Clin Transl Oncol (2015) 17:469-476
DOI 10.1007/s12094-014-1261-z

CrossMark

@

RESEARCH ARTICLE

Clinical radiobiology of head and neck cancer: the hypothesis

of stem cell activation

P. Pedicini - R. Caivano - A. Fiorentino -
L. Strigari

Received: 14 October 2014/ Accepted: 27 November 2014 /Published online: 9 December 2014

© Federacion de Sociedades Espafiolas de Oncologia (FESEO) 2014

Abstract

Purpose To estimate and reduce uncertainties of a self-
consistent set of radiobiological parameters based on the
outcome of head and neck cancer (HNC) patients treated
with radiotherapy (RT).

Methods Published studies comparing at least two RT
schedules for HNC patients were selected. The method
used to estimate the radiobiological parameters consists of
three sequential steps that allow a significant reduction of
uncertainties: the first, in which the intrinsic («) and the
repair (f5) radio-sensitivities were estimated together with
the doubling time (74) by an analytical/graphical method;
the second, in which the kick-off time for accelerated
proliferation (7y) was estimated applying the hypothesis of
activation for sub-populations of stem cells during the RT;
the third, in which the number of clonogens (N) was
obtained by the Tumor Control Probability (TCP) model.
Independent clinical data were used to validate results.
Results The best estimate and the 95 % confidence
intervals (95 % CIs) were: oo = 0.24 Gy71 (0.23-0.26),
B = 0.023 Gy 2 (0.021-0.025), o/f = 10.6 Gy (8.4-12.6),
Tq=3.5days (3.1-39), Ty =19.2 days (15.1-23.3),
N=7x 10" (4 x 10’-1 x 10%). From these data, the
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dose required to offset repopulation occurring in 1 day
(Dprolir) and  starting after 7, was also estimated as
0.69 Gy/day (0.52-0.86).

Conclusions The estimation of all the radiobiological
parameters of HNC was obtained based on the hypothesis
of activation for specifically tumorigenic sub-populations
of stem cells. The similarity of results to those from other
studies strengthens such a hypothesis that could be very
useful for the predictivity of the TCP model and to design
new treatment strategies for HNC.

Keywords Radio-sensitivity - Fractionation - Stem cells -
Tumor control probability

Background

The distribution of radiation dose over time (the dose
fractionation) is one of the most important factors deter-
mining the outcome of RT [1]. In particular, in patients
with advanced head and neck cancer, RT using conven-
tional fractionation resulted in unsatisfactory 2-year sur-
vival rate, generally lower than 30 % [2]. Consequently, a
variety of fractionation schedules including hyperfraction-
ation, hypofractionation, accelerated fractionation and their
variants, have been used to improve patients’ outcomes [3].

In principle, using multiple smaller dose/fractions (fr)
separated by 6-8 h over time, the hyperfractionation is able
to increase the total dose improving the probability of
tumor control (TCP) while allowing normal tissue repair
and thus reducing complications.

In addition, clinical data evidenced that longer overall
treatment time (OTT) can be detrimental to the locoregional
control rate (LCR) [4]. Therefore, schedules with reduced
OTT-hypofractionation or accelerated fractionations have
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the potential to increase the LCR and minimize tumor
repopulation.

An example is the initial Phase III trial that compared a
low total dose hyperfractionation arm to conventional
fractionation arm, showing no significant difference in
terms of LCR or survival [5]. A subsequent hyperfrac-
tionation randomized Phase I/II dose escalation study
showed a trend in favor of high doses (>72 Gy) with
acceptable acute toxicity and without increasing late effects
[6]. Based on these first results, the RTOG Phase III ran-
domized trial enrolled locally advanced HNC patients to
receive: standard fractionation vs hyperfractionation,
accelerated fractionation and accelerated fractionation with
concomitant boost, respectively. This trial showed the
superiority of hyperfractionation and accelerated fraction-
ation with concomitant boost arms compared to the stan-
dard course, although with increase in acute effects [4].
Several others studies (i.e., EORTC phase II, EORTC
22791, EORTC 22851, DAHANCA 6-7, randomized trial,
etc.) employed accelerated hyperfractionated regimens, but
the overall results were still controversial and high uncer-
tainty remains regarding the optimal fractionation [3, 7].

On the other hand, a radiobiological approach allows
setting new RT schedules, also indicating the adequate
number of patients to be enrolled, but requires the
knowledge of model parameters obtained from clinical
data.

The value of the o/f ratio of HNC, for example, has
been normally considered as very high by the RT com-
munity, which is just coming to terms with using hyper-
fractionation [3].

