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Abstract

Photodynamic therapy (PDT) is known as a routine treatment method in which cell survival index like viability plotted versus 'O, concentration or
light fluence in the form of a curve. In this paper, a mathematical model was proposed with ability of generating a mirrored-sigmoid curve which
seems to be fitted to any experimental data relating to cell viability, survival probability or any cellular index representing living conditions through
adjusting three parameters. It was validated by showing an excellent curve fitting relatively with data obtained from cancerous lung cells under
ALA-PDT process in vitro.

It was tried to define the relations between model’s parameters and biological/clinical factors with the curve regions of plateau (at low doses; non-
sensitive part), steep (high-sensitive part), and steady state (at high doses; low-sensitive part). It seems this model could be excellently fitted to any
data presenting the cell-living index versus the killer agent in «any cancer therapy technique (e.g. radiotherapy)». Although this claim showed to
be correct for PDT, different relevant data of other researchers should also be used for this model and other usual models too, in order to compare
their fitness rates.
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MOJIEJ1b BbDKMBAEMOCTU OIMYXOJIEBbIX KJIETOK
NOCJIE POTOOANHAMUYHECKOM TEPANNU

L. Karami-Gadallo, M. Pouladian
Wcnamckuii YHnBepcuteT Asaa, TerepaH, MpaH

Peslome

Mpu npoBepeHnn dotoguHammueckoi Tepanumn (OAT) NHAEKC BbIKMBAEMOCTU (KM3HECMOCOOHOCTD) KIIETOK B 3aBUCMMOCTU OT KOHLIEHTPa-
umm 'O, MM NIOTHOCTU MOWHOCTM 06/ydeHNs Ha rpadvke NpeacTaBaseT coboil KpuByto. B 3Tol cTaTbe 6bina npeanoxeHa maTemaTnye-
cKaa Mofenb C BO3MOXHOCTbIO MOCTPOEHNA 3ePKaJibHO-CUTMOBUAHOW KPYBOW, KOTOPas, MO MHEHMIO aBTOPOB, MOXET ObiTb UCMOJNIb30BaHa
A1 IOObIX SKCMEePVIMEHTaNbHBIX AaHHBIX, KacaloWMXCA XMN3HECMOCOOHOCTU KNETOK UV BEPOATHOCTY BbKMBAHUA, MyTEM HaCTPOMKN Tpex
napamMeTpoB. 3TO OblfI0 MOATBEPKAEHO AEMOHCTPALMEN COBMAjeHNA KPUBOI C AaHHBIMU, NOyYEHHbIMM B SKCNiepumeHTe in vitro gna OAT c
5-aM1HONEBYNIMHOBOW KNCNOTON KIETOK pakKa Jierkoro.

Bbina npeanpuHATa NoNbITKa oNpeAenvTb B3aMMOCBA3b MeX/Ay NapameTpamu 61onornyeckoin Moaeny n GopmMon yyacTKoB KpusoW. Mpu
HM3KMX j03aX Habnogany Ha KPMBOW Y4YacTOK MiaTo (HeuyBCTBUTENIbHAA YacTb), NPU CPefHMX A03aX — YHaCcTOK KPYTOro noagbema (BbICOKO-
YyBCTBUTENIbHAA YaCTb) U MPU BbICOKMNX A03aX — CTaLMOHAaPHOE COCTOAHME (HN3KOUYBCTBUTE/IbHAA YacTb). ABTOPbI CUMTAIOT, UTO NPeSIOKEH-
HasA MMM MOZEJTb MOXET ObITb MPUMEHEHA K OMMCAHMIO NOObIX AaHHDBIX, MPEeACTaBNALMX COOO NMOKa3aTesb BbIXKMBAEMOCTH KIETOK, B 3aBU-
CUMOCTY OT A03bl BO34ENCTBUA MPU NI0OOM MeTofe NeyeHns paka (Hanpumep, Npu ny4vyeBoi Tepanun). XoTa 3TO YTBEPXKAEHME OKa3anocb
BepHbiM Ana O[IT, npefcTaBnAeTCcA NepcnekTMBHOW OLeHKa NPUroAHOCTY NPesIoKEHHOW MoOAeny Ana ApYrux AaHHbIX.

