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Prediction of lung cancer patients' response to
combined chemo-radiotherapy using a personalized

hybrid model

Abstract The paper presents a novel approach to prediction of the combined ther-

apy outcome for non-small lung cancer patients. A hybrid model is proposed, con-

sisting of two parts. The �rst one is a mathematical model of tumor response to

therapy, whose parameters are expressed as a linear functions of data from mass

spectrometry of patient blood plasma samples. These linear functions constitute the

second component of the hybrid model. A comparison of clinical and simulation-

based survival curves is used to evaluate the quality of the model.
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1. Introduction

The �ve-year survival rate for lung cancer is low in Poland (12.15%) [1].
The use of an appropriate treatment protocol is crucial for prolonging the
patient's survival time or for achieving complete remission. The main meth-
ods of treating lung cancer are radio and chemotherapy. During radiotherapy
with ionizing radiation, the area of the tumor and surrounding tissues are
irradiated. Due to interaction with water particles in the radiolysis process,
reactive oxygen species are produced, leading to damage of cellular compo-
nents, including DNA. This damage, in turn, leads to apoptosis or necrosis
of cells. Radiation a�ects also healthy tissues surrounding the tumor and is
linked to cardiac events [5] which are a common cause of death for lung can-
cer patients. Chemotherapy is aimed at killing tumor cells by damaging their
DNA or at inhibiting cellular division. It is a systematic treatment associated
with various negative side e�ects, including cancerogenesis in healthy tissues.
Thus, it is important to reduce the side e�ects of therapy and maximize the
number of cancer cells killed.
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The goal of this work is to develop a method to predict treatment outcome
for the combined chemo-radiotherapy for non-small cell lung cancer patients
and �t the model to real survival data. A similar problem has been considered
in [3], where the �tting procedure consisted in estimation of distributions
of parameters of the kinetic model of tumor growth. In this work, instead
of using a �tted distribution of parameters to generate a cohort of virtual
patients, we propose a hybrid model, assuming that there exists a relation
between available proteomic data and parameters of the kinetic model for
each individual patient. Alterations of plasma proteins are reported in cancer
patients, they are also linked to the inhibition of apoptosis of the cancer cells
[7]. Thus, one of the components of the hybrid model are linear functions
mapping available proteomic data into parameters of the kinetic model.

In the subsequent sections, the model of tumor growth and its response
to treatment is introduced, followed by a brief description of available clinical
data, description of the hybrid model structure and computational results.

2. Mathematical model

We use the following simple model of tumor growth, taking into account
chemo- and radiotherapy e�ects:

dN

dt
= ρN ln

(
K

N

)
− βccN − (αd+ βd2)N, (1)

where N , c, d denote tumor volume, the e�ective concentration of a chemo
agent and, radiation dose respectively. The ρ (tumor growth rate), K (en-
vironment capacity), βc (tumor chemosensitivity parameter), α and β are
model parameters, whose variations allow to di�erentiate growth dynamics
and response to treatment among individual patients.

The capacity K was assumed to be equal to the volume of a sphere with
a diameter of 30 centimetres [3].

Therapy e�ects are incorporated in the model in a standard, widely ac-
cepted way. The multiplicative e�ect of chemotherapeutic agents on the tumor
follows the Skipper's log-kill hypothesis [6]. Chemotherapeutic drug pharma-
cokinetics is assumed to be the simplest, �rst-order one (with exponential
decay) and, therefore, its e�ective concentration is given by the following
formula:

c =
∑
i

(
cmaxe

− ln(2)
h

(t−ti)1(t− ti)
)
, (2)

where ti denotes the i−th time moment of pulse drug administration and 1 is
the Heaviside step function. The value of cmax is the maximal concentration
after the administration of a drug, h is the half-life time of a drug.

A standard linear-quadratic (LQ) model is used to model the e�ects of
irradiation on the tumor [2]. Parameters α and β, describing the radiosensi-
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tivity of a tumor are assumed to satisfy α
β = 10 Gy [4]. The radiation dose d

is described as:

d =
∑
j

dj [1(t− tj)− 1(t− τj − tj)] (3)

where dj denotes j-th fraction dose administered in cycles of length τj , tj is
the start time of cycle.

3. The analytic solution of the mathematical model

Substitution of X(t) = ln(N(t)/Nlet), where Nlet is the assumed lethal
tumor volume, allows to transform the model (1) into a linear di�erential
equation with a nonlinear control.

dX

dt
= −ρX + ρ ln(

K

Nlet
)− (βcc+ αd+ βd2) (4)

Then, the analytic solution may be found in the following form:

X(t) = ln

(
K

Nlet

)
+X0e

−ρt − ln

(
K

Nlet

)
e−ρt − C(t)−D(t) (5)

The total chemotherapy e�ect C(t) in (5), induced by drugs administered
at time instants ti, is given by

C(t) =
∑
i

βccmax

ρ− ln(2)
h

(
e−

ln(2)
h

(t−ti) − e−ρ(t−ti)
)
1(t− ti). (6)

The total radiotherapy e�ect D(t) in (5), induced by fraction doses dj
administered in cycles of length τj , starting at tj :

D(t) =
∑
j

(αd+ βd2)
[
(1− e−ρ(t−tj))1(t− tj)

−(1− e−ρ(t−tj−τj))1(t− tj − τj)
]
. (7)

4. Clinical data

The parameters of the model (5) were �tted to clinical data of individual
patients, as described in the next section.