Moreover, the efficacy of radiotherapy in HNC patients
seems to be strongly influenced by tumor repopulation then
knowledge of doubling time and onset time for accelerated
proliferation is crucial for performing radiobiological-
based estimations [3].

To improve this knowledge, the present work aims at
providing a self-consistent set of radiobiological parame-
ters, thus reducing the large uncertainties of estimated
parameters from clinical data of HNC. A critical analysis
of these parameters, their confidence intervals and consis-
tency is proposed.

Such an estimate would support clinicians in identifying
the most effective HNC treatment schedules.

Materials and methods
Clinical data
The outcomes from clinical trials treating HNC patients

with different RT schedules were collected. The inclusion
criteria were: (1) trials enrolling patients with newly
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diagnosed HNC (and >18 years), treated with RT =+ che-
motherapy; (2) availability of data on local control rate at
5 years (5y-LCR). The exclusion criteria were: trial using
palliative approach and no available 5y-LCR data.

The subset of Phase II or III trials comparing two or
more RT schedules were used to estimate o, f and Ty
(named the calculation subset). Of these, each schedule
was matched with another of the same institution to reduce
the errors due to different criteria of selection or different
modalities of treatment delivery. The remaining clinical
data were then used to validate the results (named the
validation subset).

Estimation of model parameters

The radiobiological method employed to fit the clinical
data has been described in detail in previous works [8, 9].
This method is based on the estimator of the clinical LCR
as follows:

LCR — Ne—Dl+Bdr(0TT-1y) . Ne*”(i+/}.d>+%(OTT7Tk)’ (1)

Where N represents the number of clonogens, D the total
dose delivered, d the dose per fraction adopted in clinical
trials, oo and f the intrinsic and the repair radiosensitivity,
respectively, OTT the duration of treatment, Ty the kick-off
time for accelerated tumor proliferation, and y = In2/Ty
quantifies the effective tumor repopulation rate with Ty
being the repopulation doubling time.

For a given fractionation regimen (d, D, and OTT fixed),
the value of LCR in Eq. (1), depends on five parameters
(T, o, B, Tq, and N). Of these, the first four refer to the
cellular behavior after exposure to ionizing radiations,
while N is proportional to the size of HNC (averaged over
the patient group).

We assumed that N is equal within each trial comparing
different arms. This assumption is based on the fact that
patients are randomly allocated within each randomized
trial.

Equation 1 can be rewritten as

_ Ne—*BED

LCR =e ,

where BED is the biological effective dose:

IED:DO+5%>—32«HT—H)

Thus, the number of clonogens can be derived from
BED and LCR:

N = —In(LCR)e*BEP,

taking into consideration the relative uncertainties obtained
in correspondence of the selected clinical trial.
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The method consists of three sequential steps for esti-
mating all the parameters separately, thus allowing a
reduction of uncertainties.

First step: the cellular parameters o, f§, and Ty, were
estimated adopting data from studies presenting a com-
parison of two different RT schedules (i.e., a and b).

The following equation was used:

thb - daDa

[0
= , 2
'8 i|:c+%(Tb*Ta) *(Dh*Da) ( )

where C is the clinical efficacy factor [§8, 9],
i.e., = In(In(LCRa)/In(LCRb)). Equation (2) allows plot-
ting the o/f ratio as an independent function of o, by
varying T4 until the coincidence for all curves was
obtained: the intersection point provided an estimate of o,
o/f, and T4. Moreover, Eq. (2) is assumed to be substan-
tially independent of the impact of different chemothera-
pies combined with radiation [10].

Second step: an estimation of 7y was made by applying
the hypothesis of activation for sub-populations of stem
cells during RT. The process of stem cell activation for
accelerated proliferation is thought to begin when the
tumor population from N, decreases to the order of a few
thousand cells [11]. Assuming that this reduction occurs
after m fractions,

—md(a+pd
Naciy = No.e 7454,
Thus, the previous equation becomes:

_ ln(NActiv/NO)
 d(a+ pd)

Consequently, after the estimation of the cellular
parameters o, f and T4, T can be obtained from the
following equation:

Tk:zmzlen(NACtiv/No)Qj 11 ’ (3)
5 5 d(u+ pd) d(o+ pd)
for an RT schedule delivered on 5 days/week and assuming
(NActiv/N()) ~ 1/3, 000.
Third step: the estimation of N was obtained by a
weighted average of values from the following inverted

Eq. (1):

N = —In LCR - PP 51T, (4)

in which the LCRs were carried out for each patients’
subset.