KnioueBble cnoBa: KpWBble BbI)KMBAa€MOCTU KNETOK, MaTeMaTU4YeCKOoe MOLENNPOBaHNe, ¢0TO,C|VIHaMVILIECKaH TepanuA.
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Introduction

In order to treat cancer in human, there are different
techniques depending on some factors such as type
and stage of cancer, specifications of 3D-contour
of cancerous tissues (planned tumor volume: PTV),
surrounded healthy organs (especially organs at risk:
OAR), and cancer distribution from skin toward depth in
the diseased organs.

Inadditiontotraditional methodsfor cancertherapy
such as chemotherapy, other techniques might apply
photons (from low-frequency electromagnetic waves
till x- and gamma-rays), accelerated massy particles
(e.g. electrons, neutrons, protons and atoms) and/or
mechanical waves (e.g. ultrasound beam). Such rays
or beams should transfer energy into the tissues with
so characteristics (i.e. spatial/temporal distribution
of its intensity) that maximally kill the cancerous
cells (through necrosis or apoptosis, mostly) whilst
minimally harm surrounding healthy cells. In order to
optimize the absorbed energies, a proper treatment
plan is required. Different type/energy of any beam/
ray has different interactions with the surface to inner
tissues leading to different absorbed doses within
them. For example, the electron beam is proper for skin
and superficial cancers because of its low penetration
depth (below a few cm). Although, such beams lead to
apoptosis of the cells, unfortunately, generation and
applying of them are relatively expensive, complicated
and time consuming in addition to their ionization
problems for healthy cells.

In contrast, some relatively low cost and accessible
techniques are just applying non-ionization waves such
as the laser or ultrasound (in the form of high intensity
focused) to provide hyperthermia and necrosis in
cancerous cells.

Recently, a lot of low power techniques provide some
‘killer agents’ between cancerous cells using a substance
which would be toxic after radiation e.g. photodynamic
therapy (PDT).

PDT is a promising treatment modality for cancer
therapy using photosensitizer (PS), oxygen and light to
destroy malignancy. Photochemical reactions between
PS, light and oxygen in the cells leads to production of a
cytotoxic agent known as singlet oxygen which could kill
the cell. In contrast to chemotherapy and conventional
radiotherapy, PDT is known as a minimally invasive
technique with selectivity in cancer treatment without
any complicated side effects [1-8].

The effectiveness of PDT depends on a large number
of parameters including the type and dose of PS, the
presenting oxygen level within the cells, the specifications
of applied light (including its wavelength and irradiance
and also the start/end instants of irradiation after PS
incubation) and the optical properties of the tissue at the
applied wavelength as well as the type and spreading

out of the cancer [9]. In the cases of deep cancers (e.g.
head and neck or liver cancer), PDT is performed through
optical fibers to reach the light photons to cancerous
region [10].

In order to determine the optimized parameters
to obtain the most effectiveness of PDT, a variety of
experimental and theoretical methods have been
suggested by a number of researchers.

