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ABSTRACT

Background: Analyses of clinical outcomes following radiotherapy (RT) have advanced our under-
standing of fundamental radiobiological characteristics in head and neck squamous cell carcinoma
(HNSCC). Low fractionation sensitivity appears to be a common feature, as well as susceptibility to
changes in overall treatment time (OTT). Large tumors should be harder to cure if a successful RT
requires the sterilization of all clonogenic cells. Congruently, primary tumor volume has proven to be
an important parameter. However, most findings come from an era when p16-negative HNSCC was
the dominant tumor type. HPV-associated, p16-positive, oropharyngeal tumors (OPSCC) are more
radiosensitive and have better outcome. The current study aims to investigate the role of primary
tumor volume, OTT and estimate «/f-ratio for p16-positive OPSCC, and to quantify the differences in
radiosensitivity depending on p16-status.

Methods: A cohort of 523 patients treated with RT was studied using a tumor control probability
(TCP)-model that incorporates primary tumor volume (V) raised to an exponent ¢, OTT and
o/ f-estimation. The significance of V was also investigated in Cox-regression models.

Results: In the p16-positive cohort (n =433), the volume exponent ¢ was 1.44 (95%Cl 1.06-1.91), com-
pared to 0.90 (0.54-1.32) for p16-negative tumors (n=90). Hazard ratios per tumor volume doubling
were 2.37 (1.72-3.28) and 1.83 (1.28-2.62) for p16-positive and p16-negative, respectively. The esti-
mated o/ f-ratio was 9.7 Gy (—2.3-21.6), and a non-significant daily loss of 0.30Gy (—0.17-0.92) was
found. An additional dose of 6.8 Gy (interquartile range 4.8-9.1) may theoretically counteract the more
radioresistant behavior of p16-negative tumors.

Conclusion: Primary tumor volume plays a crucial role in predicting local tumor response, particularly
in p16-positive OPSCC. The estimated o/f-ratio for p16-positive oropharyngeal tumors aligns with pre-
vious HNSCC studies, whereas the impact of prolonged OTT was slightly less than previously reported.
The differences in radiosensitivity depending on p16-status were quantified. The findings should be
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validated in independent cohorts.

Background

In classical radiobiological target theory, the number of clo-
nogenic tumor cells provides a key parameter for predicting
tumor response [1]. It is assumed that cure probability is
determined solely by the number of surviving cells after
radiotherapy (RT), making the number of initial tumor cells
of utmost importance. In clinical cohorts of head and neck
squamous cell carcinoma (HNSCC) patients, it has been
shown that the outcome is dependent on tumor volume [2-
4]. Some studies have incorporated tumor volume in math-
ematical tumor control probability (TCP)-models and have
quantitatively determined its impact. In a cohort of 51
patients, Johnsson et al. estimated the number of clonogenic
cells to be proportional to tumor volume raised to the power

of 0.85[5]. Brenner obtained similar results and suggested
that the number of cells to be sterilized is directly propor-
tional to the tumor volume (i.e, tumor volume raised to the
power of 1) [5]. A much weaker volume dependence was
proposed by Bentzen et al. who estimated an increase in
tumor cells by the square root of the tumor volume [6].

The linear-quadratic model (LQ-model) offers a clinically
useful method for comparing fractionation schedules and
predicting radiation responses [7] For HNSCC, an o/f}-ratio of
10Gy is often assumed [8] Considering the relatively high
o/ f-estimate, HNSCC has not been the subject of hypo-frac-
tionation trials, which instead have proven successful in
breast and prostate cancer with lower o/f-estimates [9, 10]
Instead, previous trials in HNSCC have investigated hyper-
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fractionation to exploit the radiobiological difference
between tumor and normal tissue [11-14]. In a meta-analysis,
hypofractionation was found to increase overall survival by
8.1% at 5years [15]. Additionally, accelerated fractionation to
counter-act the negative impact of tumor proliferation
during treatment, has received much attention in HNSCC
[16-18]. For rapidly proliferating tumors, it should be benefi-
cial to shorten the overall treatment time (OTT) without
exceeding the normal tissue tolerance [19]. Numerous trials
have investigated the shortening of OTT [20-23], and in a
meta-analysis accelerated treatment was shown to increase
overall survival with 2.2% at 5 years [15].