In conclusion, an estimation of Dpis, the dose required
to offset the repopulation occurring in 1 day (for fraction of
2 Gy), was obtained by the following equation:

In2

Ta(o+2p)° ®)

D prolif —

Finally, the clinical data were compared with the
estimated LCR based on Eq. (1).

Uncertainties

In all the original studies of the survey, the primary end
point was 5y-LCR after RT completion, assessed by the
Kaplan—-Meier estimator. The 95 % confidence intervals
(95 % CIs) for the LCRs were obtained by the Green-
wood’s formula (due to the absence of individual data, a
fixed censoring was assumed) that provides a standard error
on the Kaplan—Meier estimator using the delta method
[12].

The 95 % ClIs of « and f§ were obtained propagating the
95 % ClIs of 5y-LCR in correspondence of the best value of
T4 (obtained by the intersection of curves connecting dif-
ferent fractionation schemes). From these uncertainties, the
95 % CI of T4 was then obtained by propagating those of «
and f. Subsequently, the uncertainties of Ty and Dporir
were estimated by propagating the 95 % Cls of «, f, and Ty
using Eq. (3) and Eq. (5), respectively. Finally, the
uncertainty of N was estimated by propagating the 95 %
ClIs of all the estimated parameters and 5Sy-LCR by Eq. (4).

Moreover, due to the absence of individual patient data,
a simulation approach was also used. Data for each study
were reconstructed to match the 5y-LCR by simulation and
then the simulated data were boot strapped, generating 100
datasets/study assuming a potential uncertainty in dose
delivery of about 3 %.

Validation of results

The results obtained from the selected clinical studies
(learning dataset) were validated by estimating 5y-LCR
rates based on an independent clinical dataset (validation
dataset).

Moreover, the uncertainties estimated by Greenwood’s
formula and propagated for all parameters were compared
with results of simulation using a standard boot-strapping
procedure (fixed censoring) and 500 re-sampled datasets.
Each estimated parameter was also compared with the
corresponding value from literature.

Results

The selected clinical studies used to estimate the radiobi-
ological parameters are reported in Table 1 [4, 13-16],
which includes the study group, group size, fractionation
schedule, OTT and 5y-LCR. The pooled analysis summa-
rizes a total of 2,331 patients. The validation dataset
includes a total of 2,206 patients [7, 17-21], as reported in
Table 2.
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Table 1 Description of trials included in the learning validation dataset (ds #1)

Author trial [ref] Sub-group pts frs fr/day Days/week d (Gy) D (Gy) T (days) 5y-LCR
Fu/RTOG 9003 [4] a 268 35 1 5 2.0 70 45 0.41
b 263 68 2 5 1.2 81.6 46 0.49
c 274 42 2 5 1.6 67.2 27 0.42
d 268 40 1 5 1.8+ 1.5 72 30 + 12 0.48
Dische [13] a 336 33 1 5 2.0 66 45 0.44
b 552 36 3 7 1.5 54 12 0.46
Awwad [14] a 39 30 1 5 2.0 60 40 0.57
b 31 33 3 6 1.4 46.2 13 0.88
Chung [15] a 154 35 1 5 2.0 70 47 0.36
b 146 30 + 12 1 5 1.8 + 1.5 72 38 0.54
Horiot [16] a 159 35 1 5 2.0 70 3549 0.40
b 163 70 2 5 115 + 1.15 80.5 35 0.59

Ref reference number, pts number of patients, frs fractions, fr/day number of fractions per day, D total dose, T overall treatment time, 5y-LCR

locoregional control at 5 years

Table 2 Description of trials included in the validation dataset (ds #2)

Author /trial Sub-group pts fr fr/day Days/week d (Gy) D (Gy) T (days) Sy-LCR
Ovengaard/ DAHANCA6&7 [7] a 726 33-34 1 5 2 66-68 46 0.60

b 750 33-34 1 6 2 66-68 39 0.70
Pinto [17] a 48 33 1 5 2 66 45 0.64

b 50 64 2 5 1.2 70.4 44 0.84
Jackson [18] a 41 33 1 5 2 66 46 0.44

b 41 33 2 5 2 66 23 0.50
Horiot/EORTC 22851 [19] a 247 45 312 3/5 1.6 28.8/43.2 33 0.6

b 253 35 1 5 2 70 47 0.47
Katori [20] a 25 64 2 5 1.2 76.8 44 0.80

b 25 35 1 5 2 70 47 0.92
Cummings [21] a 162 20 1 5 2.55 51 28 0.49

b 169 40 2 5 1.45 58 28 0.41
See Table 1
Table 3 The best estimated parameters and their 95 % ClIs based on ds #1
Parameter o (Gy-1) ol (Gy) T4 (days) Ty (days) Dyrois (Gy/day) N
Estimated 0.24 10.6 3.5 19.2 0.69 7 x 107
95 % CI 0.23-0.26 8.4-12.6 3.1-39 15.1-23.3 0.52-0.86 4 x 10’-1 x 108
See Table 1

Details relating to each subgroup are described in the
cited references.

