
n=2 12.0 16.0 12.0 16.0
n=3 18.0 24.0 18.0 24.0
n=4 24.0 32.0 24.0 32.0

n: number of dose fractions; d: dose per fraction.

o/ =3 (Gy) can be used for late reactions of the normal tissue.

o/ff =14 (Gy) can be used for early reactions of the normal tissue. It has been
suggested to be used for the bowel [13].

8Gy cohort. The three fractions were delivered during
24 hours and the four during 36 hours.

Discussion

Our data suggest a threshold for crypt degeneration that is
dependent on the number of fractions, rather than on a cal-
culated dose of the biological effect (for example, calculated
as BED). Duration of the radiotherapy may also be of import-
ance. One may speculate a factor besides the fractionation
could confound the results. We believe it is unlikely such a
factor exits which significantly influence the results. Staff,
materials and logistical means (including tissue handling and
histochemistry) were by and large identical between the two
experiments. We do not know if the duration of the radio-
therapy or the number of fractions determines the diverging
effects; it may be crucial to account for the overall treatment
time in our prediction models. Moreover, information on if
chemotherapy was given or not may also be important. More
data are needed before we can conclude if the number of
fractions, or duration of radiotherapy, in a similar setting pre-
dicts the outcome better than a calculated BED (with current
means).

One explanation for our results may be that each fraction,
if the dose is high enough, gives hypoxia. At the fourth frac-
tion, the capacity of the tissue to compensate, for example,
by angiogenesis, is exhausted. Hypoxia remains a fact, trig-
gering an ischemia that ultimately leads to degrading crypts
(possibly enhanced inflammatory or fibrotic processes that to
some part may be facilitated by bacteria migrating through
disrupted tight junctions). Another explanation may be that
the fourth fraction eliminates the last stem cell in some
crypts, starting degradation. If our results can be corrobo-
rated, we have a finding that challenges us to find better
prediction models for the real-life biological effects on nor-
mal tissue than we have today. Models within a modern
radiophysiology.
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Introduction

Low-grade gliomas (LGGs) are the most common pediatric
central nervous system tumors, comprising 35% of new diag-
noses [1]. They can arise in any intracranial site and affect
children of all ages. Surgery consisting of maximal safe exci-
sion is typically the mainstay of treatment for resectable
tumors. However, when these tumors arise in central loca-
tions less amenable to resection due to unacceptable
morbidity, such as the brainstem or optic pathway, a
multi-modality approach including adjuvant therapies like
chemotherapy and radiotherapy are often employed. The
decision to incorporate radiotherapy in the treatment plan
may be influenced by numerous variables, particularly the
age of the child, extent of resection, risk of significant
neurologic morbidity in the event of tumor progression, and

presenting symptoms [2,3]. The debate regarding the use of
radiotherapy stems from the concern of late effects in survi-
vors, including neurocognitive deficits, hearing loss, vasculop-
athy, endocrinopathies and second malignancies [4-8]. As
therapeutic techniques have improved, some studies have
reported overall survival rates as high as 94-100% at 10 years
[3,9-13]. Thus, there has been significant focus on employing
advanced radiotherapeutic techniques and reducing target
volumes to reduce late treatment toxicity.

Modern technologies, including better immobilization
techniques, high-resolution computed tomography (CT), mag-
netic resonance imaging (MRI), image guidance, fractionated
stereotactic radiation, and proton radiation therapy offer a
decrease in set-up errors and increasingly favorable dosim-
etry [9,11,12,14,15]. In an effort to spare normal brain, clinical
target volume expansions (CTV) have decreased from 10 mm
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