However, data in most of these studies originate from an
era when p16-negative HNSCC was the predominant tumor
type. In the last decades the disease panorama has changed.
Human papillomavirus (HPV) associated tumors, with p16-
positivity as a surrogate marker, represent a distinct tumor
type in the oropharynx, occurring in typically younger
patients with less co-morbidities, with increasing incidence
predominantly in developed countries [24]. The p16-positive
tumors appear to be more radiosensitive and have a sub-
stantially better prognosis compared to pl16-negative
tumors[25]. The more radiosensitive phenotype could pos-
sibly reflect a different underlying radiobiology. Thereby,
findings from p16-negative cohorts of o/f-ratio, importance
of tumor volume and OTT may not necessarily apply to p16-
positive patients.

In the present study our primary objective was to assess
the importance of tumor volume in p16-positive and p16-
negative oropharyngeal squamous cell carcinoma (OPSCC).
Additionally, we aimed to investigate OTT, estimate the
o/f-ratio, and quantify the difference in radiosensitivity
between p16-positive and p16-negative OPSCC.

Methods
Cohort

The study cohort has been presented previously [4]. In brief,
the cohort consists of 523 patients with OPSCC who were
treated with curative RT, including 433 p16-positive and 90
p16-negative individuals. Primary tumor volume (GTV-T) was
determined by the treating physician and delineated on
computed tomography images. Three different fractionation
schedules were used to treat the primary tumor: 68.0Gy in
34 fractions, 68.0Gy in 43 fractions (1.1+2.0Gy/day) or
73.1Gy in 34 fractions, with OTT of median 46, 31 and
47 days, respectively (Supplementary Figure 1), using 3D con-
formal or intensity-modulated RT. In the present study, treat-
ment failure refers to failure within the treated primary
tumor volume (i.e., at T-site). For the TCP model, failure was
defined as failure within three years.

Tumor control probability model

First, we analyzed the data in a traditional target theory
model. Assuming a Poisson dose-response model, TCP is
defined as:

TCP = exp(—4)

where 4, the number of surviving clonogenic tumor cells
after RT, is determined by the initial number of clonogenic
cells, Ny, and the surviving fraction, S:

A= NS
where Ny can be expressed as
No=A V¢

Here, A is a proportionality constant, V is the primary
tumor volume raised to the power of ¢, representing the
importance of tumor volume. Thus

TCP = exp (—(A V°xS)) = exp (—exp(In (A) + cIn (V) +In(S))

Assuming the same treatment for all patients, the expres-
sion could be simplified to

TCP = exp(—exp (cIn (V) + E)) (Equation 1)

According to the LQ-model, the surviving fraction S for a
single irradiation is given by:

S = exp(—(ad + pd?))

where o« and f§ are constants and d denotes the irradiation
dose. For multiple irradiations with n fractions, the surviving
fraction becomes:

S = exp (—n(ad + pd?))

Prolonging the overall treatment time (OTT) might coun-
teract the treatment efficacy and could be incorporated in
the model according to:

S = exp (—n(ad + pd?) + y(OTT))

where y is a constant. The full TCP-expression for treatment
schedules with n; daily fractions of d; Gray, and for the part
of the cohort receiving twice daily irradiation (n, and d,,
respectively) assuming full sublethal damage repair in
between the fractions, can be expressed as:

TCP =exp (—exp(In (A) + cIn (V) —

(n (ocd1 + ﬂd12) +ny (Otdz + ﬁdzz)) +7(0TT)))
(Equation 2)

The parameters ¢, o, f§ and 7y were fitted for different val-
ues of A using a non-linear least square method separately
for the p16-positive and p16-negative cohort. The value of A
resulting in the lowest residual sum of squares was regarded
as the best fit for the data. The y-value was converted to a
daily loss in Gy by calculating the additional number,
Ncounteract: Of 2 Gy fractions needed for compensation,
-
%20+ f-2.0°

Ncounteract = (Equation 3)

Based on the parameters in Equation 2, outcome predic-
tions were estimated for individual patients. To illustrate the
difference between pl16-positive and p16-negative tumors,
predictions were made for fictive patients with a primary
tumor volume of 0-100cm?3, receiving RT of 68.0Gy in 34
fractions over 47days. The additional dose that a p16-
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negative tumor would require to have the same theoretical
chance of cure as an equally large p16-positive tumor was
estimated by defining:

TCPpi6— = TCPpis+

by re-arranging Equation 2, assuming the same treatment
schedule as above, and omitting the difference in OTT, the
expression becomes:

Np16—
In(Ap16+)7|n(Ap|6,) + Cp16+|n(v) — Cpm,ln(V) — 34(9{ -2.0+ /3 . 202)

@-2.0+ f-2.0%
(Equation 4)

Cox regression analyses

In addition to the TCP model, the Cox-regression approach
incorporates a time-to-event dimension. To allow a clinically
relevant interpretation of the Cox-Regression-estimate, we
performed a log, -transformation of the GTV-T volume and
analyzed it as a continuous variable. Thereby, the estimate
corresponds to the increased risk of local failure per tumor
volume doubling.

Statistical analyses

In the Cox-Regression analyses, log,-GTV-T and age were
analyzed as continuous variables. Hemoglobin (Hb) was
dichotomized at 130g/dL based on a previous receiver-oper-
ator-characteristics analysis of the cohort [4]. Performance
status was dichotomized (WHO >1/Karnofsky <80 vs. better),
and smoking was categorized according to former/present
smoker vs. never-smoker. Proportional hazard assumptions
were tested with Schonfeld residual tests. The Cox-
Regression analyses were conducted according to the com-
plete-case principle; hence, patients with missing values
were omitted from the analysis. In the TCP model, local fail-
ures within 3years were regarded as events. P-values <0.05
were considered statistically significant. Bootstrapping was
used to determine the confidence interval for Ay, and
Ajq6-. Comparisons of non-parametric data between groups
were analyzed by the Wilcoxon rank sum test. All analyses
were performed in R using the libraries survival, survminer
and minpack.Im.

Results

An overview of the cohort is presented in Supplementary
table 1. There were 36 patients with p16-positive tumors and
26 patients with p16-negative tumors experiencing a local
failure. Primary tumor volume was significantly smaller for
patients with p16-positive tumors (median 12.8cm® vs.
20.2cm?, p < 0.001), whereas the nodal tumor volume was
significantly larger for patients with p16-positive tumors
(median 12.7 cm® vs. 7.8cm?>, p =0.001).
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TCP-models

In the p16-positive cohort, the simplest TCP model (Equation
1) assuming the same treatment for all patients, estimated
the volume exponent ¢,16+ to 1.32 (95% confidence interval
[CI] 0.91-1.73). Inclusion of the fractionation schedules and
individual OTT allowed a more detailed analysis, including
determination of the o- and f-values. The analysis according
to Equation 2 was iterated for different values of A, with
the best fit resulting in an «/f-ratio of 9.7 Gy (Figure 1a and
Table 1). As illustrated, the volume exponent ¢ was not
affected by changes in the A-value, consistently falling within
the range of 1.4-1.5. The y-value corresponds to a daily loss
of 030Gy (95%Cl —0.17 - 0.92) if the treatment was deliv-
ered with 2.0 Gy/fraction (Equation 3).

In the pl16-negative cohort, the smaller number of
patients limited the number of parameters that could be
included in the model (Equation 2). Therefore, a fixed
o/ p-ratio of 9.7Gy was used (Figure 1b and Table 1). In the
model, the radioresistant phenotype of p16-negative tumors
was reflected in the proportionality constant Apis—. The
parameters determined for the p16-positive and p16-nega-
tive cohorts were used to predict outcomes for the patients
using Equation 2 (Figure 2).

Next, we wanted to quantify the difference in radiosensi-
tivity depending on p16-status. Based on the size of the pri-
mary tumor volume in individual patients with p16-negative
tumors, the additional dose required to compensate for the
radioresistant phenotype to achieve the same estimated
probability as a corresponding p16-positive tumor was calcu-
lated (Equation 4). The calculations indicated that an add-
itional dose of median 6.8Gy (interquartile range 4.8-9.1)
would theoretically give a p16-negative tumor the same
chance of cure as a p16-positive tumor.

Cox regressions

In univariable Cox-regression analysis, the hazard ratio (HR)
of local failure per tumor volume doubling for p16-positive
and p16-negative patients was 2.5 (95%Cl 1.9-3.4) and 1.9
(95%CI 1.3-2.7), respectively (Supplementary Table 2).
Multivariable analyses including performance status and
smoking status yielded similar results (Table 2). These results
indicate that the risk of local failure doubles when the tumor
volume doubles.

