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Abstract

Tumor control probability (TCP) models are essential for evaluating radiotherapy
treatment results and optimizing fractionation schedules. In this thesis, a closed-form
population-based TCP model is applied to clinical data from four different tumor sites:
pyriform sinus, breast, non-small cell lung cancer (NSCLC) and brain metastases.
The TCP model was fitted to the data using two survival models, the linear-quadratic
(LQ) and the track-event (TE) model. Furthermore, the risk of symptomatic radiation
necrosis is modeled for brain metastases, where high-dose treatments are common.
By combining the TCP model with models predicting symptomatic radiation necrosis,
we employ the concept of complication-free tumor control probability. This metric is
used to quantify the probability of tumor control without significant side effects. It
provides a promising method to optimize fractionation schedules for brain metastases.
For breast cancer, the TCP model is used to calculate the microscopic residual tumor
volume after surgery for individual patients, enabling the prediction of TCP outcomes
following adjuvant radiotherapy. When comparing the results of the LQ and the TE
model, both models exhibit comparable performance in fitting the data. However,
further validation on larger, more diverse datasets is necessary to confirm the accuracy
of the TE model.
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CHAPTER 1. INTRODUCTION

1 Introduction

One of the main goals of radiotherapy is to effectively control tumors. The tumor
control probability (TCP) serves as a primary endpoint for treatment evaluation.
Models describing TCP allow clinicians to predict the likelihood of successful tumor

control and quantify the effects of different fractionation schedules.

Building on this foundation, a novel TCP population model that integrates tumor
volume variations and cell sensitivity differences within a patient population [1] is
presented in this thesis. This mechanistically-based model allows for simultaneous
analysis of dose and tumor volume effects on treatment outcomes. Interpatient
variations, such as differences in tumor size and sensitivity, significantly affect dose-
response outcomes. Without considering these factors, the fitted radiobiological
parameters and the respective TCP curves are biased. Building on the work of Radonic
et al. [2], who developed a model that incorporates tumor volume heterogeneity, the
approach presented in this thesis extends these ideas to include variations in both
tumor volume and cell sensitivity. In addition, we present an empirical consideration
of the evolution in time of local control (LC) in terms of TCP [1], which allows to

track how well a tumor is controlled over time.

TCP models are generally based on survival models, with the linear-quadratic (LQ))
model being one of the most widely used in radiotherapy. It is employed to calculate
isoeffect doses, i.e. doses that produce the same biological effect on tissue, for various
fractionation schemes. The radiotherapeutic response, both for tumor control and for
complications, is dominated by cell killing, with the L model serving as a mechanistic
framework for describing this process. The research by Brenner et al. [3] supports
the effectiveness of the LQ model, showing that it reliably predicts dose-response
relationships both in vitro and in vivo, particularly within a dose-per-fraction range
of 2-15 Gy (Gray). They observed that the model’s predictions align well with
actual patient outcomes, with no evidence of underdosing or overdosing across various

fractionation regimes.

However, other studies question the effectiveness of the LQ model at high doses.
Classical cell-survival curves exhibit an increasingly exponential trend at higher doses
per fraction, like those seen in stereotactic body radiotherapy (SBRT). Research by
Sheu et al. [4] suggests that the LQ model would underestimate the dose needed
to achieve tumor control in treatments with large fractions. Their results support
the hypothesis that at higher doses, where cell survival transitions to an exponential

behavior pattern, the LQ model becomes less reliable.
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To address these limitations, Besserer et al. [5] propose an alternative survival model,
known as the track-event (TE) model. Unlike the LQ model, the TE model shows
exponential survival at high doses, which may provide a closer match to how cells
respond. Since the TE model provides a more mechanistically grounded description of
dose-response, it potentially offers a more accurate approach for high-dose treatments
compared to the empirically-based LQ model. At low doses, the LQ model is a good
approximation of the TE model. While some argue that the LQ model’s extensive
clinical application and lack of observed treatment failures justify its continued use,
others highlight deviations at higher doses as evidence that the L) model may not
be universally applicable. The contrasting evidence suggests that the examination of

alternative models could improve the accuracy of the TCP predictions.

To validate the developed population LC model, which incorporates TCP, clinical data
from four tumor sites are analyzed in this thesis: pyriform sinus, breast, non-small
cell lung cancer (NSCLC) and brain metastases. The LQ model and the TE model,
which are introduced in Chapter 2, are used to fit the collected datasets. For NSCLC,
both conventional fractionated and hypofractionated treatments are analyzed, which
allows for a detailed comparison of the two models. In the case of brain metastases,
treatments like stereotactic radiosurgery (SRS) and fractionated stereotactic radiation
therapy (fSRT) are common. Although these high-dose therapies are effective, they
also carry risks, with radiation necrosis (RN) being a well-known side effect. To
calculate the probability of such complications, two simple models of symptomatic
radiation necrosis probability (Psry) are used: a logistic model and its logarithmic form.
These models, also introduced in Chapter 2, let us predict the risk of symptomatic
radiation necrosis based on clinical data. The results of these analyses are presented

in Chapter 3 and discussed in Chapter 4.

By combining the TCP and Psgn models, along with the parameters obtained from
their fits, we define the complication-free tumor control probability. This represents
the probability of achieving tumor control without significant radiation-induced
complications, such as symptomatic necrosis. The analysis of this combined metric,
discussed in detail in Chapter 4, is crucial for identifying the best fractionation

schedules for brain metastases based on tumor size and the risk of side effects.
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2 Materials and Methods

This chapter provides a comprehensive overview of the methodologies and approaches
used to model tumor control and related complications in radiation therapy. We
start by introducing two widely used survival models based on Poisson statistics
that are fundamental in predicting cell survival after radiation exposure. These
models serve as the basis for the development of the novel tumor control probability
population model, which is presented for both survival models in Section 2.2. In
addition, we present the empirical assessment of local control over time in terms
of TCP, providing insights into how tumor control evolves after treatment. This is
followed by a detailed description of the data collection process in Section 2.3. The
subsequent Section 2.4 focuses on the different tumor sites and presenting the collected
data. Following this, we explain the use of the maximum likelihood estimation method
for optimizing the model parameters, ensuring the most accurate fitting of the data
to the respective models. We shift to the visualization of the data in Section 2.6,
detailing how plots are generated and presented in the results chapter. Section 2.7
is dedicated to the issue of symptomatic radiation necrosis, a common complication
following stereotactic radiosurgery. Two simple models for symptomatic radiation
necrosis are described. Finally, the chapter concludes with the combination of the
TCP model and symptomatic radiation necrosis models, employing the concept of
complication-free TCP, which quantifies the likelihood of achieving tumor control

without complications.

2.1 Models of Cell Survival

The linear-quadratic (LQ) model and the track-event (TE) model play a crucial role
in radiobiology. They quantify the relationship between radiation dose and biological
response in terms of cell survival. The LQ model is distinguished by its simplicity and
adaptability over a wide range of dose levels, while the TE model provides a more
detailed mechanistic approach, taking into account specific interactions at the cellular

level.

2.1.1 Linear-Quadratic Model

The LQ model describes the fraction of surviving cells S as a function of the total

radiation dose D, parametrized by the radiosensitivity parameters o and f:

S(D,a, ) = g~@D-BD* (2.1)
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In this equation, the parameter o represents the linear contribution to cell death,
caused primarily by direct DNA damage, while the parameter § accounts for the
quadratic contribution, reflecting indirect damage from DNA repair mechanisms and
cell repopulation [6]. The survival curve in Figure 1 illustrates this relationship
described by the LQ model. At low doses, the linear term oD dominates, producing
a shoulder on the curve that reflects a phase where cells can repair sublethal DNA
damage. As the dose increases, the quadratic term SD? becomes more significant,
resulting in a steeper, quadratic decline in survival. The dose at which the linear and
quadratic contributions to cell damage are equal corresponds to the % ratio. This
key quantity derived from the L(Q model has units of Gray (Gy) and is important for

understanding tissue response to radiation.

The significance of the % ratio becomes even more apparent when considering the

variability between different tissues, reflecting their different sensitivities to radiation.
Normal tissues, which typically have low 3 values, are more sensitive to the effects of
fractionation, meaning that the application of lower doses over multiple fractions is
beneficial. Conversely, tumors or rapidly proliferating normal tissues tend to have
higher 5 ratios, indicating less dependence on fraction size for therapeutic effect.
Understanding the % ratio of different tissues helps clinicians optimize treatment plans
to maximize tumor control while minimizing damage to surrounding normal tissues.
For a single-fraction treatment, the total dose D in Equation (2.1) is equal to the

dose per fraction, denoted as dg, and we get
S(dyy ) = -0 B, 2.2)

To account for fractionated treatments, where the total dose is delivered in n fractions,

we extend the survival function to
S(n,ds,«,f) = e_”(adﬁﬁdf’), (2.3)

where d; is the dose per fraction. The total dose delivered over the entire treatment
time is then given by D = nd;. Substituting this into Equation (2.3) we obtain the

survival function in terms of the total dose and the dose per fraction:

S(D,dy,a, B) = gD (a+hdy) (2.4)

The LQ model is primarily used to estimate equivalent radiotherapy schedules that
achieve the same biological effect. To find the equivalent total dose (EQDX) delivered
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Figure 1 Cell survival curve illustrating the relationship between radiation dose and
the fraction of surviving cells. The curve is based on the linear-quadratic (LQ) model, where
the total radiation dose D induces both linear (D) and quadratic (8D?) contributions to
cell damage. At lower doses, the linear term dominates, while the quadratic term becomes
more significant at higher doses, resulting in a steeper decline in cell survival. The % ratio,
marked on the curve, represents the dose at which the linear and quadratic effects are equal,
serving as a key quantity for understanding tissue response to radiation. Figure adapted
from [7].

at a dose per fraction X, we equate the survival functions for two different treatment

regimens:
¢~D (a+68ds) _ o-EQDX (a+5X) (2.5)

where D is the total dose corresponding to the dose per fraction d; of the original

treatment regimen. Solving for EQDX yields:
(2.6)

In clinical practice, X is typically set at 2 Gy, known as standard fractionation.
Equation (2.6) enables the conversion of doses between different fractionation schedules

while maintaining a constant biological effect.

For certain cancer types, stereotactic body radiotherapy (SBRT) is a commonly used
treatment method. SBRT delivers a high dose of radiation in a single or a few fractions,

typically within 1 to 5 sessions, as opposed to the multiple fractions used in conventional
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radiotherapy. However, due to the high dose per fraction, there is an increased risk of
toxicity, which will be discussed more detailed in Section 2.7. To convert the dose
from a multi-fraction treatment to an equivalent single-fraction treatment, we equate
the survival function for a single-fraction treatment (Equation (2.2)) to the survival

function for a multi-fraction treatment with n fractions of dose dy (Equation (2.3)):

o-ads—pd? _ ~n(adg+8d}) (2.7)

We aim to solve this equation for the single-fraction dose ds. By applying the quadratic

formula, we obtain the following solution:

2
—9+\/9 +4dnds % + 4n d>
d, = (%) ! —— (2.8)

This formula allows us to calculate the single-fraction dose ds that yields the same

biological effect as a multi-fraction treatment with n fractions of d;.

2.1.2 Track-Event Model

The primary target of energy deposition within cells during radiation treatment is
chromosomal DNA. Significant damage is manifested as double-strand breaks (DSBs),
i.e. a type of severe DNA damage in which both strands of the DNA helix are broken.

The assumptions to model this energy deposition are [5]:

—  Definition of a track: The passage of high-energy particles (charged or

uncharged) and their resulting secondary particles form a track.

— DSB production: Tracks can cause one or more DSBs either directly by

ionization or indirectly by generating free radicals in the environment of the

DNA.

—  Definition of an event: The occurrence of two DSBs on the same or
different chromosomes defines an event and is always lethal. One single DSB

is not lethal and is therefore not considered an event.

As shown in Figure 2, events can be generated by two different mechanisms: one-track
events (OTEs) and two-track events (TTEs):

- One-Track Event (OTE): In this mechanism, one track produces two

DSBs, resulting in a lethal event.

- Two-Track Event (TTE): Each track causes a single DSB. A lethal event

requires at least two TTEs on the same or different chromosomes.
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Figure 2 Schematic representation of DNA double-strand breaks and their
contribution to cell survival or death through one-track events (OTEs) and
two-track events (TTEs). The green region on the left represents surviving cells, where
no hits or only one hit from a two-track event results in cell survival. In the case of OTEs, a
single hit causes two DSBs, leading to lethal chromosomal aberrations (shown in red). TTEs
require at least two independent hits to kill the respective cell. Figure adapted from [5].