In addition to introducing the reliable techniques for
PDT dosimetry, our objective in this work was to show
the role of the PDT dose in the cell survival through
modeling their relation. Some treatment factors (e.g.
type and characteristics of drug and light), biological
conditions (e.g. cancer type and its distribution) and
instrumentation specifications could have main roles
in selecting dosimetry method [11]. Some investigators
have compared two reported PDT dosimetry techniques
through measurement of the 'O, luminescence or
the PS photobleaching fluorescence by which the 'O,
production orthe PS consumption respectively could also
be tracked during treatment [12]. Some researchers have
proposed a microscopic model using the six differential
equations (SDE) representing the complex reactions
between PS, 0, molecules, and the emitted photons for
producing 'O, which could react with nucleus receptors
leading to apoptosis and cell death [13-14]. Some
models quantitating PDT cytotoxicity through showing
the relation between survival ratio and different types of
killer agents has been introduced by some researchers
[15-16]. In one survival model, in addition to the main
killer agent [102], the unoxidized receptors concentration
(denoted by [R]) was also accounted as the model’s inputs
[17]. In other words, they added another differential
equation showing survival ratio to SDE. Unfortunately,
moreover the dependency between these two inputs,
[R] could not be obtained practically by measurement.
It should be extracted from solving SDE with the inputs
of PS concentration, photon density and some variable’s
initial conditions.

The PDT appears to stimulate several different
signaling pathways, some of which lead to cell death,
via caspase-dependent and -independent apoptosis
whilst some other might cause cell survive depending
on biological (e.g. cell type and cell’s oxygen magnitude
or hypoxia occurrence) and treatment (e.g. structure and
concentration of PS, light fluence, and spatial/temporal
conditions of PS distribution during irradiation) factors.
Additionally, some other factors such as increased repair
of induced damage to membrane, to proteins and
occasionally to DNA [18], as well as cell cycle phase [19]
might also cause resistant to PDT.

Based on these two different cell responses, two
pathways with two different resistances against the
killer agent could be imagined. Therefore, we would
try to make such two-path model for estimation of cell
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response with only one practical input representing
a reliable killer agent (which could be [102], fluence or
irradiation time duration).

Materials and methods

Usually, increasing PDT dose (even till infinite dose)
cannot reach the cell living index (e.g. survival ratio or
viability) to zero or in other words mostly there is ‘non-
zero steady state' It happens because of two possible
classes of reasons: measurement error of index and
survivor cells.

First class of reason includes common mode factors
affecting the index measurement such as background
noise and recording (instrumentation) errors. Second
class of reasons might correspond to hypoxia occurrence
(leading to stopping 1O2 generation); lack of enough PS;
the cells far from access of diffused PS and/or photons;
and other factors making the killing process unsuccessful
(e.g. cell repair mechanisms).

Therefore, it's possible to make all of the cells to be
killed under treatment by increasing PDT-dose, especially
by applying simultaneously another treatment technique
too (e.g. hyperthermia or photon therapy). At first, the
survival index with non-zero steady state is analyzed to
be modeled.

Model of nonzero steady-state survival index

Since the resistances of the cells against death
determine the living index, we could divide the targets
(including the cells) under applying killer agent (i.e. PDT
dose) in two groups:

1. dose-independent group with constant resistance
against the dose variations as shown in Fig. 1 in the form
of horizontal line at resistance 40 au (arbitrary unit);

2. sensitive dose-dependent group from infinite
resistance at zero dose with an ascending manner toward
aresidual resistance (e.g.at 20 au in Fig. 1) at infinite dose.

By paying some attentions to the data presenting the
relation of index (viability or survival ratio) versus [‘02] (as
PDT-dose or d) which obtained in vitro studies by a lot of
researchers [17,20], it could be seen as a «hyperbolical»
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curve (i.e. 1/d) fitted between logarithm of index versus
d. Hence, for ‘sensitive cells’ the relation of resistance R,
could be considered as the form of below:

R =R "9 ()

In which the parameter of R_ is the resistance of
sensitive cells at infinite d and s shows the sensitivity (in
Fig. 1, s is 0.25 for more and 0.07 for less sensitive curves;
R_is 20 for both).

Two resistances of non-sensitive RnS (i.e. constant RO)
and sensitive R, (i.e.Eg. 1) actin parallel to make the total
resistance of all cells as (R*R J/(R+R ) which simplified
in the form of

RO/[1+(R0/Rw)*exp(—1/s*d)] appeared as a mirrored
(right-to-left) “S"-shaped (i.e. mirrored sigmoidal).