The best estimated parameters and their 95 % Cls are
shown in Table 3 for o, a/B, Ty, Ty, Dprori, and N.

The intersection of the curves representing different
trials comparing different arms (schedules of dose frac-
tionation) for the estimation of o, f, and Ty are shown in
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Fig. 1a, while the corresponding uncertainty curves are
reported in Fig. 1b.

The graph method confirmed the typical high fraction-
ation sensitivity (o/f = 10.6 Gy~ ') and the high intrinsic
radiosensitivity (« = 0.24 Gy~ ') for HNC cells, although
the a-values were lower than those currently adopted in the
scientific community, i.e., & = 0.35 Gy_1 [3]. The values
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Fig. 1 The behavior of o/f
versus o values based on Eq. (1)
(continuous lines). a Lines
represent the o/ff versus o values 20 -
calculated using the biological
effective doses (BED) and the
clinical efficacy factor for
different arms within each trial
as listed in Table 1. In
particular, T4 was used as a free
parameter by varying its value
to reach the cross for all curves.
The intersection provides the
best estimate of o, o/f, and Ty.
b Black lines represent the o/
versus o values using the best
estimated parameters, while
gray dashed lines are the 95 % 54
CI curves obtained propagating
the 95 % CI of 5y-LCR for o
and o/ in correspondence of
the best value of Ty
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of o and o/ff correspond to a very low value for 5, which
indicates a high cell capability to repair the radiation
damage (ff = 0.023 Gy ?). The estimated o and £ values
correspond to an extremely low doubling time, derived by
the intersection of curves (T4 = 3.5 days). This value is
close to the minimum possible value T, indicating a
trivial cell loss fraction and a faster proliferation [3, 8]. In
addition, the estimated kick-off time was Ty = 19.2 days
and Dy,ir resulted in 0.69 Gy/day.

0.2 03 04 05
a (1/Gy)

Figure 2 shows the number of clonogens and the relative
uncertainties obtained in correspondence of selected clin-
ical data by Eq. (4) and plotted along BED. The value of
N in Table 3 represents the weighted average of single
values estimated, compatible with the typical values
derived from other studies [3].

Figure 3a shows the fit of TCP curve from estimated
parameters and the learning dataset (Table 1) plotted along
the equivalent total dose delivered in fractions of 2 Gy
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Fig. 2 Number of clonogens along the biological effective doses (BED) corresponding to the best estimates of o, f, Ty, and T. Points were
obtained from Eq. (4) using the learning dataset (a) or the verification subset (b)

(EQD,). Figure. 3b shows good agreement between the
same curve and the selected validation subset (Table 2).

The comparison of 95 % CI by bootstrap simulation and
Greenwood’s formula was made assuming a fixed distri-
bution for censoring (close agreement with the 95 % CI of
unknown real censoring distribution [20]). As expected, the
95 % ClIs obtained by using Greenwood’s formula were
slightly larger than those obtained with bootstrap simula-
tion (data not shown); therefore we prefer to advise
caution.

Discussion

In the last decade, several randomized trials tested the
efficacy of altered fractionations against conventional
fractionation for RT of HNC in an attempt to increase the
LCR [3, 5]. However, the optimal fractionation schedule
balancing tumor control and induced toxicity still remains
controversial. In this regard, the employment of radiobio-
logical models is useful to interpret clinical results and to
design more effective treatment schedule.

The novelty of this study is to propose a novel tool based
on a graphical and simplified mathematical formula which
compares results from different arms within each trial. Due
to the fact that radiobiological parameters are related to each
other, this method seems able to discriminate more realistic
N values than other fitting methods, thus providing consistent
parameters. In particular, the method proposed here allows
an estimation of all the radiobiological parameters for the
TCP model based on a pooled analysis. In particular, we
investigated the values and 95 % CIs of the radiosensitivity,
doubling time for accelerated proliferation, kick-off time for
accelerated proliferation and the number of clonogens.
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In detail, a high apparent radiosensitivity to fraction-
ation (o/f ratio) together with a high intrinsic radiosensi-
tivity (« value) was found for HNC. This corresponds to a
high capability of cells to repair the radiation damage (low
f value). Our analysis confirms the suggested values for
HNC radiobiological parameters, in particular for those
describing temporal behavior, only highlighting a slight
difference with respect to the intrinsic radiosensitivity from
literature [3].