The stochastic nature of cell killing following these events can be modeled using the
Poisson distribution, assuming a large number of irradiated cells and a low probability
of hitting the target. The distribution of cells with no hits N(0) and one hit N(1) is
given by

N(0)=Noe™, (2.9)
N(1)=Nyxe™, (2.10)

where Ny is the initial number of cells and x is the mean number of hits. For OTEs,
one hit corresponds to a lethal event (two DSBs), while for TTEs one hit corresponds

to a single DSB. The mean number of hits z is proportional to the dose D:

x=pD for OTEs, (2.11)
x =qD for TTEs, (2.12)

where p and ¢ represent the probabilities of lethal events and DSBs, respectively. A

cell survives if it experiences no OTE or at most one TTE. The survival probability



CHAPTER 2. MATERIALS AND METHODS

S is therefore the product of the probability of no OTE, denoted Porg(0), and the
probability of at most one TTE, denoted Prrg(0u1):

S = POTE(O) X PTTE(O @] 1) (213)

with
PTTE(()Ul) =PTTE(0)+PTTE(]—)a (214)

where Prrg(0) is the probability of no TTE and Prrg(1) is the probability of one TTE.
Combining Equation (2.9) and (2.11), and assuming that the survival probability is
proportional to the ratio of surviving cells to the total cell population, the probability
of no OTE is given by:

Porr(0) = ePP. (2.15)

Using Equation (2.9), (2.10) and (2.14) we get the probability that a cell will receive
at most one TTE:

Prrg(0ul) = e + qDe P = (1 +¢D)e 0. (2.16)
The total probability of cell survival according to Equation (2.13) is therefore
S(D,q,p) = (1 +qD)e @PP (2.17)
which can be re-written as
S(D,q,p) = losi+aD) o~(@+)D. (2.18)

A taylor expansion of the logarithm, based on the area hyperbolic tangent function,

results in the low dose approximation

S(D,q,p) = e ( DDj% )_pD.

(2.19)
The dose at which OTEs and TTEs are equally likely corresponds to the 3 ratio in the
LQ model, where the linear and quadratic contributions to cell damage are balanced.
Since no analytical solution can be obtained by equalizing Equation (2.15) and (2.16),
we use the low dose approximation (Equation (2.19)) to find the parameter ¢ in terms
of p and the % ratio of the LQ model. Equalizing the g-dependent and p-dependent

terms within Equation (2.19) and solving for ¢, we obtain:

i) =3 (v v al e spals). 2:20)
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For a single-fraction treatment, the total dose D in Equation (2.17) is equal to the
dose per fraction d,:
S(D,q,p) = (1+qd,)e@P)%. (2.21)

If we have multiple fractions, we rewrite Equation (2.21) in terms of dose per fraction

d; by raising it to the power of n and using the relationship D = ndy,
D
S(D.dy.q.p) = (1+qds) e @, (2:22)

To transform different fractionation schedules, we can calculate the isoeffect formula.

Assuming that two different fractionation schedules give the same survival,
D EQDX
((1+qdy)e”@Pdr)is = ((1+¢X)e X)X (2.23)

we get the equivalent total dose delivered at a dose per fraction X:

7 log(1+qds) —q-p
EQDX = D . (2.24)
+log(1+¢X)-q-p

In the next step, we want to determine the single-fraction equivalent dose for stereo-
tactic body radiotherapy treatments modeled by the TE model. Following the same
principles as in the LQ model, we begin by equating the survival function for a
single-fraction treatment (Equation (2.21)) to that of a multi-fraction treatment with
n fractions of dose dy (Equation (2.22)):

(1+qdy)e %(*P) = (1 + qd)rends(ap), (2.25)

To solve this equation analytically for dy, we need to use the Lambert W function,
denoted as W (), which is the inverse of the function ze®. This function is particularly
useful in our case, because the unknown variable appears inside an exponential function
as well as a multiplicative term. The Lambert W function provides a way to isolate
the variable d,:

d n
. :_1(_“(%) ) (2.26)
q n

(p+q)(gqnds+1)

[W(é (2222)" (e )5 g = (v ) and + 1>])
exp '
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2.2 Models of Tumor Control Probability

The likelihood that no tumor cell survives after exposure to a given radiation dose
is quantified using Poisson statistics. This approach assumes that the survival of a
tumor cell is a rare event and that the initial number of tumor cells is large. Under

these conditions, the TCP for an individual patient can be expressed as [8]
TCP = e Vs, (2.27)

where Ng represents the number of tumor cells that survive after radiation exposure.
The value of Ng is determined as the product of the initial number of tumor cells
Ny and the survival fraction .S, which depends on the chosen survival model. Sub-
stituting Ng = Ny S into Equation (2.27) and expressing Ny as the product of the

number of tumor cells per unit volume p and the tumor volume V', the TCP becomes [9]

TCP = e V5. (2.28)

In a population, tumors vary in size. As shown in Radonic et al [2], an exponential

distribution of tumor volumes [10]

F(V) ==t (2.29)

can be inserted into Equation (2.28). The average tumor volume of the population
is denoted by V. Assuming a constant clonogenic density of 107 cm3, the resulting

TCP from a population is given by

1 v 1

TCP,,, = f TS Vv —— (2.30)
0 Vv 1+pVS

Integration yields the logistic model previously used by Okunieff et al. [11] without
further mechanistic justification.

In order to make the model more accurate, we will additionally assume a variation in
cell radiosensitivity « [1]. We consider a uniform distribution between a minimum
value o, = @ — 0, and a maximum value a,,,, = a + 0., where o, is the variation of
radiosensitivity from the central value a. Performing the integration over « in the

following expression:

1 Amax 1
TCPpop = — f ——da, (2.31)
204 Jamin 1+ pVS

where we have taken into account the normalization factor %, we obtain
«@

TCP,op =

1 f/ D(a+oa+pBdy)
log(p te , (2.32)

QUQD pv + eD(oz—cra+Bdf)

10
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for the LQ model. In the TE model, where the integration is done for py,, = p - o,

and Pyez = + 0p, we end up with:

_ D
1 pV (1 +qd)% + ePwrov+a)

TCPpop = 55 D log
p

(2.33)
pV (1 + qd)% + eD(p-op+q)

2.2.1 Local Control and TCP

Local control is defined as the the successful treatment of a tumor within a defined
treatment area and the prevention of its regrowth or recurrence at the original site.
In the context of radiotherapy, local control is achieved when the tumor cells in the
target region have been effectively destroyed or their proliferation has been stopped.
This is confirmed by clinical assessments and imaging studies over a defined period of
follow-up. Local control and tumor control probability are closely related concepts in
radiotherapy. While local control is an observed clinical outcome, TCP is a theoretical
concept used to predict this outcome after a predefined follow-up time. Effective
treatment planning relies on accurate TCP models to maximize the likelihood of
achieving local control. In clinical observations, local control tends to stabilize over
longer follow-up periods. To replicate this trend, LC is expressed as a decreasing
exponential function of follow-up time. It is assumed that for an infinite follow-up

time, LC approaches the constant average value TCP,,. This is written as [1]:
LC = (1 = TCPpop) € + TCPpop, (2.34)

where A is the local control rate and ¢ is the follow-up time. Using A we can determine

log 2
A

tiz = (2.35)

which represents the characteristic time at which LC approaches TCP,,, (see Figure 3).

11
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Figure 3 Exponential model of local control as a function of follow-up time. The
red curve illustrates the decline in local control over time (Equation (2.34)) for patients who
are not cured. After a certain follow-up period, LC emerges as the constant TCP,, value
(horizontal dash-dotted line), representing the proportion of patients expected to achieve
sustained tumor control. The time ¢y (vertical dashed line) indicates the characteristic
time at which LC approaches TCP . This corresponds to the definition in Equation (2.35).

2.3 Data Search and Collection

The database PubMed was used to identify eligible studies using the following key-
words, including tumor site: local control, local control and dose volume, stereotactic
radiosurgery and local control. All manuscripts identified in this way were assessed.
The selection criteria were that the prescription dose, fractionation and tumor size had
to be clearly reported with the corresponding local control after a certain follow-up
time. These terms were extracted from all eligible studies for the four tumor sites:

pyriform sinus, breast, non-small cell lung cancer (NSCLC) and brain metastases.

2.3.1 Dose Estimation

For NSCLC and brain metastases, we looked for trials that used either conventional
fractionation (CF) or hypofractionation (HF), whereas for pyriform sinus and breast,
only conventional fractionation is common.

If the study documented the mean or median dose for CF data, this information was
used. In studies where different dose regimens were used, the mean reported dose
was calculated. To account for differences in the distribution of patients in different
dose regimens, the mean dose was calculated as a weighted average, with the weight
proportional to the number of patients or the number of brain metastases in each

regimen.

12
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In studies involving HF, it is common practice to express the radiation dose delivered
to the tumor margin in terms of isodose lines. An isodose line represents a contour
within a treatment plan that connects points receiving the same percentage of the
prescribed dose. In this context, the dose prescribed to the tumor margin (minimum
dose) typically refers to a specific isodose line (e.g. the 95% isodose), meaning that
the margin of the tumor receives 95% of the prescribed total dose. The mean dose
was then approximated by averaging the minimum dose (dose at the tumor margin)
and the maximum dose. Another common metric used to quantify the uniformity of
the radiation dose distribution within the target volume is the heterogeneity index
(HI). 1t is defined as the ratio of the maximum dose in the planning target volume
(PTV) and the prescription dose in the PTV. A HI larger than one therefore indicates
a heterogeneous dose distribution, with some regions receiving a higher dose than
prescribed [12]. In studies where only the HI was given, the mean dose was obtained

by averaging the prescription dose and the maximum dose obtained from the mean
HI.

2.3.2 Volume Estimation

For tumor volumes, the goal was to consistently extract the mean tumor volume from
each study. When only the median volume was reported, the mean of an exponential

distribution was estimated using the following relation:

Vmedian
Vmean = . 2.36
log 2 ( )
If only the mean diameter d was provided, the mean tumor volume was calculated
assuming the tumor to be spherical:

4
V= §7T7”3, (237)

where r is the radius determined by r = %l. In some studies, only a range of volumes
was documented. In these cases, an exponential distribution was applied from Equa-
tion (2.29), equating it to the fraction of patients in the specific volume category
defined by the range from V; to V5:

Va 1 A% N, b
—e vV = =22t 2.38
[/1 V Ntotal ( )

13
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Computing the integral and rearranging the equation according to V', we get the
required average volume. With this average volume, we can then calculate the average
volumes for each subgroup:

_ Jprdevvay

Vsub roup — v 5 (239)
T Levay

where the numerator represents the expected value of V' between V; and V,, weighted
by the probability density function of the exponential distribution. The denominator
serves as a normalization factor. Conversely, if the information on the number of
patients in the subgroups is missing, we can insert the mean volume V' and the total
number of patients Ny in Equation (2.38) and rearrange it according to Nyupgroup-
For NSCLC and pyriform sinus, tumor stage information was sometimes available
instead of volume ranges. In such instances, the upper limit of the respective stage
was used as the upper boundary for integration, while the lower boundary was defined
as the upper limit of the preceding tumor stage. For NSCLC, the reported upper
limits of 77 = 3cm and T = Tem were used as the maximum diameter, as specified in
the ACCJ cancer staging manual [13]. For pyriform sinus the respective ranges for T}

and T, were consistently documented in the studies.

2.3.3 Collection of Local Control Data

Local control, along with its synonyms “freedom from local failure”; “local progression
alone,” and “local recurrence-free survival” was collected for several years of follow-up.
In instances where these data were not explicitly stated, they were extrapolated from

Kaplan-Meier curves using the Web-Plot-Digitizer [14].

2.4 Tumor Sites

Four different tumor sites were studied in this work. For each site, relevant papers
were gathered to extract the information necessary for the analysis. In total, five
studies for pyriform sinus were collected, which are listed in Table 1. For breast, only
one study was found where the patients were treated exclusively with radiotherapy [15].
The NSCLC' dataset includes twelve series of conventionally fractionated local studies
(Table 4) and eleven sets of hypofractionated studies (Table 5). For brain metastases,
22 studies (Table 6) were identified to evaluate the accuracy of the population LC
model. Further information on each of the four tumor sites and the corresponding

clinical data is provided in the following subsections.