Discussion

The results of our study support the radiobiological concept
of clonogenic tumor cells, and that primary tumor volume is
a key predictor of local tumor response. The importance of
primary tumor volume is more pronounced in patients with
p16-positive compared to those with p16-negative tumors.
The estimated o/f-ratio for pl16-positive oropharyngeal
tumors is comparable to previous results of HNSCC in gen-
eral [8]. The models predict that an additional dose of 6.8 Gy
is needed to compensate for the radioresistant p16-negative
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Figure 1. Fit of the TCP-model parameters ¢ (red, dotted line), o, B (o/B-ratio, solid black line), v (blue, dashed line) in Equation 2 for different values of A (x-
axis). Green line denotes the residual sum of squares from the fit. In (a) the p16-cohort of 433 patients and in (b) the corresponding p16-negative cohort of 90

patients (with a fixed o/ B-ratio).

phenotype. The impact of prolonging overall treatment time
was lower than previously reported. [16]

Primary tumor volume has a major impact on local con-
trol in the current study. The estimate of the volume expo-
nent c¢ in the p16-positive cohort indicates that the number
of clonogenic cells increases at least proportionally to the

tumor volume, and possibly even more. Likewise, the Cox-
Regression of log,(tumor volume) is > 2 for the p16-positive
cohort, indicating that the risk of local failure at least dou-
bles with each tumor volume doubling. Both the TCP model
and the Cox regression model demonstrate a stronger
impact of tumor volume for p16-positive compared to p16-



Table 1. Fitted parameters in Equation 2.
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negative tumors and previous studies. In a TCP model for

parameter estimate 95% ci P head and neck cancer by Bentzen et al. the corresponding c-
o 0.130 0.038 — 0.206 <.001 value was estimated to be 0.27 in a cohort of 181 OPSCC
E/B 0'8'1734 ’(13?37_’210.'6(189 094 patients [6]. Using a somewhat different approach, Brenner
oo 144 1.06 — 1.91 <001 studied four clinical datasets and found that the assumption
Vpi6s 0.048 —0.026 — 0.145 035  of proportionality between clonogenic cells and tumor vol-
?p:fﬁ g'gg 05347;’3%432 <gp; Ume (ie, assuming c=1) was consistent with the data [5].
Y‘:ﬂ: 0.048 0.011 — 0.076 006 For head and neck cancer, Johnson et al. used a TCP model
Apis— 86.3 482 — 1244 according to Equation 1 for 51 patients [26]. Without incor-

*estimated according to +1.96 x SE, with SE(*/) = (%)\/SE(M)Z +%SE([§)2

porating overall treatment time or alpha/beta-estimations

o
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Figure 2. Estimated probability of local failure using the TCP-model in Equation 2, incorporating primary tumor volume (x-axis), fractionation schedule (black, red
and blue) and overall treatment time for the individual patients. Model predictions for p16-negative (darkgreen dotted lines) and p16-positive (dashed line) tumors
treated with 68.0 Gy/34 fractions over 47 days are shown, as well as outcome for the actual patients (p16-positive tumor without failure (+), p16-positive tumor
with failure (triangles), p16-negative tumor without failure (empty circles), p16-negative tumor with failure (filled circles)). horizontal bars denote the proportion of
patients with failure, grouped per 20 cm3, with 95% confidence interval (vertical lines) for p16-positive (black, longer bars, filled error lines) and p16-negative (dark-

green, shorter bars, dot-dashed lines).

Table 2. Multivariable Cox-Regression for patients with p16-positive and p16-negative tumors. Primary tumor volume (GTV-T) was log2-transformed and

included as continuous parameter.