Finally, we could present our model in the following
equation to quantitate the PDT response “with nonzero
steady state” (i.e. nonzero v at infinite d) as the variable v

versus d as: v

_ 0
V(d) 1+m .e—l/s.d (2)

where v(d) can be interpreted as either the cell
viability, the survival index, the numbers of cells, or the
probability of cell survival with setting relevant (positive)
value of parameters v, (i.e. 100 or 1), m, and s for each
one. In Fig. 2, the effect of m variation on the steady state
(up) and s variation on the slope or sensitivity (down)
could be seen for mirrored-sigmoid curve of Eq.2.

The parameters Concepts of the Model

In Eq. 2, the parameter v, means the magnitude of v at
d equals to 0 (usually V,is 100 or 1), whilst at‘steady state’
d=coitisv_= v/(1+m). Hence, the parameter m could be
calculated based on the initial condition v, and the final
condition v_ (if presented) as follows:

m=(v,-v)/v_ (3)

The parameter s shows the slope of descending part
of mirrored sigmoid curve and relates to sensitivity.

It could be obtained by setting d at value 1/s (in Eq.2)
at which vreaches to 1/(1+m/e) of its initial (v,)as follows:

V(atd = s"l) =L_] 4)
1+ me

Puc. 1. [Iea TMNa yCTOW4YMBOCTH
KNETOK NMpuU U3MEeHeHUn napame-
TpoB PAT: po3o3aBucumas (aBa
TUMUYHbIX C/lydasi C BbICOKOW U
HU3KOW YYBCTBUTENbHOCTbIO) W
NOCTOSIHHAsA YCTOWYMBOCTb (HEUyB-
cTBUTENbHasA). Ocu umeloT npo-

M3BOJIbHble €AUHULbI U3MEpPEHUS
(ycn.en.).
— Fig. 1. Two types resistances
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Fig. 2. Samples of mirrored sigmoid-shaped (with arbitrary units of the dose) for V =100 and altered two parameters:

(Up) different m for s=1/3; (Down) different s for m=8.

One of the important points of such curves is the
critical point (CP) d_at where the curve appears linear
(around dc) with the most descending slope; and the

2
second derivative of v becomes zero (i.e. % =0atd= dc).

Therefore it could be found a relation between Dc, m,
and S as follows:

1= me V6

0T 2d6(1+me—1/(s.du) (5)

It could be shown that according to Eg.5, one could
write down:

if m< e’ thens=1/(2d,)
if m>1thens <(d,log m)_1 (6)

Model of Zero Steady-State Survival Index

If any cell killing-factor was added to a treatment
process (e.g.adding a second therapy technique), residual
sensitive cells initiated to decrease their resistance against
death (i.e. decreasing R ) so that Rs trends to zero at high
doses (i.e. steady state). Hence, Eq. 1 could be enhanced
by multiplying the parameter R_ to an exponent term
(i.e., e9) in order to increase decaying the steady state.
After affecting non-sensitive parallel resistance and some
simplifications, survival index became as:

v(d) = )

S,d-1/(S,d
1+ me™ (5:4)

that could be applied with related initial condition v (v at
zero d) and three parameters m, s, and s,. By setting s, to
zero the Eq. 7 converts to Eq. 2.

Data Acquisition

In order to validate the final model, type-Il PDT data
extracted from other (in vitro) work [20] was applied.
The drug of 5-AminoLevulinic Acid (ALA; from ‘Sigma
Chemical Co') was dissolved in distilled water to obtain
the stock solution (1mg/ml). After applying ALA-PDT for
some 15-samples groups and providing a control group,
the cell viabilities were obtained for different irradiated
times for model validation.

Cell Culture

The human lung carcinoma cell (A-549) was supplied
by Iranian Biological Resource Center and cultured in
DMEM: Ham'SF12 + 2Mml-Glutamine+ 10% FBS in a 5%
CO2 incubator at 37°. A549 cell lines were seeded into
96-well plates at concentration of 1x10* cells per well and
were incubated for 24 hours for proper attachment to
substratum. After 70-75% cell confluence, the media of
wells was removed then phosphate buffered saline and
10pl 5-ALA per well added to them and incubated for 3 h.