14



CHAPTER 2. MATERIALS AND METHODS

2.4.1 Pyriform Sinus

The pyriform sinus is part of the pharynx, specifically the pear-shaped subsite of
the hypopharynx located posterolaterally to either side of the laryngeal opening [16].
Pyriform sinus cancer is strongly associated with risk factors such as smoking and
heavy alcohol consumption [17]. Due to its anatomical location, this type of cancer is
often diagnosed at advanced stages when the disease has potentially spread to nearby
lymph nodes or tissues [17]. For localized pyriform sinus cancer, conventional radiation
therapy is the primary treatment approach, often combined with chemotherapy to
enhance efficacy. In advanced cases, treatment may also involve surgery. However, in
this work, only studies were included in which conventional radiation therapy alone

was used for the treatment of pyriform sinus cancer (Table 1).

Table 1 Clinical data on pyriform sinus cancer patients treated with conven-
tional fractionation, detailing mean radiation doses, tumor sizes, local control (LC) rates,
follow-up periods in months, and number of patients (pts.). As the follow-up time increases,
local control tends to decrease. Smaller volumes and larger doses are associated with
improved local control at a given follow-up time.

Mean dose [Gy] Tumor size
= - LC Follow-up [months] | No. of pts.
Total dy V [em3)
Blanchard 70 2 14.53 0.96 12 107
(2012)[18] 70 2 14.53 0.9 24 107
70 2 14.53 0.88 36 107
70 2 14.53 0.85 48 107
70 2 14.53 0.85 60 107
70 2 61.42 0.8 12 87
70 2 61.42 0.74 24 87
70 2 61.42 0.73 36 87
70 2 61.42 0.72 48 87
70 2 61.42 0.61 60 87
Nakajima 70 2 2 0.87 12 24
(2012)[19] 70 2 2 0.87 24 24
70 2 2 0.87 36 24
70 2 2 0.87 48 24
70 2 2 0.87 60 24
70 2 2 0.87 72 24
70 2 14.55 0.86 12 79
70 2 14.55 0.83 24 79
70 2 14.55 0.83 36 79
70 2 14.55 0.79 48 79
70 2 14.55 0.79 60 79
70 2 14.55 0.71 72 79
Rabbani 74.4 2 2.34 0.92 60 49
(2008)[20] 4.4 2 7.78 0.67 60 6

Continued on next page
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Table 1 — continued from previous page

Mean dose [Gy] Tumor size
= LC Follow-up [months] | No. of pts.
Total dy V [cm3)
Pamejier 70.9 2 3.25 0.89 24 19
(1998)[21] 70.9 2 8 0.25 24 4
Bataini 47.5 2 127.54 0.14 24 14
(1982)[22] 52.5 2 127.54 0.27 24 22
57.5 2 127.54 0.42 24 31
62.5 2 127.54 0.43 24 47
67.5 2 127.54 0.46 24 96
72.5 2 127.54 0.42 24 59
77.5 2 127.54 0.43 24 21

2.4.2 Breast

Breast cancer is a type of cancer that originates from the breast tissue, typically
arising in the cells of the lobules (glands responsible for milk production) or the ducts
(channels that transport milk from the lobules to the nipple) [23]. It is one of the
most common cancers diagnosed in women, although it can also occur in men.
Historically, treatment primarily consisted of mastectomy or radiotherapy alone. A
mastectomy refers to the surgical removal of one or both breasts. In recent years,
treatment strategies have evolved significantly. Lumpectomy, followed by radiotherapy,
has largely replaced mastectomy. A lumpectomy involves the surgical removal of only
the tumor along with a small margin of surrounding healthy tissue, preserving most
of the breast. This procedure is typically followed by radiation therapy to reduce the
likelihood of local recurrence [24].

In the study by Arriagada et al. [15], only cases exclusively treated with radiotherapy
were considered. The indication for radiotherapy alone was limited to patients with
inoperable tumors and those refusing a mastectomy. These patients either had operable
tumors, but were unfit for general anesthesia, or had inoperable tumors due to local
contraindications to surgery. In the paper, the data is presented in categories based
on different dose groups (Table 3) and different volume groups (Table 2). When
distinguishing between different dose groups, a constant tumor volume was assumed,
corresponding to the cohort’s mean tumor volume of 165 cm?. Similarly, for the

volume groups, a constant mean dose of 61.3 Gy was applied.
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Table 2 Clinical data on breast cancer patients from the study by Arriagada et
al. [15], who were treated with conventional fractionation and received a mean total radiation
dose of 61.3 Gy. This table presents detailed information on local control (LC) rates, follow-
up periods in months and the number of patients (pts.) within each volume group. As the
follow-up time increases, local control tends to decrease within each volume group. Smaller
volumes are associated with improved local control at a given follow-up time.

Tumor size V [cm?] LC Follow-up [months] No. of pts.
16.18 0.94 12 95
16.18 0.87 24 95
16.18 0.74 36 55
16.18 0.74 48 55
16.18 0.72 60 55
16.18 0.67 72 55
16.18 0.62 94 55
16.18 0.61 108 55
73 0.82 12 124
73 0.62 24 124
73 0.46 36 124
73 0.4 48 124
73 0.36 60 124
73 0.35 72 124
73 0.29 94 124
73 0.25 108 124
178.59 0.8 12 107
178.59 0.53 24 107
178.59 0.45 36 107
178.59 0.38 48 107
178.59 0.35 60 107
178.59 0.31 72 107
178.59 0.31 94 107
178.59 0.31 108 107
364.32 0.69 12 61
364.32 0.5 24 61
364.32 0.24 36 61
364.32 0.21 48 61
364.32 0.15 60 61
364.32 0.15 72 61
364.32 0.15 94 61
523.6 0.58 12 46
523.6 0.29 24 46

Continued on next page
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Table 2 — continued from previous page

Tumor size V [cm?] LC Follow-up [months] No. of pts.
523.6 0.26 36 46
523.6 0.2 48 46
523.6 0.16 60 46

Table 3 Clinical data on breast cancer patients from the study by Arriagada et
al. [15], treated using conventional fractionation. This table presents detailed information
on local control (LC) rates, follow-up periods in months and the number of patients (pts.)
within each dose group, assuming a mean tumor volume of 165 cm®. As the follow-up time
increases, local control tends to decrease within each dose group. Increasing the mean total
dose delivered is associated with improved local control at a given follow-up time.

Mean total Dose [Gy] LC Follow-up [months] No. of pts.
35 0.47 12 23
35 0.2 24 23
45 0.63 12 103
45 0.36 24 103
45 0.17 36 103
45 0.13 48 103
45 0.11 60 103
55 0.7 12 80
55 0.51 24 80
55 0.36 36 80
55 0.35 48 80
95 0.29 60 80
95 0.27 72 80
95 0.22 94 80
95 0.22 108 80
55 0.2 120 80
65 0.88 12 165
65 0.6 24 165
65 0.39 36 165
65 0.3 48 165
65 0.3 60 165
75 0.92 12 104
75 0.75 24 104
75 0.67 36 104
75 0.64 48 104
75 0.62 60 104
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Table 3 — continued from previous page

Mean total Dose [Gy] LC Follow-up [months] No. of pts.
75 0.62 72 104
75 0.54 94 104
75 0.53 108 104
85 0.95 12 53
85 0.9 24 53
85 0.83 36 53
85 0.66 48 53
85 0.65 60 53
85 0.64 72 53
85 0.59 94 53
85 0.59 108 53
2.4.3 NSCLC

Non-small cell lung cancer is the second most common cancer in the world. In the
past, the usual treatment for patients with early-stage NSCLC that could not be
surgically removed was conventional radiation therapy. This method typically consists
of doses of 2 -3 Gy in each session, adding up to about 54 — 60 Gy in total. However,
the long-term results from this approach have not been very effective, with local

control rates around 30-70% and overall survival rates between 15-30% [25].

Recent improvements in imaging technology and radiation treatment planning have
made it possible to deliver “ablative doses”, meaning highly destructive levels of
radiation. This method is known as stereotactic body radiation therapy. It allows
doctors to give higher doses of radiation, usually about 18 — 20 Gy over three sessions,

directly to small tumors with great precision [25].

In this work data from both conventional fractionated treatments (Table 4) and
hypofractionated treatments (Table 5) are analyzed for NSCLC, allowing to compare

outcomes across different fractionation approaches.

Table 4 Clinical data on non-small cell lung cancer patients treated with
conventional fractionation, detailing mean radiation doses, tumor sizes, local control
(LC) rates, follow-up periods in months, and number of patients (pts.). As the follow-up
time increases, the local control tends to decrease.

Mean dose [Gy] Tumor size
= 3 LC Follow-up [months] | No. of pts.
Total dy V [em?)
Bradley 70 2 2.02 0.83 24 16

Continued on next page
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Table 4 — continued from previous page

Mean dose [Gy] Tumor size
= LC Follow-up [months] | No. of pts.
Total dy V [cm3)
(2003)[26] 70 2 8.74 0.62 24 19
70 2 29.62 0.5 24 15
Bradley 70 2 246.60 0.478 12 45
(2002)[27] 70 2 246.60 0.321 24 45
70 2 246.60 0.320 36 45
70 2 140.70 0.768 12 31
70 2 140.70 0.578 24 31
70 2 140.70 0.580 36 31
70 2 89.50 0.710 12 33
70 2 89.50 0.520 24 33
70 2 89.50 0.520 36 33
70 2 89.50 0.520 48 33
70 2 50.37 0.807 12 23
70 2 50.37 0.648 24 23
70 2 50.37 0.427 36 23
70 2 16.32 0.890 12 41
70 2 16.32 0.791 24 41
70 2 16.32 0.791 36 41
70 2 16.32 0.689 48 41
Sandler 60 2 136.50 0.297 12 9
(1990)[28] 60 2 136.50 0.297 24
60 2 37.55 0.615 12 41
60 2 37.55 0.447 24 41
60 2 37.55 0.371 36 41
60 2 6.36 0.766 12 25
60 2 6.36 0.624 24 25
60 2 6.36 0.477 36 25
60 2 6.36 0.476 48 25
Willner 59.9 2 317.16 0.196 12 20
(2002)[29] 59.9 2 317.16 0.098 24 20
59.9 2 110.36 0.492 12 65
59.9 2 110.36 0.226 24 65
59.9 2 110.36 0.227 36 65
59.9 2 23.32 0.602 12 107
59.9 2 23.32 0.526 24 107
59.9 2 23.32 0.406 36 107
Bogart 70 2.5 5.67 0.83 36 31
(2005)[30]
Hayakawa 67 2 65.38 0.94 12 36
(1999)[31] 67 2 65.38 0.785 24 36
67 2 65.38 0.72 36 36
67 2 65.38 0.72 48 36
67 2 65.38 0.72 60 36

Continued on next page
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Table 4 — continued from previous page

Mean dose [Gy] Tumor size
= LC Follow-up [months] | No. of pts.
Total dy V [cm3)
Cheung 48 4 38.79 0.835 12 33
(2002)[32] 48 4 38.79 0.7 24 33
48 4 38.79 0.62 36 33
Langendijk 70 2 17.68 0.87 12 46
(2002)[33] 70 2 17.68 0.71 24 46
70 2 17.68 0.5 36 46
Lagerwaard 66 2 16.61 0.85 12 113
(2002)(34] 66 2 16.61 0.57 24 113
66 2 16.61 0.43 36 113
66 2 16.61 0.43 48 113
Rosenzweig 70.2 1.8 5.19 0.75 12 32
(2001)[35] 70.2 1.8 5.19 0.43 24 32
70.2 1.8 5.19 0.43 36 32
70.2 1.8 5.19 0.43 48 32
70.2 1.8 5.19 0.43 60 32
70.2 1.8 5.19 0.43 72 32
Shirata 60 4 9.41 1 12 7
(2012)[36] 60 4 9.41 0.57 24 7
60 4 9.41 0.57 36 7
60 4 9.41 0.57 48 7
60 4 9.41 0.57 60 7
Martel 75.5 2 221 0.55 24 41
(1997)[37] 75.5 2 221 0.37 60 41
66 2 221 0.47 24 35
66 2 221 0.32 60 35
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Table 5 Clinical data on non-small cell lung cancer patients treated with
hypofractionation, detailing mean radiation doses, tumor sizes, local control (LC) rates,
follow-up periods in months, and number of patients (pts.). As the follow-up time increases,
the local control tends to decrease.

Mean dose [Gy] Tumor size
= LC Follow-up [months] | No. of pts.

Total dy V [em?]