p16-positive p16-negative
Estimates a p Estimates a p
Primary tumor volume 2.37 172 - 3.28 <0.001 1.83 1.28 - 2.62 0.001
(per log2)
Performance status 1.49 0.57 - 3.92 0.42 1.72 0.56 - 3.23 0.51
WHO >1/Karnofsky <80 vs. better [ref]
Smoker 1.64 0.81 - 3.32 0.17 6.41 0.85-48.2 0.07
Current/previous vs. no smokers [ref]
Patients (events) 406 (34) 77 (23)
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and assuming the same treatment for all patients, they found
a volume exponent ¢ of 0.85 (95%Cl 0.40-1.29) for the pri-
mary tumor. Presumably, a large proportion of the patients
had p16-negative tumors, and the estimate is thereby well in
line with the current findings. Using Cox-Regression analyses,
several previous studies report the impact of tumor volume.
Some studies report significant HR for dichotomized groups
[2, 27, 28], while others use tumor volume as a continuous
parameter [29-31]. Although there are some varying results
[32-34], there is substantial evidence supporting tumor vol-
ume as a fundamental prognosticator. The more pronounced
impact of tumor volume in p16-positive tumors compared
with p16-negative tumors in the present study contrasts with
previous reports [35]. Carpén et al. investigated a cohort of
72 patients with p16 positive and 19 patients with p16-nega-
tive OPSCC and found a significant impact of primary tumor
volume in overall survival only for p16-negative patients [36].
Davis et al. found no impact of primary tumor volume for
disease-free survival in a cohort of 53 patients with p16-posi-
tive tumors [32]. Consistent with our present findings a
recent study investigated the risk of distant metastases, and
found a higher impact of tumor volume in p16-positive
patients compared with p16-negative patients [37]. When
analyzing tumor volume for p16-positive and p16-negative
patients, it should be noted that the relationship between
primary and nodal tumor volume differs. In our cohort,
patients with p16-positive tumors had significantly smaller
primary tumor volume, and significantly larger nodal volume
compared to patients with p16-negative tumors. Moreover,
cystic nodal metastases are more common in p16-positive
tumors [38]. Previous studies have shown differences in radi-
ation response at the nodal site compared with the primary
site [12, 23]. Therefore analyses using total tumor volume
(i.e., the sum of primary and nodal tumor volume) in cohorts
of patients with mixed p16-status [37, 39] might potentially
affect the results.

Other biomarkers may provide additional prognostication
besides tumor volume. As Figure 2 displays, p16-status
seems to shift the two curves along the y-axis, illustrating its
prognostic utility. However, both curves have a considerable
slope, emphasizing the importance of considering p16-status
together with tumor volume. There are indications that other
markers may also be associated with tumor volume. Linge
et al. found a significant interaction between hypoxic gene
profiles and tumor volume, where the gene profile only pro-
vided prognostic value in small tumors [39].

Smoking is a risk factor for developing HNSCC [40].
Individuals with more than 10 pack-years who develop a
p16-positive tumor have a significantly worse prognosis com-
pared to nonsmokers [25]. Moreover, smoking has been
shown to affect the outcome of RT, regardless of p16-status
[41]. In our current analysis, only a statistically non-significant
trend of increased risk of local failure was found. A recent
study suggests that the time since cessation affects the
impact of pack years [42]. Unfortunately, neither pack-years
nor time since cessation was available in the present cohort.

The present estimates of c=1.44 and HR 2.4 (p16-positive
tumors) suggest that the negative factors associated with

large tumor volumes increase by more than a factor of one.
In a recent study, we analyzed 323 HNSCC patients examined
with hypoxia-PET [43]. The hypoxic fraction was found to
increase with tumor volume, i.e., the proportion of hypoxic
cells was higher in larger tumors. Since hypoxia confers
radioresistance, this phenomenon could partly explain the
current findings.

The current results indicate that p16-positive tumors are
not particularly sensitive to changes in fractionation size,
well in line with previous o/ f-estimates for HNSCC in general
[8, 44, 45]. In the current cohort, only the a-term was found
to be significant, further indicating a low sensitivity to
changes in fractionation size. Estimations of «/f-ratio are
highly influenced by the model used and the inclusion of co-
varying factors. Suwinski et al. found that omitting OTT
yielded a lower estimate of o/f-ratio in their cohort of rectal
cancer [46]. In the present cohort, overall treatment time and
fractionation size are also interrelated. Since fraction doses of
1.1 +2.0Gy (total dose 68.0Gy) were used for the patients
with the shortest OTT, comparisons with a 2.0 Gy-daily sched-
ule to 68.0Gy result in negative f-values and, hence, nega-
tive o/f-ratio if OTT is omitted (Supplementary Figure 3).
Therefore, the current result should be interpreted cautiously,
as the different fractionation schedules were few and linked
to variations in OTT.

