
Full Terms & Conditions of access and use can be found at
https://informahealthcare.com/action/journalInformation?journalCode=ihyt20

International Journal of Hyperthermia

ISSN: 0265-6736 (Print) 1464-5157 (Online) Journal homepage: informahealthcare.com/journals/ihyt20

Cytotoxicity of hepatocellular carcinoma cells
to hyperthermic and ablative temperature
exposures: In vitro studies and mathematical
modelling

Goutham Reddy, Matthew R. Dreher, Christian Rossmann, Bradford J. Wood
& Dieter Haemmerich

To cite this article: Goutham Reddy, Matthew R. Dreher, Christian Rossmann, Bradford J. Wood
& Dieter Haemmerich (2013) Cytotoxicity of hepatocellular carcinoma cells to hyperthermic
and ablative temperature exposures: In vitro studies and mathematical modelling,
International Journal of Hyperthermia, 29:4, 318-323, DOI: 10.3109/02656736.2013.792125

To link to this article:  https://doi.org/10.3109/02656736.2013.792125

Published online: 05 Jun 2013.

Submit your article to this journal 

Article views: 741

View related articles 

Citing articles: 8 View citing articles 

https://informahealthcare.com/action/journalInformation?journalCode=ihyt20
https://informahealthcare.com/journals/ihyt20?src=pdf
https://informahealthcare.com/action/showCitFormats?doi=10.3109/02656736.2013.792125
https://doi.org/10.3109/02656736.2013.792125
https://informahealthcare.com/action/authorSubmission?journalCode=ihyt20&show=instructions&src=pdf
https://informahealthcare.com/action/authorSubmission?journalCode=ihyt20&show=instructions&src=pdf
https://informahealthcare.com/doi/mlt/10.3109/02656736.2013.792125?src=pdf
https://informahealthcare.com/doi/mlt/10.3109/02656736.2013.792125?src=pdf
https://informahealthcare.com/doi/citedby/10.3109/02656736.2013.792125?src=pdf
https://informahealthcare.com/doi/citedby/10.3109/02656736.2013.792125?src=pdf


2013

http://informahealthcare.com/hth
ISSN: 0265-6736 (print), 1464-5157 (electronic)

Int J Hyperthermia, 2013; 29(4): 318–323
! 2013 Informa UK Ltd. DOI: 10.3109/02656736.2013.792125

RESEARCH ARTICLE
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Abstract

Purpose: Image-guided ablative therapies use temperatures greater than 45 �C to kill abnormal
cells. There is limited published data of cell survival after ablative temperature exposures, which
is of importance to predict ablation zone dimensions. The objective of this study was to
determine and mathematically model survival of hepatocellular carcinoma cells following
ablative temperature exposures (45–60 �C).
Materials and methods: Hepatocellular carcinoma (HCC) cell lines were plated in 96-well plates,
and heated between 45 and 60 �C for 0–32 min. Heating was applied by a rapid media
exchange with heated Hank’s balanced salt solution (HBSS) in a temperature-controlled water
bath. Cell viability was determined by MTS assay. Survival data was modelled by the Arrhenius
model, and the thermal isoeffective dose (TID) model where kinetic parameters were
determined via non-linear optimisation.
Results: Results suggest that the thermal dose based on cumulative equivalent minutes and
parameters as used for hyperthermia exposures (543 �C) is not applicable for ablative
exposures. We found R¼ 0.72 for temperatures between 45–60�C for the TID model. The
Arrhenius parameters were frequency factor A¼ 3.25E43 1/s, and activation energy Ea¼ 281 kJ/
mol. These parameters correlate well with a prior study in the same cell line, and with threshold
temperatures for necrosis from in vivo studies.
Conclusions: Our results suggest that standard TID model kinetic parameters based on
hyperthermia studies, often also used at ablation temperatures, are not applicable at these
higher temperatures for HCC cells.
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Introduction

Image-guided ablative therapies are increasingly being used

in clinical treatment of tumours in the liver, kidney, prostate,

lung, and other sites [1–3]. Distinct from traditional hyper-

thermia treatments (37–45 �C for up to 1 h), thermal ablation

operates at up to 150 �C with shorter exposure times between

�1 and 30 min. Energy sources available for achieving

tumour destruction by focal ablation include radiofrequency

(RF), laser, microwave, and high intensity focused ultrasound

(HIFU) [4,5]. In particular, radiofrequency ablation (RFA) is

a valuable technique to obtain local control of unresectable

tumours of the liver, kidney, prostate, and other organs. Note

that ablative technologies generally produce a spatial gradient

of temperatures in the target region. For this reason it is

important to understand and quantify thermally induced

damage in biological cells and tissue for the design of optimal

thermal therapy protocols.