To explain the low value of doubling time obtained by
our approach, we assumed the RT-induced activation of
stem cells. This hypothesis seems to be confirmed by the
estimated kick-off time for accelerated proliferation
(Tx = 19.2 days), very similar to the suggested value from
the scientific community (7x = 21 days). A very short
doubling time, a very fast repopulation together with a
kick-off time at the end of the third week from the start of
RT, all explain the strong dependence of the therapeutic
outcome from the OTT.

The estimated parameters and 95 % Cls could explain
why the accelerated repopulation seems to represent one of
the main reasons for locoregional failure after conventional
fractionated radiotherapy for HNC patients [22]. In fact,
during RT the accelerated repopulation is one of the
mechanisms by which human tumors may counteract the
cytotoxic effect of ionizing radiation [23]. For this reason,
the increase of OTT in RT may decrease the chances of
cure, especially of squamous cell carcinomas of the head
and neck [24, 25]. All the above considerations are con-
sistent with the selection of stem cells during RT, with
these cells being more resistant to ionizing radiation.

In addition, stem cells in the early stage of differentia-
tion, when activated, could have a very short doubling time
independently of the originating tissues with an apparent
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Fig. 3 Observed 5y-LRC based on learning (a) and validation
(b) subsets (white diamond), compared with the expected LRC curve
using the estimated parameters (o, f3, Ty, T, N) plotted along the total
dose equivalent delivered at 2 Gy per fraction (EQD,)

doubling time similar for prostate, head and neck and
breast cancer [8—11].

Furthermore, a reduction of the doubling time during RT
up to the minimum value T, has been reported [26]. In
particular, Steel’s formula Tp,or — T4 (1—¢) indicates that
the clonogen doubling time is similar to 7, when the cell
loss factor (¢p) can be considered trivial, i.e., when the
daughter cells remain clonogenic after mitosis [26]. In
other words, clonogens are lost through many possible
mechanisms, including differentiation, death, and metas-
tasis, and the net result is that 74 generally is higher than

Tyor The cell loss factor is then reduced up to zero
Ty — Ty, indicating a specific characteristic of stem cells.

The good agreement with findings from other clinical
studies available in the literature reinforces the goodness of
the stem cell activation hypothesis [8—11].

Therefore, we concluded that the knowledge about the
behavior of stem cell compartment when exposed to ion-
izing radiation has to be taken into consideration in
designing novel treatment strategies, especially accounting
for the time factor.

The work focused on comparing altered, hyperfrac-
tionated and conventional fractionations without consider-
ing chemotherapy for the investigation of parameters
explaining LCR. In fact as recently reviewed by Bourhis
and colleagues [25], the hyperfractionation evidenced a
benefit for OS, but only a trend for LCR, while accelerated
treatment is only partially able to compensate for
decreasing the total dose for both OS and LCR. We agree
that the combination of chemotherapy with radiotherapy is
an intriguing opportunity to further increase the LCR and
in any case the overall survival (OS), in particular for
advanced stage of HNC. The potential benefit of adding
chemotherapy has been deeply investigated by authors in a
separate paper (submitted).

Our study specifically suggests the possibility of
improving the effectiveness of treatment by a combination
of hyper- and hypofractionations. In a first phase, a hy-
perfractionation (with a low damage for organs at risk)
could be adopted up to the threshold the stem cell activa-
tion is reached, then hypofractionation should be adopted
to complete the treatment as soon as possible using more
effective doses per fraction. This, of course, requires great
confidence about the knowledge of T\ and further confir-
matory studies.

In addition, the expression of molecular factors such as
EGFR and PTEN could be used to assess the considerable
heterogeneity of individual radiobiological characteristics
of malignant and normal tissues and could represent a
further improvement in selecting a personalized dose
fractionation [8, 27].

Thanks to randomization, the number of patients with
positive or negative HPV status or other clinical factors
potentially influencing the LCR should be similar in the
arms within each investigated trial.

Conclusion

In this work, an estimation of all the radiobiological
parameters for TCP of head and neck cancer was made.
The analysis confirms the well-known values describing
radiosensitivity and the dependence of tumor response to
the duration of treatment. All these results were obtained,
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since the hypothesis of activation for specifically tumori-
genic sub-populations of stem cells was adopted. This
could be very useful for the predictivity of the TCP model
and to design new treatment strategies for head and neck

cancer.
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