Fritz 27 27 13.52 1 12 40

(2008)[38] | 27 27 13.52 0.96 24 40
27 27 13.52 0.81 36 40

Baummann 96.1 18.7 16 0.92 36 57

(2009)[39]

Stephans 69.3 23.1 6.24 1 12 38

(2009)[40] 69.3 23.1 6.24 1 18 38
52.8 10.56 4.85 0.982 12 56
52.8 10.56 4.85 0.953 24 o6
52.8 10.56 4.85 0.953 36 56

Crabtree 59.7 19.9 5.49 0.964 12 57

(2009)[41] 59.9 19.2 5.49 0.884 24 57
59.7 19.9 5.49 0.884 36 o7
59.7 19.9 5.49 0.884 48 o7
59.7 19.9 5.49 0.884 60 o7
59.7 19.9 24.01 0.94 12 25
59.7 19.9 24.01 0.94 24 25
59.7 19.9 24.01 0.94 36 25
59.7 19.9 24.01 0.94 48 25
59.7 19.9 24.01 0.94 60

Timmer- 59.9 19.9 8.8 0.976 36 95

mann

(2010)[42]

Videtic 53.8 10.76 4 0.931 36 22

(2010)[43] | 53.8 10.76 18.32 1 36 6

Shibamoto 44 11 1.33 1 12 4

(2012)[44] 44 11 1.33 1 24 4
44 11 1.33 1 36 4
48 12 6.25 0.95 12 124
48 12 6.25 0.9 24 124
48 12 6.25 0.86 36 124
48 12 6.25 0.86 48 124
48 12 6.25 0.86 60 124
48 12 6.25 0.86 72 124
52 13 21.2 0.89 12 52
52 13 21.2 0.8 24 52
52 13 21.2 0.73 36 92
52 13 21.2 0.73 48 52
52 13 21.2 0.73 60 52
52 13 21.2 0.73 72 52

Continued on next page
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Table 5 — continued from previous page

Mean dose [Gy] Tumor size
= LC Follow-up [months] | No. of pts.
Total dy V [cm3)
Shirata 48 12 9.41 1 12 45
(2012)[36] 48 12 9.41 1 24 45
48 12 9.41 1 36 45
48 12 9.41 1 48 45
48 12 9.41 1 60 45
60 7.5 9.41 1 12 29
60 7.5 9.41 0.95 24 29
60 7.5 9.41 0.82 36 29
60 7.5 9.41 0.82 48 29
60 7.5 9.41 0.82 60 29
Takaeda 56.3 11.26 7.97 0.927 12 62
(2013)[45] | 56.3 11.26 7.97 0.876 24 62
56.3 11.26 7.97 0.836 36 62
Hamaji 48 12 8.18 0.96 12 99
(2015)[46] 48 12 8.18 0.8 24 99
48 12 8.18 0.76 36 99
48 12 8.18 0.74 48 99
48 12 8.18 0.72 60 99
48 12 8.18 0.68 72 99
48 12 8.18 0.68 84 99
48 12 8.18 0.68 96 99
48 12 8.18 0.34 108 99
Rwigema 68.9 22.97 6.94 1 12 46
(2014)[47] 68.9 92.97 6.94 0.955 24 46
68.9 22.97 6.94 0.955 36 46

2.4.4 Brain Metastases

Radiation therapy (RT) plays an essential role in the management of brain metastases.
Conventional radiation treatment fields may be used to deliver radiation to the whole
brain. However, numerous studies have demonstrated a relationship between large
field brain RT and both neuropsychological sequelae and deterioration in quality
of life [48]. Thus, the use of stereotactic radiosurgery or fractionated stereotactic
radiation therapy to treat brain metastases, without whole-brain radiation therapy
(WBRT), has been increasing. Consequently, WBRT studies were excluded from the
analysis. Some of the studies include patients treated with a Gamma Knife (GK),
whereas other studies focused on those treated with linear accelerator (LINAC)-based

systems.
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Table 6 Clinical data on brain metastases patients, detailing mean radiation doses,
tumor sizes, local control (LC) rates, follow-up periods in months, and number of brain
metastases (BM). As the follow-up time increases, the local control tends to decrease.
Smaller tumors allow for more precise radiation delivery, enabling the use of higher doses
per fraction while minimizing damage to surrounding healthy tissue.

Mean dose [Gy] Tumor size
= - LC Follow-up [months] | No. of BM
Total dy V [cm3)
Baschnagel 27 27 0.74 0.99 6 337
(2013)[49)] 27 27 0.74 0.97 12 337
27 27 0.74 0.93 24 337
27 27 0.74 0.93 36 337
27 27 3.25 0.9 6 86
27 27 3.25 0.75 12 86
27 27 3.25 0.69 24 86
27 27 3.25 0.69 36 86
Ko 24 24 0.33 0.96 6 126
(2020)[50] 24 24 0.33 0.94 12 126
24 24 0.33 0.68 24 126
24 24 0.33 0.68 36 126
24 24 0.33 0.55 48 126
24 24 1.45 0.75 6 15
24 24 1.45 0.61 12 15
24 24 1.45 0.31 24 15
24 24 1.45 0.2 36 15
Higuchi 30 10 17.6 0.9 6 46
(2009)[51] 30 10 17.6 0.76 12 46
30 10 17.6 0.65 24 46
Lutterbach 20.25 20.25 7 0.93 6 103
(2003)[52] 20.25 20.25 7 0.91 12 103
20.25 20.25 7 0.79 24 103
Saitoh 41.15 13.7 1.3 0.86 12 24
(2010)[53]
Aoyama 38 9.5 1.39 0.96 6 72
(2003)[54] 38 9.5 1.39 0.96 12 72
38 9.5 1.39 0.84 24 72
38 9.5 9.65 0.71 6 68
38 9.5 9.65 0.59 12 68
38 9.5 9.65 0.48 24 68
Lindvall 42.2 8.44 6.5 0.84 12 60
(2005)[55]
Tokuuye 42 6 8.18 0.91 12 95
(1998)[56]
Jani 28.18 28.18 0.97 0.97 6 216
(2015)[57] 28.18 28.18 0.97 0.9 12 216
28.18 28.18 0.97 0.83 24 216
25.36 25.36 5.24 0.94 6 110

Continued on next page
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Table 6 — continued from previous page

Mean dose [Gy] Tumor size
= LC Follow-up [months] | No. of BM
Total dy V [cm3)
25.36 25.36 5.24 0.79 12 110
25.36 25.36 5.24 0.65 24 110
22.55 22.55 15.14 0.91 6 47
22.55 22.55 15.14 0.71 12 47
22.55 22.55 15.14 0.53 24 47
Minniti 29.38 9.79 25.25 0.93 12 101
(2013)[58] 29.38 9.79 25.25 0.84 24 101
Shehata 20 20 0.43 0.93 6 228
(2004)[59] | 20 20 0.43 0.77 12 298
20 20 0.43 0.67 24 228
Feuvret 23.1 7.7 294 1 12 12
(2014)[60] 23.1 7.7 29.4 0.64 24 12
14 14 15.6 0.58 12 24
14 14 15.6 0.48 24 24
Murai 16.5 16.5 3.69 0.98 6 40
(2014)[61] 16.5 16.5 3.69 0.93 12 40
16.5 16.5 3.69 0.93 24 40
25.71 8.97 11.24 0.88 6 29
25.71 8.57 11.24 0.86 12 29
25.71 8.57 11.24 0.76 24 29
27.3 9.1 22.39 0.85 6 20
27.3 9.1 22.39 0.8 12 20
27.3 9.1 22.39 0.68 24 20
28.27 5.654 474 0.69 6 13
28.27 5.654 474 0.46 12 13
Nagai 31.14 7.785 0.12 0.98 6 43
(2014)[12] 31.14 7.785 0.12 0.98 12 43
31.14 7.785 0.12 0.72 24 43
31.14 7.785 0.6 0.86 6 42
31.14 7.785 0.6 0.82 12 42
31.14 7.785 0.6 0.75 24 42
31.14 7.785 2.9 0.93 6 43
31.14 7.785 2.9 0.93 12 43
31.14 7.785 2.9 0.93 24 43
Zairi 23.41 23.41 2.47 0.92 12 115
(2014)[62] 23.41 23.41 2.47 0.86 24 115
Eliott 30 30 0.49 0.96 6 255
(2011)[63] | 30 30 0.49 0.93 12 255
30 30 0.49 0.89 24 255
30 30 0.49 0.88 36 255
Matsuo 27 4.5 4.49 0.8 6 30
(1999)[64] 27 4.5 4.49 0.58 12 30
27 4.5 4.49 0.47 24 30

Continued on next page

25



CHAPTER 2. MATERIALS AND METHODS

Table 6 — continued from previous page

Mean dose [Gy] Tumor size
= LC Follow-up [months] | No. of BM
Total dy V [cm3)
35 ) 4.15 1 6 30
35 ) 4.15 0.9 12 30
35 ) 4.15 0.9 24 30
35 5 4.15 0.9 36 30
Aoyama 29.38 7.345 6.7 0.62 6 22
(1999)[54] 29.38 7.345 6.7 0.52 12 22
40.8 10.2 6.7 0.89 6 118
40.8 10.2 6.7 0.86 12 118
Blongien 20.25 20.25 0.539 0.85 13.7 173
(2010)[65]
Inoue 42.225 8.445 12.6 0.98 6 185
(2014)[66] 42.225 8.445 12.6 0.98 12 185
42.225 8.445 12.6 0.79 24 185
42.225 8.445 12.6 0.52 36 185
Minniti 24.49 8.16 17.75 0.98 6 47
(2016)[67] 24.49 8.16 17.75 0.7 12 47
24.49 8.16 17.75 0.6 24 47
Minniti 33.735 11.245 10.1 0.99 6 171
(2014)[68] 33.735 11.245 10.1 0.88 12 171
33.735 11.245 10.1 0.72 24 171
33.735 11.245 10.1 0.65 36 171

2.5 Optimizing Model Parameters with Maximum Likelihood Method

The estimation of the model parameters was performed using the maximum likelihood
method, which allows us to estimate the parameters of the model by maximizing the
likelihood of observing local control given the parameters.

This method involves a two-step approach of parameter fitting for both the LQ and
the TE model. In the first step, the time-dependent expression for local control
(Equation (2.34)) is fitted for the constant average tumor control probability (TCPqp)
and the local control rate A. In the second step, the fit of Equation (2.34) is refined
by incorporating the model-specific tumor control probability function at the end
of Section 2.2, which depends on additional parameters. For the L) model, these
parameters are o, o, and 3, while for the TE model, they are p, 0, and ¢. The A
obtained from the initial fit is used as a fixed input, allowing the remaining parameters
to be optimized for each model.

Using the likelihood function, the probability of observing the data given the current
model parameters is calculated. LC is binomially distributed since it involves a fixed
number of patients (trials), each of whom can experience one of two outcomes: success

(local control) or failure (tumor recurrence). A binomial distribution is therefore used
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to construct the likelihood function £, for parameter optimization. This function is

expressed as:

£, =11

n
i=1

(%) LCK (1 - LC;)MiK: (2.40)

7

where:

M; is the total number of patients in study group 1,

K; is the number of successful tumor control cases in group i,
- LG, is the predicted LC value for group i.

To avoid numerical issues with very small probabilities, the log-likelihood is used,
defined as:

log £, =3 (Ki log(LC;) + (M; - K:) log(1 - LC;) + log (K)) L (241)

i=1 i
In order to maximize the log-likelihood and determine the best-fitting parameters, a
grid search algorithm is employed. This iterative process refines the search area for

each parameter in the following steps:

1. Initial parameter ranges: Initial biologically plausible parameter ranges,
detailed in Appendix A.1, are defined. For each iteration, a grid of possible

values within these ranges is generated.

2. Log-likelihood calculation: For each combination of parameters in the
grid, the log-likelihood is calculated using the binomial log-likelihood func-
tion (2.41).

3. Refinement: After each iteration, the parameter ranges are refined around
the values that maximize the objective function. The ranges are updated
by shrinking them by 10% of their current size around the best parameters

found.

4. Convergence: The process is repeated until the objective function con-

verges to the maximum value that yields the optimal parameters.

The variation parameters o, and o, were constrained to be less than or equal to «
and p, respectively. The confidence intervals for the parameters were determined
using a bootstrapping approach with 1000 resampled datasets. For each bootstrap
sample, differential evolution was employed to estimate the optimal parameter values
for each dataset. After obtaining the parameter estimates from all 1000 bootstrap

samples, the confidence interval is calculated by taking the appropriate percentiles of
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the parameter distributions. The significance of the fitted parameters was assessed
through a Wald test at a significance level of 0.05. All statistical analyses were
implemented using Python 3.10. The final parameter estimates are presented in
Chapter 3 and summarized in Table A4 in the Appendix A.2. The maximum log-
likelihood values obtained from the maximum-likelihood estimation are provided in
Section 3.5.