Various assays have been used to quantify cell injury after

hyperthermic injury in vitro, including clonogenic and dye

exclusion assays, functional assays based on enzyme activity,

and dye uptake [6–12]. The type of assay used greatly impacts

results [6,7,11], and a recent study suggests that dye uptake-

based assays are predictive of in vivo survival quantified by

histology [11]. Furthermore, there exists limited in vitro data

from different assays at temperatures above 45 �C with short

duration of heating [8,9,11–15].

The Arrhenius model is a mathematical description based

on first order kinetics to predict cell survival after subjecting

cells to a particular temperature history [16], and is

commonly used for predicting thermal damage after ablation

exposures [6–9,11,15,17,18]. The thermal isoeffective dose

(TID) model is a formulation derived from the Arrhenius

model, and commonly used in the hyperthermia field [16].

Numerous prior studies confirm the ability to accurately

predict cell death resulting from hyperthermia exposures by

an Arrhenius relationship with two distinct regions of
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sensitivity (i.e. different activation energies) above and below

43 �C. However, Arrhenius models based on experimental

data acquired at hyperthermic exposures may not accurately

predict cell death resulting from high temperature (i.e. thermal

ablation) exposures. Specifically, the Arrhenius model par-

ameters (activation energy and frequency factor) calculated

from long duration, low-temperature hyperthermia exposures

(545 �C) likely do not accurately predict cell death resulting

from shorter duration, high temperature exposures [11].

The second commonly employed thermal damage model is

the TID model, where an equivalent heating duration at a

reference temperature (typically 43 �C) is calculated. In the

TID model, a cumulative equivalent heating time (e.g.

cumulative equivalent minutes at 43 degrees Celsius,

CEM43 �C (min)) is determined based on the temperature

history. The parameters for the TID model are derived from

extended exposures at hyperthermic temperatures, and similar

to prior Arrhenius models, may not be applicable to ablation

temperature exposures.

The objective of this study was to measure survival of

hepatocellular carcinoma cells following short duration, (30 s

to 32 min) high temperature exposures (45–60 �C) using a

tetrazolium-based survival assay. These survival data may be

used to better predict cell survival after ablative temperature

exposures.

Methods

In vitro experiments were performed on hepatocellular

carcinoma (HCC) cells and cell viability was measured after

the high temperature exposures at specified intervals within

the next 24 h. Subsequently, the viability data was used to

calculate the cell survival fraction as a function of tempera-

ture and exposure time for each experiment. Based on the

experimental survival fraction data and measured tempera-

ture, an Arrhenius model was fitted to predict cell death for

high temperature exposures.

In vitro experiments

Cytotoxicity: HepG2 HCC cell lines were plated in 96-well

plates (�2000 cells/well). Cells were heated between 45� and

60 �C for 30 s, 1, 2, 4, 8, 16, or 32 min. The thermal exposures

were applied by a rapid media exchange with heated Hank’s

balanced salt solution (HBSS) in a temperature-controlled

water bath (see Figure 1). Cell viability was determined by

tetrazolium-based (MTS) assay (Promega, Madison, WI) at

5 min, 30 min, 1, 2, 4, and 24 h. For mathematical modelling,

that data at 2 h was used as there was no significant change in

survival following 2 h (data not shown). Experiments were

carried out in triplicate at each temperature and time point.

Total number of cells was counted based upon morphology

using a haemocytometer grid.

Mathematical model

Arrhenius model

The Arrhenius formulation characterizes thermal tissue

damage with a first order irreversible kinetic relationship,

which relates temperature and exposure time and is

given with:

S ¼ e
�
R t

0
kdt ð1Þ

k ¼ Ae �
Ea
RTð Þ ð2Þ

where S (%) is the cell survival fraction, T (K) is the heating

temperature, t (s) is the time k is the injury rate (s�1), Ea

(kJ mol�1) is the activation energy, A (s�1) is the frequency

factor and R (8.314 J mol�1 K�1) is the universal gas constant.