ALA-PDT

Except the control (no ALA; no light) and ALA groups,
others were irradiated with LED light (632 nm at a fixed
flounce rate 35mw/cm?) for different time durations
(till 300 seconds). We repeated the test for another ALA
administration too in order to obtaining 5 and 10 pl
5-ALA per well.

MTT Assay

At 24 h after the treatment, cell viabilities were
obtained through MTT evaluation method using an
optical densitometry technique at 570 nm measuring
the activity of mitochondria and cellular dehydrogenase
enzymes. The data were analyzed by one-way ANOVA
statistical method in SPSS software.
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Results

We proposed a model (as shown in Eq. 7) to obtain
the cell survival index (that could be cell viability,
survival probability, or any index representing cell
living conditions) as a function of PDT-dose (that could
be illuminating time, fluence, ['O,] or any variable
representing the killer agent dose).

When experimental findings show a number of points
in dose-v plane, one could extract approximately some
specifications (such as the location of CP and its slope,
shoulder/plateau width, vanishing speed, and the steady
state magnitude) to find the model’s parameters roughly.

Moreover, one could easily fit the best sigmoid-curve
with the data by different mathematical techniques
(found in the curve fitting toolkit of MatLab software) to
obtain the optimized parameters (with minimum root
mean squared error-RMSE).

In order to understand the effects of the parameters
alterations on the shape of model, different magnitudes
of m, s, and s, were applied (v,=100) and the results
compared with a control curve appeared in the central
of curves in Fig. 3.

As seen in Fig. 3, the parameters could control curve
features as follows:

top: m could control CP’s slope and the ascending
window width, whilst maintain approximately CP’s
location;

middle: s, could control CP’s location, whilst
maintain approximately its slope, hence control the
plateau width,;

bottom: s, could control CP’s slope, whilst maintain
approximately its location and also the ascending
window width, hence control the steady state
magnitude.

[%6
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S0
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i PDT data
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Fig. 4. The ALA-
PDT data and the
model output
(with m=0.6444,
s,=0.02052,

- 1 1 |
0 30 B0 20 120 150 180

Iradiation Time [S]

1 i B 1
210 240 210

200 T s,=0.001863)
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As shown in Fig. 4, the model was validated using
the obtained ALA-PDT data showing an excellent fitting
relative to other models (such as single/multi target/hit
inactivation, two components and linear quadratic models).

Furthermore, based on our findings, ALA did not
produce considerable dark toxicity at any concentration
or incubation time as verified by the MTT assay. It was
found that increasing the irradiation time make the cell
survival to be decreased. These findings are consistent
with different ALA doses used in similar studies with
other cell lines [1,3,16]. The cell death of 90% was seen
(for 10 ul ALA per well) for the irradiation time of about
21 min (i.e. 24 min by the model) whilst at about 300 s
(i.e. 320 s by the model) the lethal dose 50% (known as
LD, observed.

By repeating the test for half ALA concentration (i.e. 5
pl per well; not shown in Fig. 4), the findings didn't vary
significantly for low doses whilst a little difference for
high doses (e.g. LD,, appeared at about 7 min) was seen.

Discussion

The PDT is a promising modality and clinically
approved for treatment of certain tumors and several
types of neoplasms including cutaneous lesions, non-
small cell lung carcinomas, head/neck and esophageal
cancers [1-8,10,21]. In PDT researches, presenting
multifactorial and complex photochemical processes
(e.g. multi molecular interaction, spatial/temporal
variation of the concentration before and during the
irradiation time) could cause challenging problems in the
analysis and dosimetry of PDT and hence limit the related
studies variety.