2.6 Visualization

After determining the relevant parameters, they are inserted into the models, and the
results are plotted alongside the data. Tumor control probability for each survival
model is illustrated by plotting it once as a function of dose and once as a function of
tumor volume. To calculate TCP,,,, Equation (2.34) is used in combination with the
local control data at the corresponding follow-up times and the fitted value of A. In
each plot, the data is categorized by applying a threshold, setting either a volume
or dose cut-off and sorting data according to that threshold. Data points below the
threshold are displayed in black, while those above it are shown in green. The models
for each category are visualized by inserting the mean value for that category into the
models, with the results plotted in the corresponding color.

In the representation of local control (Equation (2.34)) as a function of follow-up
time, data is similarly categorized by volume or dose. Unlike the previous plots, both
a fixed volume and a fixed dose value are required as inputs to the model. This is
achieved by first sorting the data based on a chosen threshold, either volume or dose,
which creates two categories. For each category, the mean volume and mean dose are
calculated and used as fixed inputs in the models.

To improve the clarity of the plots, data points sharing similar or identical x-axis
positions are grouped into bins. For each bin, the average TCP or LC value is calculated
from all corresponding data points, and only this averaged value is displayed. This
approach provides a cleaner, more interpretable visual representation of the data
trends.

To calculate the uncertainties associated with each average TCP or LC, we start by

determining the standard deviation SD for each category:

3D - \J ﬁ (-2, (2.42)

where
—  n is the number of values in the category,

—  x; represents each individual value in the category,
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- Z is the mean of the values in the category calculated as =+ Y7, ;.

Once the standard deviation SD is known, the standard error of the mean SE can be
calculated by dividing SD by the square root of the number of data points n in the
category:

SE = S—D (2.43)

vn

With the standard error of the mean SE we can effectively display this uncertainty as
error bars in the plots.
For direct comparison, the breast data is presented in a format consistent with the
study by Arriagada et al. [15]. In Table 3, where the volume is held as constant with
a mean value of 165 cm3, the local control data is categorized into six different groups
based on dose. In Table 2, where the dose is constant with a mean value of 61.3
Gy, the local control data is sorted into five groups based on tumor size. In both
plots, each group is represented by a distinct color. Local control is then plotted as
a function of follow-up time for each group, using the mean value of each group as
input to the models.
To enable consistent comparisons between conventional fractionation and hypofrac-
tionation studies, the total dose has been standardized to an equivalent dose of 2 Gy
per fraction for all NSCLC plots.
In the plots for brain metastases, the doses to a single-fraction equivalent dose has
been converted by inserting the fitted parameters into Equation (2.8) for the LQ
model and Equation (2.26) for the TE model.

2.7 Radiation Necrosis

As discussed in Section 2.4.4, stereotactic radiosurgery or fractionated stereotactic ra-
diation therapy is the standard treatment for patients with brain metastases. However,
these therapies are not without risks, as late toxicities have been documented after
SRS, with radiation necrosis (RN) being the most common complication. Studies
indicate that RN can develop in up to 50% of treated lesions, with a significant
percentage of these cases showing clinical symptoms [69].

Radiation necrosis is defined as the unplanned death of cells and tissues due to cumula-
tive radiation damage. Unlike apoptosis, a regulated and controlled cell death, necrosis
is an uncontrolled process triggered by DNA damage, mitochondrial dysfunction, and
vascular injury within the irradiated brain region [70]. The damaged cells spill their
contents into the surrounding tissue and release inflammatory molecules. This leads to
edema (swelling) and damage to neighboring cells, sometimes resulting in additional
neurological deficits [71].

RN usually manifests within six months but it can also occur years after standard
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RT. The diagnosis of RN is based on a combination of clinical and imaging findings.
On radiological imaging, it is often challenging to clearly distinguish between tumor
recurrence and necrosis. Other clinical investigations, such as biopsy or advanced
imaging techniques like the combination of MRI and PET, are necessary to confirm
the diagnosis of RN [72]. Once RN is detected, we further distinguish symptomatic
and asymptomatic RN. This work focuses exclusively on symptomatic RN, as this

form significantly impacts patients’ quality of life and requires clinical management.

2.7.1 Models of Symptomatic Radiation Necrosis Probability

To quantify the probability of symptomatic radiation necrosis (SRN), we use two
simple models: a logistic model and its logarithmic form.

The logistic model [73], here referred to as the exponential model, is defined as:

exp (4750 (725 - 1))

Pspy = (2.44)
1+exp (4750 (VY:;O - 1))
and its logarithmic form is:
1
Psgpn=————. 2.45
SRN 14 (%)4750 ( )

In these equations Vxs is the volume corresponding to 50% risk of symptomatic
radiation necrosis, and s is the slope of the logistic function at that point. Vx is
the volume of brain tissue irradiated by x Gy. Numerous studies indicate that the
radiosurgical volume of brain tissue irradiated by 12 Gy (V12) is the most significant
predictor of symptomatic radiation necrosis [74][75][69][76]. Therefore, we set x = 12
Gy to accurately estimate the risk of SRN in treated patients. In studies where the
dose differs from 12 Gy, we convert Vx to V12 as follows [74]:

V12 = Vx (;—2) | (2.46)
where s = 1.15, determined through the analysis of LINAC-based data with spherical
target volumes. In their work, plotting these target volumes against the corresponding
doses on a double-logarithmic plot allowed them to determine the slope s as a scaling
factor. In this thesis, the slope s = 1.15 is applied universally across all treatment
machines. For trials where patients were treated with fractionated stereotactic ra-
diosurgery, we need to calculate the single-fraction equivalent dose dg, i.e. the single
dose that yields the same biological effect as a multi-fraction treatment. This can be
done using the Equation (2.8) derived from the LQ model, applying an 3 ratio of 2,
which is typical for healthy brain tissue [73]. Alternatively, we can use Equation (2.26)
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derived from the TE model, where we set p = 0.05 and ¢ = 0.25. The value of p was
obtained by fitting the normal tissue complication probability (NTCP) model proposed
by Zaider et al. [77] to brain necrosis complication data from Emami et al. [78]. The
parameter g was then calculated using Equation (2.20), with the fitted p value and
an § ratio of 2.

To estimate the parameters Vxsy and 759 for both, single- and multi-fraction treat-
ments, we fit each Psgy model separately: once to the single-fraction data in Table 7
and once to the multi-fraction data in Table 8. This separate fitting is necessary
because the logistic models we consider ((2.44), (2.45)) do not incorporate an explicit
dependence on fractionation. Therefore we will obtain different parameters for the
two datasets. However, the calculation of V12 (Equation (2.46)), which serves as an
input to the logistic models, does depend on the dose per fraction and the number of
fractions.

The data on SRN were primarily taken from the comprehensive review by Milano
et al. [73]. In addition, supplementary data were extracted from one study focusing
on SRN after a single-fraction treatment [79] and one after a multi-fraction treat-
ment [80].

The fitting was performed using the maximum likelihood method, which was de-
scribed in detail in Section 2.5 and adapted to Psgn by replacing LC with Psgy in
Equation (2.41). Confidence intervals for the fitted parameters were obtained using
bootstrapping with 1000 samples, providing 95% confidence intervals for the estimates.
The significance of the parameters was assessed through a Wald test at a significance
level of 0.05. The result of the parameter fitting and the fitted curves are presented in
Chapter 3. A summary of the estimated parameters can be found in Appendix A.2.

Table 7 Clinical data on single-fraction treatment induced symptomatic radi-
ation necrosis, detailing mean single-fraction doses (ds), brain volumes receiving 12 Gy
(V12), symptomatic radiation necrosis probabilities (Psgrn) and number of treated brain
metastases (BM). The data show that the probability of SRN increases with increasing V12.

ds [Gy] V12 [cm?] Psrn No. of BM
Sneed 12 0.34 0.0028 707
(2015)[81] 12 1.26 0.01 531
12 2.58 0.06 177
12 5.16 0.11 177
12 21.42 0.11 177
Korytko 12 2.5 0.23 75
(2006)[75] 12 7.5 0.33 12
12 12.5 0.56 7
12 22 0.54 11
Minniti 12 8.5 0.1 310

Continued on next page
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Table 7 — continued from previous page

ds [Gy] V12 [cm?] PsrN No. of BM
(2011)[69]
Blonigen 12 7.85 0.1 173
(2010)[65]
Ohtakara 12 4.074 0.086 131
(2012)[76]
Lehrer 12 ) 0.017 251
(2023)[79] 12 15 0.065 144

Table 8 Clinical data on multiple-fraction treatment induced symptomatic
radiation necrosis, detailing number of fractions (n), doses per fraction (dy), brain
volumes receiving x Gy (Vx), symptomatic radiation necrosis probabilities (Psgn) and
number of treated brain metastases (BM).

n ds [Gy] | Vx [em?] PsrN No. of BM
Dore 3 7 10 0.072 97
(2017)[82]
Inoue 3 7.7 4.7 0 124
(2013)[83] 3 7.7 8.5 0.0857 35
Inoue 5 5.76 4.9 0 69
(2014)[66] 5 5.76 10.4 0.125 16
Upadhyay 3 6.6 2.5 0.009 1080
(2023)[80] 3 7.6 2.5 0.018 1324
3 6.6 7.5 0.031 617
3 7.6 7.5 0.033 627
3 6.6 12.5 0.039 350
3 7.6 12.5 0.044 297
3 6.6 17.5 0.046 199
3 7.6 17.5 0.052 141
3 6.6 22.5 0.054 272
3 7.6 22.5 0.06 129
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2.8 Complication-free Tumor Control

Achieving tumor control in patients with brain metastases does not necessarily mean
that they are in good health. As discussed in the previous section, late toxicities such
as radiation necrosis following hypofractionated treatments can significantly impact
patients’ quality of life. The effectiveness of a given dose distribution can be assessed
by weighing its benefits in terms of tumor control against its drawbacks, including the
risk of symptomatic radiation necrosis. This balance is quantified by the complication-
free tumor control probability, which represents the probability of achieving effective
tumor control with minimal occurrence of radiation-induced symptomatic necrosis.
Assuming that TCP,., and Psgy are independent, the complication-free tumor control
probability is defined as [84]:

TCPcomplication—free = TCPpop (1 - PSRN)- (247)

Zhao et al. [74] showed a linear relationship between V12 and the tumor volume, given
by:
V12=1.63xV +1.38. (2.48)

We incorporate this relationship into the Psgx models ((2.44), (2.45)), allowing them
to be expressed as a function of tumor volume. Relating V12 directly to the tumor
volume, rather than the prescription isodose volume, offers a significant advantage:
once the tumor volume is contoured, the probability of radiation necrosis can be
calculated. If the calculated RN risk is too high, alternative treatment options can be
considered. Inserting the parameters obtained from the individual fits of the TCP and
Psgry models, we plot the complication-free TCP as a function of the tumor volume for
different fractionation schedules. For multi-fraction schedules, the parameters obtained
from the fit to multi-fraction treatment data are applied, whereas for single-fraction
schedules, the parameters obtained from the fit to single-fraction treatment data are

inserted into the Psgy models. The plots can be found in Chapter 3.
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3 Results

In this chapter, we present the results of the model fitting and its analysis. First, we
list the parameters obtained by fitting the TCP models for four tumor sites: pyriform
sinus, breast, NSCLC and brain metastases. This fitting process was conducted in two
steps and the resulting parameters, along with their corresponding 95% confidence
intervals, are summarized in Table 9 to 14 below. The confidence intervals of the
calculated a/3 ratio and ¢ were derived using Gaussian error propagation, as explained

in Appendix A .4.

For pyriform sinus, NSCLC and brain metastases, plots of the predicted TCPp,
as a function for both dose and tumor volume are provided. These plots employ
Equation (2.34), which expresses TCP,,, in terms of the local control data at cor-
responding follow-up times. For NSCLC, the total dose was standardized to EQD?2
using Equation (2.6), enabling comparison between CF and HF schedules. For brain
metastases, the total dose was converted to a single-fraction equivalent dose using
Equation (2.8) for the LQ model and Equation (2.26) for the TE model. For each of
these three tumor sites, an additional graph is included to illustrate how LC evolves

over follow-up time, highlighting variations of dose levels and tumor volumes.

In the case of breast, two datasets were analyzed independently: one grouped by
tumor volume and the other one by dose. For each dataset, local control outcomes
are plotted as a function of follow-up time, categorized into five tumor size groups or
six dose groups, respectively. The parameters obtained from fitting the dose dataset
are used to estimate the residual microscopic tumor volume after surgery. This tumor
volume is then used to predict TCP outcomes for typical adjuvant RT regimes. These

predictions are presented and discussed in Chapter 4.