To fit the model to the experimental data, we

used MATLAB to estimate the kinetic parameters A, and

Ea via a non-linear optimisation method (Nelder-Mead

Figure 1. Schematic sketch of the experi-
mental set-up. HCC cell lines were plated in
well plates and exposed to temperatures
between 45–60 �C for 0.5 to 32 min. After
heating, cell viability was determined by
tetrazolium-based (MTS) assay.
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Simplex method [19]). A least-square error function

was defined that calculates the difference between the

experimental data and the fitted data provided by the

Arrhenius model. The objective function to be minimized

was given as:

f Xð Þ ¼ 1

N

X
i¼1, N

Sexp , i Xð Þ � Sfunc, i Xð Þ
� �2

" #0:5

ð3Þ

where N is the total number of experimental points,

X is a vector containing all independent optimisation vari-

ables, Sexp, i represents the experimentally measured sur-

vival fraction data and Sfunc, i represents the calculated

data at each measured point in time. While most other

studies assumed constant temperature to model iso-

thermal hyperthermic injury, here we corrected for vari-

ation of temperature during cell exposure similar to

two recent studies [9,14]. Due to media addition, tempera-

ture varies around the target temperature (�1.4 �C) and

might influence survival fraction. We considered the thermal

history recorded from the experiments during the

parameter fitting.

Thermal isoeffective dose (TID) model

The TID model is based on the Arrhenius formulation, but

assumes that temperature varies only within a small range

(e.g. as applies to hyperthermia exposures) [16]. The goal of

the TID model is to derive an equivalent exposure time

(thermal dose) at a reference temperature (typically 43 �C)

from the actual temperature history. The TID is a widely used

model for assessing hyperthermia treatments and is measured

in cumulative equivalent minutes at 43 �C (CEM43).

Depending on the thermal temperature history the thermal

dose is calculated via:

CEM43 ¼
XN

i¼1

RCEM½ �ð43�TiÞti ð4Þ

where RCEM is a dimensionless compensation factor, Ti (�C)

is the constant temperature which is applied for the

time ti (min). The majority of prior studies use different

values for RCEM for two different temperature ranges; 0.25

for temperatures below, and 0.5 for temperatures

greater 43 �C [20]. As presented by Sapareto and Dewey

[16], RCEM can be calculated as a function of the activation

energy and absolute temperature from an Arrhenius

model with:

RCEM ¼ e
Ea

�RT Tþ1ð Þð Þ ð5Þ

where Ea (sometimes referred as DH) (kJmol�1) is the activa-

tion energy, �R is the universal gas constant (8.314 JK mol�1)

and T (�K) is the absolute temperature.

In the current study we calculated the compensation factor

RCEM of the TID model for ablative temperature ranges for

comparison with values of prior studies. Since the TID

implicitly assumes temperature during exposure stays within a

narrow range (note that T is a constant in Equation 5), we

calculated RCEM for two temperature ranges (45–50 �C, and

50–60 �C).

Results

In vitro experiments

With hyperthermia exposures it is challenging to immediately

elevate and control temperature using rapid media exchange.

Initially, there is decrease in temperature following media

addition, then a temperature increase due to heating from the

hot water bath in which the tissue culture plate was

suspended. Figure 2 depicts the thermal history used to

calculate the Arrhenius relationship for each temperature

condition.

In Figure 3 the survival fraction as a function of

temperature and exposure time is depicted. Increasing tem-

perature and exposure time decreased cell survival for all

temperatures greater 45 �C. Based on the experimental data,

we found that cell death was minimal at all 45 �C exposure

times. With increasing exposure time up to 8 min, a mono-

tonic decrease in survival was measured for temperatures

between 50–52.5 �C. For the same temperature range, near or

complete cell death (survival fraction 524%) was found at

exposure times 48 min. No clear trend in survival could be

observed at 45 �C target temperature. Most likely these

fluctuations are the result from the high variability in the data

at 45 �C (note large error bars). Additional factors include the

relatively larger temperature variations in the experiments at

45 �C target temperature (Figure 2), as well as possible

thermotolerance effects.

Mathematical model

An Arrhenius model was used to characterise the thermal

injury; the two kinetic parameters – activation energy (Ea)

and frequency factor (A) – were determined via model fit to

the experimental data. Figure 4 shows the prediction of the

Arrhenius model between 45–60 �C in comparison to data

points from the in vitro study.

Table 1 lists the fitted Arrhenius parameters. Based on

these parameters, Equation (5) was used to calculate the

compensation factor R for further comparison with values of

prior studies. The R values 0.716 and 0.72 calculated for the

temperature ranges 45–50 �C and 50–60 �C were noticeably

greater than previously proposed values of 0.25 and 0.5.