Available clinical data included MALDI mass spectra of blood plasma
samples, cancer stage according to TNM classi�cation of malignant tumors,
survival times and therapy protocols for 56 patients. The data were provided
by Maria Sklodowska-Curie Institute � Oncology Centre (MSCI), branch in
Gliwice. A single cycle of chemotherapy is presented in Table 1, the same
protocol of chemotherapy was used in simulations for all patients based on
the number of chemo cycles.
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Table 1: Chemotherapy protocol

drug dose [mg] day of cycle half-life [days]
1 50 1 1
1 50 8 1
2 25 1 1
2 25 8 1
2 25 15 1
2 25 22 1

MALDI spectra were processed in R using the MaldiQuant package. Peaks
that correlated with survival time with the absolute value of Pearson's corre-
lation coe�cient larger or equal 0.3 were chosen. Peaks that correlated with
each other were excluded from the further analysis. Using that approach we
found 15 peaks correlating with survival time, which were subsequently used
in the hybrid model to estimate the parameters of (5).

5. Estimation of mathematical model parameters

Initial tumor volume N0 was sampled from a uniform distribution, taking
into account the TNM classi�cation of cancer stage for each patient (Table 2).

Table 2: Parameters of the uniform distribution used in sampling the initial
conditions [cm].

T class lower bound upper bound
1 0,5 3
2 3 7
3 7 10
4 10 12.5

Parameters of the model (5) were estimated by minimizing the root mean
square error of times of death in Kaplan-Meier curve obtained from the sim-
ulation of a cohort of virtual patients, compared to the curve from clinical
data:

RMSE =

√
1

n

∑
i

(tdi − tpi)2, (8)

where n is the number of patients, tdi and tpi denote actual and predicted
times of death, respectively.

The condition X(t) = 0, corresponding to N(t) = Nlet is used to deter-
mine the time of a patient's death in the simulation. Death condition was set
to correspond to the volume of a sphere with a diameter of 13 [cm].
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The solution of the minimization problem was found numerically using a
modi�ed Powell algorithm, implemented in the scipy library.

6. The hybrid model

The hybrid model consists of two parts. Parameters of the mathemati-
cal model (1), denoted by pk are expressed as linear functions of proteomic
data. Subsequently, they are used to determine the tumor growth and patient
survival time using the analytic solution (5).

During the �tting process, weights wj are determined. The value of the
k-th parameter pk is a linear combination of intensities rj of mass spectrum
peaks with weights wj and bias bk.

pk =
∑

rjwj + bk (9)

Figure 1: Survival curves with 95% con�dence intervals for the hybrid model and
clinical data (RMSE = 0.67 year).

Initial weights wj and bias bk are set randomly. Parameters pk of the
mathematical model are calculated individually for each patient according
to (9). After calculating the parameters, the second part of hybrid model
is used to simulate the tumor growth. Survival times are found based on the
simulation results. The RMSE (8) of all estimated survival times is calculated.
Weights wj and bias bk are modi�ed. The adjustment of weights and bias
values is stopped if there is no change of error value or the maximum number
of the iterations has been reached. The hybrid model is implemented and
simulated in Python 3.6. All optimized parameters are constrained to be
greater than zero. Optimization of weights wj is performed using the modi�ed
Powell algorithm. The values of single parameters are calculated taking into
account all considered MALDI peaks values.

7. Results. Kaplan-Meier survival curves were calculated for clinical
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data and compared to those obtained from simulations (Figure 1). The hybrid
model is able to predict the survival time of single patients with RMSE error
equal to 0.67 years. Sample simulation results for a single patient are presented
in Figure 2. The upper plot shows X which is the logarithm of the ratio
of the tumor volume to the death condition. The lower plot presents the
individual therapy protocol taking into account the number of chemo cycles
and radiation doses during the treatment. The survival time is calculated as
the time when the X value rise above 0.

Figure 2: Sample result of the simulation for a single patient obtained from the
hybrid model.

8. Summary. The rate of tumor growth, its chemo and radiosensitiv-
ity are speci�c to each patient, which makes it di�cult to select the best
therapy regimen and predict treatment outcome. The proposed model allows
estimating these parameters for an individual patient, using MALDI mass
spectrometry of a blood sample. The hybrid model can be used to choose the
best of the combined therapy strategies, by changing the input signals for the
mathematical model part. Side e�ects of therapy and metastases were not
taken into account in the presented model.
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Predykcja odpowiedzi na kombinowan¡ terapi¦ dla

niedrobnokomórkowego raka pªuc przy u»yciu modelu

hybrydowego

Sebastian Woªkowicz, Krzysztof Fujarewicz, Monika Kurpas, Krzysztof
�akomiec, Jarosªaw �mieja, Rafaª Suwi«ski, Andrzej �wierniak

Streszczenie W pracy przedstawiono oryginalne podej±cie do przewidywania ª¡cz-

nego wyniku terapii u pacjentów z niedrobnokomórkowym rakiem pªuc. Zapropo-

nowano model hybrydowy, skªadaj¡cy si¦ z dwóch cz¦±ci. Pierwsza z nich to mate-

matyczny model odpowiedzi guza na terapi¦, którego parametry wyra»one s¡ jako

liniowe funkcje wyników spektrometrii masowej osocza krwi pobranego od pacjen-

tów. Równania te stanowi¡ drugi skªadnik modelu hybrydowego. Do oceny jako±ci

modelu zostaªo wykorzystane porównanie krzywych prze»ycia wyznaczonych dla da-

nych klinicznych i uzyskanych za pomoc¡ symulacji modelu.

Klasy�kacja tematyczna AMS (2010): 92C50; 62P10.

Sªowa kluczowe: przewidywanie odpowiedzi na terapi¦, rak pªuc, analiza prze»ycia,

terapia skojarzona.
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