Subsequently, the fitting results for the symptomatic radiation necrosis (Psgn) models
are shown, specifically for both single-fraction and multi-fraction treatments. Finally,
the complication-free tumor control probability is displayed as a function of tumor

volume for different fractionation schedules across all models.
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3.1 Pyriform Sinus

Table 9 Summary of LQ and TE model parameters for pyriform sinus. The table
lists the estimated values for each parameter, along with their 95% confidence intervals (CI).
Statistical significance levels are indicated based on the pyaiq values. Parameters marked
with a star (*) correspond to the TE model, where g was obtained by Equation (2.20) using
the low-dose approximation. The CI of the calculated «/S ratio and g were derived using
Gaussian error propagation.

Parameter [unit] Value [95% CI] | pwald

TCPpop 0.74 [0.68,0.79] | <0.01
A [months™] 0.10 [0.06,0.3] | =0.124
a [Gy™'] 0.15[0.14,0.35] | <0.05
oo [Gy 1] 0.09 [0.06,0.19] | <0.01
B [Gy™?] 0.09 [0.0,0.1] <0.01
o/B [Gy] 1.64[0.09,3.19]

p [Gy '] 0.32 [0.30,0.37] | <0.01
op [Gy™] 0.09 [0.06,0.17] | <0.01
q [Gy™'] 0.03[0.01,0.1] | =0.198
p* [Gy '] 0.16 [0.15,0.2] | <0.01
oy [Gy™'] 0.09 [0.05,0.18] | <0.01
¢ [Gy™'] 0.52 [0.3,0.74]
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Figure 4 Tumor control probability as a function of dose and tumor volume
for pyriform sinus across all models. The TE model marked with a star (*) correspond
to the variant, where the ¢ value was estimated using the low-dose approximation. The left
panel shows tumor control probability as a function of dose, while the right panel shows
tumor control probability as a function of tumor volume. The TCP model (solid line) is
depicted based on the average total dose and tumor volume in each category and the found
parameters from the fit to the complete data set. Error bars represent the standard error of
the mean TCP for each group at the respective dose/volume value.
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Figure 5 Local control as a function of follow-up time for pyriform sinus across

all models categorized by total dose (left panel) and tumor volume (right panel). The TE
model marked with a star (*) correspond to the variant, where the ¢ value was estimated
using the low-dose approximation. Error bars represent the standard error of the mean LC
for each category at the specified follow-up time.
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3.2 Breast

3.2.1 Volume Data

Table 10 Summary of LQ and TE model parameters for breast fitting the
volume dataset. The table lists the estimated values for each parameter, along with
their 95% confidence intervals (CI). Statistical significance levels are indicated based on the
Pwald values. Parameters marked with a star (*) correspond to the TE model, where ¢ was
obtained by Equation (2.20) using the low-dose approximation. The CI of the calculated
a/ B ratio and ¢ were derived using Gaussian error propagation.

Parameter [unit] Value [95% CI] | pwald

TCPpop 0.30 [0.22,0.39] | <0.01
A [months™] 0.04 [0.03,0.06] | <0.01
a [Gy™'] 0.120.12,0.29] | <0.05
oo [Gy 1] 0.03 [0.01,0.04] | <0.01
B [Gy™?] 0.1 [0.01,0.099] | <0.01
o/B [Gy] 1.190.27,2.11]

p [Gy™'] 0.31[0.12,0.32] | <0.01
op [Gy™] 0.03 [0.01,0.05 | =0.159
q [Gy™] 0.12[0.02,0.6] | =0.464
p* [Gy '] 0.15[0.15,0.20] | <0.01
oy [Gy™'] 0.04 [0.01,0.17] | =0.178
¢ [Gy™] 0.52 [0.38,0.66]
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Figure 6 Local control as a function of follow-up time for different tumor size
categories across all models. Tumor size categories are distinguished by color coding;:
<4cm (black), 4—6cm (grey), 6—8cm (blue), 8—10cm (green), and > 10 cm (orange). Error
bars represent the standard error of the data point in the respective tumor size category.
The TE model marked with a star (*) correspond to the variant, where the ¢ value was
estimated using the low-dose approximation.
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3.2.2 Dose Data

Table 11 Summary of LQ and TE model parameters for breast fitting the dose
dataset. The table lists the estimated values for each parameter, along with their 95%
confidence intervals (CI). Statistical significance levels are indicated based on the pyalq
values. Parameters marked with a star (*) correspond to the TE model, where ¢ was
obtained by Equation (2.20) using the low-dose approximation. The CI of the calculated
a/B ratio and ¢ were derived using Gaussian error propagation.

Parameter [unit] Value [95% CI] | pwald

TCPpop 0.39[0.25,0.48] | <0.01
A [months™] 0.05[0.03,0.09] | <0.01
a [Gy™'] 0.16 [0.14,0.38] | <0.05
oo [Gy 1] 0.15[0.07,0.31] | <0.01
B [Gy™?] 0.07 [0.0,0.09] | <0.01
o/B [Gy] 2.19 [0.07,4.3]

p [Gy™] 0.27[0.17,0.31] | <0.01
op [Gy™] 0.15[0.13,0.17] | <0.01
q [Gy™] 0.22[0.02,0.48] | = 0.094
p* [Gy '] 0.16 [0.16,0.21] | <0.01
oy [Gy™'] 0.15[0.11,0.18] | <0.01
¢ [Gy™] 0.48 [0.28,0.68]

The parameters obtained by fitting the TCP model to data from macroscopic tumor
volumes treated with RT alone, are now used to determine the residual microscopic
average tumor volume after surgery. Assuming the recurrence probabilities after
surgery (Ps =0.2) and after surgery combined with RT (Psgr = 0.05) [85], we can
calculate the probability of recurrence after RT alone:

_ Psrr  0.05

=——=0.25 3.1
Py 0.2 (3:1)

The tumor control probability for RT alone, which represents the recurrence-free
probability, is:
TCPrr=1-Prr=1-0.25=0.75. (3.2)

By solving Equations (2.32) and (2.33) with respect to tumor volume and setting
TCP =0.75, we can estimate the remaining average tumor volume after surgery for
a typical fractionation regimen of 30 x 2 Gy. The calculated average volume values,

along with the number of remaining cells for each model, are presented in Table 12.
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The corresponding mass values were calculated by assuming that tumor cells have a

density equal to that of water (1 g/cm?).

Table 12 Estimated average tumor volume V, number of remaining cells N, and corre-
sponding mass m after surgery, calculated for a typical fractionation regimen of 30 x 2 Gy
using the LQ and TE model. The TE model marked with a star (*) correspond to the
variant, where the ¢ value was estimated using the low-dose approximation.

V [em?] N m [g]
LQ model 0.087 874'227 | 0.087
TE model 0.087 872458 | 0.087
TE model* 0.088 876’458 | 0.088
1.0 ) 1.0 1
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Figure 7 Local control as a function of follow-up time for different dose cate-
gories across all models. Dose categories are distinguished by color coding: > 80 Gy (red),
70 — 80 Gy (orange), 60 — 70 Gy (green), 50 — 60 Gy (blue), 40 - 50 Gy (grey), and < 40 Gy
(black). Error bars represent the standard error of the data point in the respective dose
category. The TE model marked with a star (*) correspond to the variant, where the ¢
value was estimated using the low-dose approximation.
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3.3 NSCLC

Table 13 Summary of LQ and TE model parameters for NSCLC. The table lists
the estimated values for each parameter, along with their 95% confidence intervals (CI).
Statistical significance levels are indicated based on the pyaiq values. Parameters marked
with a star (*) correspond to the TE model, where g was obtained by Equation (2.20) using
the low-dose approximation. The CI of the calculated «/S ratio and g were derived using

Gaussian error propagation.

Parameter [unit] Value [95% CI] DPwald
TCPpop 0.68 [0.56,0.74] | <0.01
A [months™] 0.08 [0.03,0.14] | <0.05
a [Gy™'] 0.320.25,0.43] | <0.01
oo [Gy 1] 0.32[0.16,0.39] <0.01
B [Gy™?] 0.02 [0.0,0.02] <0.01
o/B [Gy] 21.8 [12.55,31.05]

p [Gy™] 0.24 [0.17,0.43] | <0.01
op [Gy™] 0.24 [0.13,0.38] | <0.01
q [Gy™] 0.39[0.17,0.45] <0.01
p* [Gy '] 0.28 [0.24,0.31] | <0.01
oy [Gy™'] 0.26 [0.12,0.3] <0.01
¢ [Gy™] 0.35[0.31,0.39]
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Figure 8 Tumor control probability as a function of dose and tumor volume
for NSCLC across all models. The TE model marked with a star (*) correspond to
the variant, where the ¢ value was estimated using the low-dose approximation. The left
panel shows tumor control probability as a function of dose, while the right panel shows
tumor control probability as a function of tumor volume. The TCP model (solid line) is
depicted, based on the average total dose and tumor volume in each category, and the found
parameters from fit to the complete data set. Error bars represent the standard error of the
mean TCP for each group at the respective dose/volume value.
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Figure 9 Local control as a function of follow-up time for NSCLC across all
models categorized by total dose (left panel) and tumor volume (right panel). The TE
model marked with a star (*) correspond to the variant, where the ¢ value was estimated
using the low-dose approximation. Error bars represent the standard error of the mean LC
for each category at the specified follow-up time.
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3.4 Brain Metastases

Table 14 Summary of LQ and TE model parameters for brain metastases. The
table lists the estimated values for each parameter, along with their 95% confidence intervals
(CI). Statistical significance levels are indicated based on the pya1q values. Parameters marked
with a star (*) correspond to the TE model, where g was obtained by Equation (2.20) using
the low-dose approximation. The CI of the calculated «/S ratio and g were derived using
Gaussian error propagation.

Parameter [unit] Value [95% CI] Pwald
TCPpop 0.59 [0.1,0.78] <0.05
A [months™] 0.05 [0.01,0.08] <0.05
a [Gy™'] 0.62 [0.41,0.98] <0.01
oo [Gy 1] 0.62 [0.25,0.93] <0.01
B [Gy™?] 0.01 [0.0,0.02] <0.01
o/B [Gy] 53.09 [~14.41,120.59]

p [Gy '] 0.76 [0.49,0.88] <0.01
op [Gy™] 0.76 [0.44,0.85] <0.01
q [Gy™'] 0.23 [0.05,0.43] <0.05
p* [Gy™1] 0.43 [0.37,0.48] <0.01
oy [Gy™'] 0.43 [0.3,0.46] <0.01
¢ [Gy™] 0.47[0.39,0.55]
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Figure 10 Tumor control probability as a function of dose and tumor volume for
brain metastases across all models. The TE model marked with a star (*) correspond
to the variant, where the g value was estimated using the low-dose approximation. The left
panel shows tumor control probability as a function of dose, while the right panel shows
tumor control probability as a function of tumor volume. The TCP model (solid line) is
depicted based on the average total dose and tumor volume in each category, and the found
parameters from fit to the complete data set. Error bars represent the standard error of the
mean TCP for each group at the respective dose/volume value.
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Figure 11 Local control as a function of follow-up time for brain metastases
across all models categorized by total dose (left panel) and tumor volume (right panel).
The TE model marked with a star (*) correspond to the variant, where the ¢ value was
estimated using the low-dose approximation. Error bars represent the standard error of the
mean LC for each category at the specified follow-up time.
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3.5 Model Performance Analysis

Table 15 presents the maximum log-likelihood values obtained for the fits of the
LQ model, TE model, and the TE model* variant, where ¢ was calculated using
Equation (2.20) under the low-dose approximation. To facilitate a meaningful com-
parison across tumor sites with differing dataset sizes, the log-likelihood values were
normalized by dividing the raw maximum log-likelihood values by the number of data
points in each dataset. The normalization factors used are as follows: pyriform sinus
(33), breast (dose: 37), breast (volume: 36), NSCLC (130), and brain metastases (99).
In this context, a higher normalized log-likelihood value indicates a better model fit.

Table 15 Normalized maximum log-likelihood values for different models across all tumor
sites. To allow comparison across datasets of varying sizes, the log-likelihood values are
normalized by dividing the raw maximum log-likelihood by the number of data points in
each dataset. The normalization factors are as follows: pyriform sinus (33), breast (dose:

37), breast (volume: 36), NSCLC (130), and brain metastases (99). Higher values indicate a
better fit.

LQ model | TE model | TE model*
Pyriform sinus -3.4 -3.4 -3.4
Breast (dose) -2.9 -2.9 -2.9
Breast (volume) -3 -3 -3
NSCLC -5.3 -5.2 -5.5
Brain metastases -5.4 -6 -6.2

3.6 Radiation Necrosis
3.6.1 Single-Fraction Treatments

For the single-fraction treatment data the exponential model yielded a Vxs5o of
39.31 [12.3,60.0] cm3 and a slope 759 of 0.85 [0.33,0.94]. Both parameters were
highly statistically significant, as confirmed by the Wald test (pyaq < 0.01). The
normalized maximimum log-likelihood value for the exponential model was —7.29,
obtained by dividing the raw maximum log-likelihood value by the number of data

points in the single-fraction treatment dataset (= 15).