Overall treatment time has been thoroughly studied for
HNSCC. The present TCP model indicates, although not stat-
istically significant, that 0.3 Gy is needed to counteract the
negative effect on tumor control caused by a one-day’s pro-
longation of OTT. Previous estimates suggest a slightly larger
loss, 0.5-0.7Gy/day [16, 17, 44]. On the other hand, the
CHART trial showed maintained locoregional control with a
12 Gy reduction in total dose and a shortening of OTT by
33 days [47]. Without considering the reduction in fraction
dose, this could be interpreted as the time factor being
0.36 Gy/day. It has been suggested that OTT affects out-
comes differently depending on tumor differentiation, with
the benefit of shortened OTT only for moderately and well-
differentiated tumors [47, 48]. Further, OTT seems to primar-
ily affect tumor response at the T-site, but not the response
at the N-site [23]. In preclinical models the magnitude of the
time factor was cell-line dependent [49]. Thereby, the impact
of OTT may be heterogenous and related to factors not
included in the present study. We found no difference in the
magnitude of the time factor depending on p16-status. This
is also supported by the DAHANCA 6/7 trials where moder-
ately accelerated treatment improved outcomes for both
pl16-positive and p1l16-negative patients [50]. According to
some studies, tumor proliferation does not occur at a con-
stant pace during RT. Withers et al. published an analysis
based on nearly 500 OPSCC patients and suggested
that rapid re-population after a certain “kickoff time” was a
significant determinant for outcome [51]. Later, Dubben re-
analyzed the same data set and found conflicting results
[52]. Preclinical studies indicate a biphasic repopulation, con-
gruent with accelerated re-population after a kickoff-time
[53]. Similarly, retrospective analyses of clinical results sug-
gest that treatment gaps occurring after more than two
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weeks affected outcomes to a higher degree compared with
treatment gaps earlier during treatment [54]. In the
present data set, the TCP model could neither confirm nor
refute the existence of a specific kickoff time before
potential accelerated re-population begins (Supplementary
Figure 4).

The different response of p16-positive and p16-negative
tumors was parametrized in the current study. According to
the model, an additional dose of a median 6.8 Gy would be
needed to account for the radioresistant pl16-negative
phenotype. It should be noted that this is a purely theoret-
ical estimate, predicted by the model using the fitted values
from the TCP model. In the MARCH database, analyzing
altered fractionation for HNSCC, no interaction between frac-
tionation schedules and p16-status was found [55]. It should
be noted that patients with p16-negative tumors generally
have a worse prognosis, with a higher incidence of second-
ary cancers and deaths from other causes [56]. The potential
gain of escalated treatments for p16-negative tumors is
purely theoretical and should be carefully balanced against
increased risk of treatment-related side effects which is not
investigated in the present study.

The current study has several limitations and weaknesses.
Firstly, the analyses are solely based on tumor response at
the T-site and do not take the N-site into account, which
may hamper its clinical relevance. The estimation of «/f-ratio
is based on only three fractionation schedules. Future studies
with larger variations in fractionation schedules are needed
to confirm the results. Moreover, the estimated impact of
OTT relies on the efficacy obtained by the accelerated sched-
ule using 43 fractions. It cannot be ruled out that the efficacy
assigned to the OTT to part is caused by other interrelated
parameters, i.e., the use of twice daily irradiations. It is pos-
sible that an incomplete sublethal damage recovery between
the intra-daily fractions would yield a similar response pat-
tern. We also lack information about tumor differentiation,
which previously has been shown to affect OTT analyses.
[48] The study does not take the efficacy obtained with con-
comitant chemotherapy into account. Lastly, the differential
effect for intensified treatment schedules between small and
large tumors [12, 27, 57] is not explained by the present TCP
model.

To conclude, the present study supports the radiobio-
logical significance of considering primary tumor volume as
an essential parameter for local control. p16-positive tumors
have an o/ f-estimate comparable to other HNSCC, and pro-
longing OTT may impair outcome. Moreover, we quantified
the difference in radiosensitivity between p16-positive and
p16-negative tumors. Validation of these findings in other
independent cohorts is necessary. Predictions by the TCP
model could be used to identify patients with a high risk of
local failure and guide the intensification of treatment in
future clinical trials.
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