This study was designed firstly to determine the effect
of varying the ALA-mediated PDT dose (i.e. different
flounce; or irradiation time here) on the survival of non-
small cells of lung carcinoma (in vitro) and secondly to
model mathematically their relation.

It could be noticed that the relation curve between
the cell survival and the killer agent in all of the cancer
treatment methods (even including radiotherapy) has a
mirrored sigmoidal form such as radiobiological models
(e.g. m-hits n-targets or linear quadratic models) [22].

However, it could be imagined that for any survival
curve there are approximately three ideal main regions:
the plateau (negligible effect; a bit cell death at low
doses), the descending slope (the most sensitivity; the
most killing rate at the critical dose) and the steady state
segment as shown in Fig. 5.

In Eq.7, the survival index v could be approximately
(assuming error under 10%) equivalent to 1/
[1+m*exp(-1/(s1*d)] for low doses (i.e.,, d < 1/(10%s,), and
1/[1+m*exp(sz*d)] for high doses (d > 10/s,). Hence,
these three geometric features (as shown in Fig. 5) could
be determined through three parameters of the model
(as could be noticed in Fig. 2). Nonetheless, the features
could be visualized to have some proportional relations
with the most affectivity parameters as follows:

s, v = plateau width

mTor s, T:>slope T (ifd > 1/m then s, is more affec-
tive else, m is)

m\ ors, L\ =tail heightT (if d > 1/m then s, is more
affective else, mis) (7)

Hence, from biological viewpoint, the sensitivity
parameters (i.e., s, and s,) and the sensitivity magnifier
parameter (i.e., m) could be mostly interpreted as follows:

The ‘cell killing dose threshold’ could be controlled
mostly by s.; whilst the ‘cell killing velocity’ by s, and the
‘steady-state survived cells’ by m.

Also, from biochemical viewpoint, it could be said:
the more affective and proper of PS, the more S, value;
the more diehard and resistant of the cells against killer
agent, the less S the more concentration of PS and
oxygen, the more m value.

100 -z

90

8O- Plateau Width
Slope; tan( 8 )

GO

Survival Rabio

! | == ideal approx, ||
— hodel |
] Puc. 5. Mpumep
il mopaenu (¢
napameTpamu:
T m=491, s,=0,00385,
all Helght 52=0)
Fig. 5. Asample
of the model (with
""""""""""" parameters: m=491,

5,=0.00385, 5,=0).
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However, accurate biological interpretation of our
model’s parameters is still unknown as well as other
model’s ones.

From the mathematical view (i.e. MSER), our model
could fit better than other models (e.g., target-theory
based models [23]) on the obtained PDT-data (MSER
findings were not presented here).

If a treatment technique could not kill all of the
cancerous cells (i.e. constant steady sate), the model
of Eq.2 (or Eq.7 with s,=0) might be applied with two
parameters (asfollows: mdepending ontherequirements
of the technique (e.g., PS and oxygen concentrations)
and target conditions (e.g., the population rate of non-
sensitive cells); and s depending on the effectiveness
of the killer agent (i.e. the sensitivity). According to Fig.
5, it could be said that the more m, the less tail height
whilst the more s, the more slope and the less plateau
width. If a second treatment technique is also applied
simultaneously, one might use its sensitivity as s, in the
model Eq.7.

The presented model could show a plateau or
shoulder on the cell survival curve whose size could be
varied by the model parameters (i.e. mostly s,) based on
the technique performance in low doses. Moreover, in
contrast to other models (including two compartment
and/or linear quadratic ones), the curve maintains its
sigmoid shape even in logarithmic scales (not shown in
figures here) which is consistent with experiments.

In order to modeling of the viability, survival
probability, and the population of the cells, v, in Eq.7
should be set respectively to 100, 1, and the cells initial
number.

By using a radioisotope in ‘for example gamma
camera, a variable presenting cellular metabolism could
be obtained from an image of cancerous region. On the
other hand, the absorbed dose of related killer agent
(e.g. x-ray or electron-beam) could also be measured
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