In contrast, the logarithmic form of the model indicated a higher volume, with Vxs
at 63.29 [12.59,70.0] cm3, and a shallower slope of 759 = 0.26 [0.11,0.57]. While 5
remained highly significant (pyaiq < 0.01), the Vx5 parameter showed only moderate
significance (pyalq < 0.05). The normalized maximum log-likelihood value for the

logarithmic model was —6.2.
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Figure 12 shows the relationship between V12 and the probability of symptomatic
radiation necrosis for single-fraction treatments. The red curve illustrates the fit of

the exponential model, while the blue curve represents the fit of its logarithmic form.
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Figure 12 Probability of symptomatic radiation necrosis as a function of V12
for single-fraction treatments. The solid red and blue curves represent the fits for the
exponential model and its logarithmic form, respectively. V12 refers to the brain volume
receiving 12 Gy. Using the wald method, the error bars represent the weight of each data
point by considering the number of patients. Larger samples yield narrower error bars,
reflecting a higher weight.
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3.6.2 Multi-Fraction Treatments

For multi-fraction treatments, comprising 16 data points, the brain volumes receiving
x Gy (Vx) were converted to single-fraction 12 Gy volumes (V12). To calculate V12,
the single-fraction equivalent dose was determined using either the LQ model or the
TE model.

Using the LQ model, our exponential model estimated Vxso = 62.46 [43.72,97.08] cm?
and 750 = 1.05 [0.91,1.16], with a normalized maximum log-likelihood value of —2.66.
The logarithmic form returned even a higher Vxso of 185.04 [172.34,198.28] cm3, but
a shallower slope of 59 = 0.28 [0.25,0.29]. The normalized maximum log-likelihood
value was —2.87. Both models yielded highly statistically significant parameters

(pWald < 001)

When calculating V12 with the SFED equation derived by the TE model, the fitted
parameter estimates were Vxso = 82.54 [59.65,123.34] cm3 and 59 = 1.05 [0.92,1.17]
for the exponential form, with a normalized maximum log-likelihood value of
-2.65. The logarithmic form estimated Vxso = 153.57 [132.14,187.25] em? and
Y50 = 0.33 [0.29,0.36], with a normalized maximum log-likelihood value of —3.44.

Again, all parameter estimates were highly statistically significant (pwaia < 0.01).

The fits of the two models to the multi-fraction treatment data are shown in Figure 13.
The left panel displays the results where the calculation of the SFED is based on the
LQ model, while the right panel shows those based on the TE model.
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Figure 13 Probability of symptomatic radiation necrosis as a function of V12
for multi-fraction treatments. In subplot (a), V12 is calculated using the single-fraction
equivalent dose derived from the LQ model, while in subplot (b) the SFED is calculated
using the TE model. The red curve represents the fit of the exponential model, and the blue
curve shows the fit of the logarithmic form. The error bars represent the weight of each
data point by considering the number of patients.
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3.7 Complication-free Tumor Control

By combining the models for TCP and Psgy, the complication-free TCP has been
derived. As illustrated in Figure 14, the optimal fractionation scheme for maximizing
tumor control while minimizing complications induced by radiation necrosis is tumor
volume-dependent. The volumes where curves of different fractionation schedules
intersect, indicate tumor volumes where one regimen becomes more favorable than
another. Table 16 lists these intersection volumes, at which one particular fractionation
schedule yields a higher complication-free TCP compared to another. For example, for
tumor volumes below 24.97 cm?3, the 1 x 24 Gy schedule is preferable to the 3 x 7 Gy
schedule. However, for tumor volumes exceeding 24.97 cm?, the 3 x 7 Gy schedule

becomes more favorable than 1 x 24 Gy.

Table 16 Volumes in cm® at intersection points of complication-free TCP curves in
Figure 14 for different fractionation schemes. These intersection points indicate the tu-
mor volumes at which one fractionation regimen achieves a higher complication-free TCP
compared to another. TE* stands for the TE model variant where g was obtained by
Equation (2.20) using the low-dose approximation.

1x24 Gy | 1x24 Gy | 1x20 Gy | 1x20 Gy
N N N N
3x7Gy | 5x5Gy | 3x7Gy | 5x5 Gy
Exponential model (LQ) 24.97 19.13 16.82 1.33
Logarithmic model (LQ) - 24.33 16.13 0.95
Exponential model (TE) 14.87 5.12 - -
Logarithmic model (TE) 12.45 1.8 - -
Exponential model (TE*) 25.65 16.95 13.86 -
Logarithmic model (TE*) - 19.07 9.95 -
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Figure 14 Complication-free TCP as a function of the tumor volume for various
fractionation schedules. The left panel shows the complication-free TCP calculated using
the exponential form of Pgry, while the right panel displays the results using its logarithmic
form. For the TCP model we used either the LQ model (a, b), the TE model (c, d) or the
TE model with ¢ obtained by Equation (2.20) using the low-dose approximation.

93



CHAPTER 4. DISCUSSION

4 Discussion

In this work, a novel TCP population model was fitted to clinical data using two
survival models: the LQ and the TE model. An empirical method proposed by
Diaz et al. [1] was employed to evaluate the temporal evolution of local control in
terms of TCPpq,. This method was applied to clinical data from four tumor sites:
pyriform sinus, breast, non-small cell lung cancer, and brain metastases. For brain
metastases, symptomatic radiation necrosis was also modeled, employing two simple
logistic models to estimate its probability. A combination of the TCP,,, and SRN
models, yields the complication-free tumor control probability, offering a method
to select a volume specific optimal fractionation schedule for patients with brain

metastases.

4.1 Tumor-Specific Findings

From the analysis of the fitted curves, we find a clear trend: higher doses and smaller
tumor volumes are associated with increased tumor control (see Figure 4, 8 and
10). Introducing a variability in cell radiosensitivity results in an asymmetrical
dose-response curve for NSCLC and brain metastases. Tumors in the dataset with
radiosensitivity values av higher than the central fitted a value contribute to a steeper
dose-response, reflecting a sharp increase in TCP at lower doses. Conversely, tumors
with lower a values show a more gradual response, resulting in a slower overall rise
in TCP as the dose increases. This highlights the significant impact of interpatient
heterogeneity on treatment outcomes.

The results obtained from fitting the TE model using ¢ derived from the low-dose
approximation should be interpreted with caution. This approximation is valid only
within a limited dose range, approximately up to 3 Gy [5]. Therefore, applying the

resulting fitting parameters to high-dose treatments may lead to inaccuracies.

4.1.1 Pyriform Sinus

For pyriform sinus cancer, an § ratio of 1.64 [0.09,3.19] Gy was obtained, which
is notably lower than the values reported in the literature. For example, Taylor et
al. [86] estimated § = 7.8 [3, o] Gy, although their study included other tumor sites
within the larynx and hypopharynx. Similarly, Chappell et al. [87] reported a higher
% ratio of 9.3 Gy using logistic regression to model local control.

The analysis confirms that TCP is highly dependent on tumor volume, with larger

tumors showing a significant reduction in tumor control. As shown in Figure 5, local

54



CHAPTER 4. DISCUSSION

control approaches TCP after a relatively short follow-up period of approximately 20
months. During this period, LC decreases by about 20% for an EQD2 above 69 Gy,
while for an EQD2 below 69 Gy, the decrease is approximately 60%, as illustrated
in the left panel of Figure 5. In the right panel of the same figure, the LC reduction
is around 20% for tumor volumes smaller than 15 cm?, compared to a decrease of

approximately 45% for volumes larger than 15 cm?.

4.1.2 Breast

The derived % ratio of 2.19 Gy for breast tumors aligns with the general trend in the
literature that breast cancer exhibits a relatively low %, indicating similar fractionation
sensitivity as normal tissues. Qi et al. [88] estimated an § ratio of 3.89 Gy, but with
a high uncertainty of 6.25 Gy. Similarly, Murray et al. [89] reported an § ratio of
3.7[0.3,7.1] Gy from the FAST-Forward trial, closely matching the 3.5 [1.2,5.7] Gy
found in the START pilot trials [90]. Our result of 2.19 Gy is slightly lower but within
the broad confidence intervals of these studies.

The model parameters, obtained by fitting the TCP model to L.C data for macroscopic
tumors treated with radiotherapy alone (without surgery), can be applied to modern
neoadjuvant radiotherapy. In this context, where surgery is followed by RT, the model
allows for the determination of the residual microscopic tumor volume after surgery.
This residual microscopic tumor volume can then be used to predict TCP for several
commonly used fractionation schedules. Figure 15 presents these predictions, derived
from three different modeling approaches: the LQ model (triangles), the TE model
(stars) and the TE model where ¢ was obtained by Equation (2.20) using the low-dose
approximation (squares). The LQ model predicts higher TCP values compared to the
other models. With the exception of the 5 x5 Gy schedule, all fractionation schemes
show similar TCP predictions, suggesting they are similarly effective in achieving
tumor control. However, the 5 x5 Gy schedule yields significantly lower TCP values,
indicating that this regimen may be suboptimal for clinical use. Murray et al. [89]
demonstrated that delivering 26 Gy in five fractions is equivalent to 40 Gy in 15
fractions and 27 Gy in five fractions in terms of local control. While the LQ model
accurately captures this trend, the TE model shows significant differences between
the three fractionation schedules. Regarding normal tissue effects such as breast
distortion or shrinkage, the 5 x 5.2 Gy was found to be non-inferior to the standard
15 x 2.67 Gy [89]. It is important to note that these side effects, which were not
accounted for in our models, can also influence tumor control outcomes. Today, it is
also common to treat breast tumors with RT in combination with chemotherapy or

hormone therapy, neither of which is considered in this work.
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Figure 15 Tumor control probability predictions for breast cancer under differ-
ent typical adjuvant fractionation schedules used in the clinic. The TCP predictions
were generated using the LQ model (triangles), the TE model (stars), and the modified TE
model where g was obtained by Equation (2.20) using the low-dose approximation (squares).
The LQ model generally predicts higher TCP values compared to the the TE model. All
schedules, except 5 x 5 Gy, show comparable TCP values, indicating similar effectiveness in
tumor control. The 5 x 5 Gy schedule shows significantly lower TCP, making it less suitable
for clinical use.

4.1.3 NSCLC

The analysis of the NSCLC dataset yielded a fitted % ratio of 21.8 Gy. This value
is consistent with studies that account for tumor regrowth dynamics, in particular
with those by Liu et al. [91] and Maciejewski et al. [92], which suggest that rapidly
repopulating tumors tend to exhibit higher 3 ratios.

The volume dependence, illustrated in the right panel of Figure 8, shows significance
primarily for very small tumors. For larger volumes, the variations in TCP become
much smaller. The left panel of Figure 9 illustrates that after a follow-up time of 40
months, the local control decreases by approximately 35% for an EQD2 below 100 Gy,
whereas for an EQD2 above 100 Gy, the decrease is only around 15%. In the right
panel of the same figure, the LC reduction is about 40% for tumor volumes exceeding
50 cm3, compared to a 30% reduction for volumes smaller than 50 cm?.

Figure 16 displays TCP predictions for NSCLC RT across various fractionation
schedules and tumor volumes. The results show the expected trend: TCP increases
as tumor volume decreases, regardless of the fractionation schedule or model. Among
the evaluated regimes, the 3 x 18 Gy schedule yields the highest TCP values regardless
of the survival model. The TE models (both standard and modified) predict nearly
identical TCP values across all fractionation regimens. The LQ model predicts higher
TCP values for the 1x32 Gy and 3 x 18 Gy schedules compared to the TE models. For
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the other three fractionation schedules, the LQ model predicts lower TCP values. As
tumor volume increases, these differences between the L(Q and TE model predictions
become less significant. It is important to note that NSCLC tumors are known for
their rapid repopulation during radiotherapy [87], a critical factor that can significantly
impact treatment outcomes. Incorporating a repopulation correction into the TCP
models could account for this dynamic, potentially altering parameter estimates and,

consequently, TCP predictions.
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Figure 16 Tumor control probability predictions for NSCLC under different
fractionation schedules and tumor volumes. Predictions were generated using three
models: the LQ model (triangles), the TE model (stars), and the modified TE model
(squares) where ¢ was obtained by Equation (2.20) using the low-dose approximation.
Each subplot represents a different tumor volume: (a) large (V = 100 cm?®), (b) average
(V =51.1 cm?), and (c) small (V =5 cm?).

4.1.4 Brain Metastases and Symptomatic Radiation Necrosis

After fitting the models to the brain metastases data, an exceptionally high 5 ratio
of 53.09 Gy was observed. However, this result aligns with the findings of Redmond

et al. [48], where maximum-likelihood parameter searches for brain metastases also
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yielded % > 20. The fitted p and o, value should be interpreted with caution for
brain metastases. Since p represents the probability of a lethal event, the sum of p
and its variation o, must remain within the range [0,1]. To ensure more realistic
fitting parameters, this constraint should be explicitly incorporated into the maximum
likelihood estimation process. Similar to NSCLC, the volume dependence for tumor
control in brain metastases is primarily evident for smaller tumor volumes.

Figure 17 displays TCP and 1-year LC predictions for different fractionation schedules,
commonly used in clinical practice. These results demonstrate a significant benefit
for fractionated treatments over single-fraction regimens. Notably, the LQ model
consistently predicts lower TCP and LC values than the TE model. Interestingly,
the newly proposed 15 x 4 Gy regimen [93] appears to outperform the standard
therapies used to date. However, when accounting for potential side effects such
as symptomatic radiation necrosis, the optimal fractionation schedule for a patient
may change according to volume. As shown in Figure 14, the curves for the four
selected fractionation schedules intersect, indicating that the preferred fractionation
schedule depends on the tumor volume. The intersection volumes, listed in Table 16,
highlight the tumor volume at which one regimen becomes more favorable over another.
According to both, the LLQQ model and the TE model variant incorporating the LQ
model’s % ratio, tumor volumes of < 20 cm? are best treated with a single fraction
of 1 x24 Gy. For tumor volumes exceeding this threshold, the 5 x5 Gy regimen is
recommended. Larger tumors (> 25 cm?) are best treated with a 3 x 7 Gy schedule,
particularly under the exponential model for symptomatic radiation necrosis (left
panel). Conversely, the standard TE model favors fractionated treatments even at
smaller volumes (<5 cm?). Among all regimens, the 1 x 20 Gy consistently performs
worst in the TE model. Appendix Figure A1 shows TCP as a function of tumor volume
for the four different fractionation schedules across all models. This figure provides a
comparison to Figure 14, highlighting the impact of SRN on the complication-free
TCP. In this thesis, the probabilities of tumor control and symptomatic radiation
necrosis are assumed to be independent. However this assumption may not fully
reflect reality. While some patients may exhibit independent responses in their tumors
and normal tissues, a subset of patients could experience dependent responses. To
address this limitations, the formulation of complication-free TCP proposed by Lind
et al. [84] should be considered. This approach incorporates both independent and
dependent responses using a weighting factor ¢, which represents the proportion of
patients with independent responses. By introducing 9, the model allows for a linear
combination of independent and dependent probabilities, providing a more realistic

estimation of complication-free TCP.
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Figure 17 Tumor control probability (a) and 1-year local control (b) predictions
for brain metastases under different fractionation schedules for the mean cohort
volume of 5.07 cm3. The predictions were generated using the LQ model (triangles), the
TE model (stars), and the modified TE model where ¢ was obtained by Equation (2.20)
using the low-dose approximation (squares).

The fitted curves of the SRN models closely match those presented in Milano et
al. [73], confirming their reliability. From a graphical perspective, the logarithmic
model demonstrates closer alignment with the curves reported in Milano et al. [73]
for both single- and multi-fraction treatment data. For single-fraction treatment data,
this alignment is further supported by the normalized maximum log-likelihood value,
which favor the logarithmic model. In contrast, for multi-fraction treatment data, the
exponential model provides a better fit, as indicated by higher normalized maximum

log-likelihood values.

Single-fraction treatments appear to exhibit a higher probability of inducing SRN
compared to mutli-fraction treatments. However, the simplified models used in this
work account for fractionation only in a limited manner, through the calculation of
V12. To address this limitation, a more comprehensive NTCP model, such as those
proposed by Lyman-Kutcher or Zaider [77], should be considered. Incorporating an
NTCP model that explicitly accounts for the effects of fractionation, would allow for

the simultaneous fitting of both single-fraction and multi-fraction treatment studies.

4.2 Model Comparison and Outlook

For tumor sites, where only conventionally fractionated treatments were considered
(pyriform sinus and breast), a direct comparison between the LQ and TE model is
not possible, as the TE model converges to the LQ model at low doses. As a result,
both models show identical performance in fitting the data, which is confirmed by

their identical maximum log-likelihood values in Table 15. In the case of NSCLC,
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where both conventional and hypofractionated datasets were analyzed, the TE model
provides a slightly better fit, as evidenced by its larger log-likelihood value compared
to the LQ model. However, for tumor sites treated only with hypofractionation, such
as brain metastases, the TE model performs worse than the LQ model, as reflected in

the lower log-likelihood value.

While the LQ model has a long history of clinical use and has demonstrated effectiveness
over decades, the TE model is a relatively new approach, having been introduced only
a decade ago. Replacing a well-established model like the LQ, which has consistently
guided clinical practice, presents a significant challenge. However, the potential of the
TE model, particularly for hypofractionated treatments, warrants further investigation.
Extensive testing on diverse datasets and clinical studies will be necessary to validate
its accuracy and reliability. With continued research and validation, the TE model may
one day be considered a valuable tool in the planning of hypofractionated treatment

regimens.

4.3 Biological Considerations and Model Limitations

Although the TCP model presented in this work provides crucial insights, it does
not capture the full complexity of radiobiological processes. Fractionation effects
are governed by key mechanisms such as repair, redistribution, reoxygenation, and
repopulation [3]. These phenomena, collectively known as the "4 Rs" of radiobiology,
significantly influence treatment outcomes. Incorporating these factors into the model
would require additional parameters, increasing model complexity and the risk of
over-fitting. However, such integration could improve the biological fidelity of TCP

predictions.

Furthermore, the sensitivity of cells to radiation varies throughout the phases of the
cell cycle. Cells in the G2 and M phases tend to be more radiosensitive, whereas those
in the S phase are relatively radioresistant [6]. By integrating cell cycle dynamics into
the model, it would be possible to better account for variations in cell damage based

on the timing of radiation exposure.

Including these biological factors would enhance the predictive power of the TCP model,
offering deeper insights into the interplay between fractionation and cellular response
to radiation. Nevertheless, the novel TCP model presented in this work captures
the essential dynamics by accounting for variability in cell sensitivity. This approach
simplifies the model by reducing secondary dependencies on factors mentioned above.
As a result, it effectively averages out the influence of these variables, making the

model more manageable.
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A Appendix

A.1 Initial Parameter Ranges for Maximum Likelihood Optimization

In order to optimize the log-likelihood and determine the best-fitting parameters
for the models, we first need to define initial parameter ranges that are biologically
plausible. These ranges serve as the starting point for the grid search algorithm, which
iteratively narrows down the search space based on the results from each iteration.
The initial ranges of the parameters «, o,, and S for the LQ model are provided in
Table A1 for the different tumor sites. Similarly, the initial ranges of the parameters
corresponding to the TE model are given in Table A2. For A and TCP,,, the ranges
were set to [0.001, 0.1] s~ and [0.1, 1.0], respectively. The initial parameter ranges
for the SRN model fits are displayed in Table A3.

Table A1 Initial parameter ranges for the parameter fitting of the LQ model.
The parameters include «, o, and 8 with their respective units. For breast, two different
datasets are fitted seperately: one categorized by dose groups and the other by volume
groups.

a Gy '] | oo [Gy7'] | BIGy7
Pyriform sinus [0.1, 0.5] | [0.01, 0.4] | [0.01, 0.1]
Breast (dose) [0.1, 0.5] | [0.01, 0.4] | [0.01, 0.1]
Breast (volume) [0.1, 0.5] | [0.01, 0.4] | [0.01, 0.1]
NSCLC 0.1, 0.5] | [0.01, 0.4] | [0.001, 0.1]
Brain metastases [0.1, 0.8] | [0.01, 1.0] | [0.001, 0.1]

Table A2 Initial parameter ranges for the parameter fitting of the TE model.
The parameters include p, o, and ¢ with their respective units. For breast, two different
datasets are fitted seperately: one categorized by dose groups and the other by volume
groups.

p Gyl | op [Gy7'] | q[Gy']
Pyriform sinus [0.1, 0.5] | [0.01, 0.4] | [0.001, 0.1]
Breast (dose) [0.1, 1.0] | [0.01, 0.4] | [0.001, 0.1]
Breast (volume) [0.1, 1.0] | [0.01, 0.4] | [0.001, 1.0]
NSCLC 0.1, 1.0] | [0.01, 0.4] | [0.001, 1.0]
Brain metastases [0.1, 0.9] | [0.01, 1.0] | [0.001, 0.5]
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Table A3 Initial parameter ranges for the parameter fitting of the symptomatic
radiation necrosis models. The parameters include v59 and Vxs5¢ with their respective

units.

Exponential model (SF)

Logarithmic mode (SF)

Exponential model (MF, LQ
Exponential model (MF, TE
Logarithmic model (MF, LQ

Logarithmic model (MF, TE

)
)
)
)

Y50 Vxso [em?]
0.1,1.0] | [1, 60]
0.1,1.0] | [, 70]
0.1, 1.5] | [1, 150]
0.1, 1.5 | [L, 150]
0.1,1.0] | [1, 210]
0.1, 2.5 | [1, 170]

A.2 Summary of Estimated Model Parameters

In this section, we present a summary of the estimated parameters obtained through

model fitting for different tumor types and radiation treatments. The parameters

derived from the LQ model and the TE model variant where ¢ was obtained by

Equation (2.20) using the low-dose approximation are provided in Table A4, while

those from the SRN models are shown in Table A5.

Table A4 Summary of estimated parameters for the LQ model and the TE
model across different tumor sites. Here, ¢ was obtained by Equation (2.20) using the
low-dose approximation.

A o' o B alp D op q
571 | [Gy™) | [Gy™] | [Gy™®) | [Gy) | [Gy™'] | [Gy™'] | [Gy™']
Pyriform sinus 0.10 | 0.15 0.09 0.089 | 1.64 0.16 0.09 0.52
Breast (dose) 0.05 | 0.16 0.07 | 0.001 | 2.19 | 0.16 0.16 0.48
Breast (volume) 0.04 | 0.12 0.03 0.1 1.19 | 0.15 0.05 0.52
NSCLC 0.08 0.32 0.32 0.02 21.8 0.28 0.26 0.35
Brain metastases 0.05 | 0.62 0.62 0.01 | 53.09 | 0.43 0.43 0.47
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Table A5 Summary of estimated parameters (759 and Vxsg) for different SRN
models (exponential and logarithmic) across two treatment modes. The SF
(single-fraction) and MF (multi-fraction) represent the two different treatment modes. For
MF treatments, V12 has to be calculated using either the SFED equation derived from the
LQ model or the TE model.

Y50 | Vx50 [em?]

Exponential model (SF) 0.85 39.31
Logarithmic model (SF) 0.26 63.29
Exponential model (MF, LQ) 1.05 62.46
Exponential model (MF, TE) 1.05 82.54
Logarithmic model (MF, LQ) 0.28 185.04
Logarithmic model (MF, TE) 0.33 153.57

A.3 TCP in Brain Metastases as a Function of Tumor volume

Figure A1 illustrates TCP as a function of tumor volume for brain metastases, based
on the different survival models. This plot provides a direct comparison to Figure 14,
enabling the evaluation of the separate contributions of TCP and SRN to the overall

complication-free TCP.
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Figure A1 Tumor control probability as a function of tumor volume for four
selected fractionation schedules across three models: (a) LQ model, (b) TE model, and (c)
TE model* with ¢ obtained by Equation (2.20) using the low-dose approximation.

A.4 Gaussian Error Propagation

The confidence intervals for the calculated % ratio and the parameter ¢ were derived

using Gaussian error propagation. The uncertainty in the estimate of the parameter

%, is:
SE(a/8) = \l (% SE(a)) + (a(g—ém SE(9)) - (A1)
For ¢, whose function is defined in Equation (2.19), the standard error is:
SE(q) :\l (g—g SE(p)) . (8(275) SE(a/ﬁ)) . (A.2)
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The standard errors (SE) of the individual parameters are derived from their 95%

confidence intervals (Clypper, Cliower) using the formula:

CIupper - CIlower

E:
> 2x1.96

(A.3)

Once the standard errors are calculated, the 95% confidence intervals for the derived

parameters % and ¢ are obtained as follows:
Clupper = f +1.96 x SE(f), (A.4)

Cliower = f — 1.96 x SE(f), (A.5)

where f represents either % or q.
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