Figure 2. Temperature variations of the experiments recorded over
32 min. An initial decrease (time 53 min) was noted due to the media
addition in the assay. Error bars indicate the standard deviation.
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Discussion

Super-physiological temperatures are used in traditional

hyperthermia treatment in brain, bone and recurrent breast

tumours and superficial lesions such as melanoma and neck

nodes [21–24]. Although traditional mild hyperthermia

treatment by itself is generally ineffective, it noticeably

improves effects of chemo- and radiotherapy [25–28].

Traditional mild hyperthermia uses elevated temperature in

the range of 40–45 �C which is typically applied for up to 1 h.

While in the past, due to difficulties of heating deep-seated

tumours, hyperthermia treatment has been limited to super-

ficial lesions [29], improvements of heating devices and

optimisation of heating methodology facilitated better heating

of deep-seated tumours [30].

Thermal ablation is, similarly to hyperthermia, based on

tissue heating, but employs considerably higher temperatures

(�50–100 �C) for typically a few minutes. The high tempera-

tures cause rapid cell death and introduce coagulative necrosis

of the target tissue while surrounding healthy tissue remains

mostly unaffected. Treatment modalities such as radio-

frequency, microwave and high intensity focused ultrasound

Figure 3. Survival fraction as a function of
temperature and exposure time. The error
bars indicate� standard error of mean.

Figure 4. Points show the measured surviving
fraction based on a tetrazolium survival
assay. Solid line: prediction of surviving
fraction via Arrhenius model for heating
0–10 min.
Note: The sigmoidal shape of the 45 �C curve
is due to considerable temperature variation
within the first 10 min (see Figure 2).

Table 1. Fitted Arrhenius parameters as well as compensation factor (R)
derived from the fitted model parameters compared with prior R values.

Temperature
(�C)

Frequency
factor A (1/s)

Activation
energy Ea

(kJ/mol)
R current

study
R Sapareto

[16]

37–43 – – – 0.25
43–45 – – – 0.50
45–50 3.247�1043 281.4 0.716 0.50
50–60 0.724 0.50
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ablation allow thermal energy delivery to deep-seated

tumours in liver, lung, bone, prostate, kidney and breast

[31–34]. Particularly thermal ablation therapies are often used

for patients that are not eligible for surgical resection for

tumours where chemo- and radiation therapy are note

effective, such as those in the liver.

In order to design and optimise thermal therapy protocols

it is of relevance to understand and quantify thermally

induced damage in biological cells and tissue. Prior studies

investigated the kinetics of thermal injury of prostate cancer

and renal carcinoma cells at temperatures from 37–50 �C
using clonogenic assays [7,9,14]. While the clonogenic assay

is the preferred technique for standard cell survival analysis,

it is difficult to obtain the experimental results at temperatures

higher than 50 �C. There is limited injury data at high

temperatures [9,12,15], in part because accurate extraction of

kinetic parameters requires ideally isothermal exposures

which are difficult to maintain with water bath-based viability

assays. In the current study we modified the assay to reduce

the non-isothermal portion and provide results at ablative

temperatures.

Prior reported kinetic parameters vary by species, cell

type, and assay used to assess injury. Values for the activation

energy Ea have been reported between 350–550 kJ/mol and

R values between 0.55 and 0.70 for prostate cancer cells,

203 kJ/mol and 0.82 for benign hyperplastic prostate tissue,

and 4550 kJ/mol and R40.7 for renal cell carcinoma using

dye exclusion assays [11], and one study in the same HCC cell

line (HepG2) studied here reported activation energy of 257–

272 kJ/mol, depending on heating rate [15]. Ea calculated in

this study (see Table 1) (281.4 kJ/mol) is within the range of

these prior reported values but noticeably lower than values

for prostate cancer and renal cell carcinoma cells.

The data resulting from such studies highly depend on the

particular assay used [11]. For example for the HCC cell line

studied here, one prior study using a dye-based assay showed

results similar to ours [15], while another study using an assay

based on enzyme activity suggests much higher survival [12].

Importantly, He et al. [11] note in a prior study that model

comparison should only be done between studies with the

same classes of assays, and found that dye uptake assays such

as used here provide similar kinetic parameters as the gold

standard method histology for the two cell and tissue types

where they had data for such comparison (AT-1 cells and

benign prostatic hyperplasia tissue). Results from clonogenic

assays often produce very high activation energy (�350–

1600 kJ/mol) whereas it is generally lower for histology and

dye viability assays (�100–800 kJ/mol) [35,36]. This suggests

that dye-based assays may be a valid choice in prediction of

in vivo response, which is ultimately the most important

measure.

Some studies demonstrate an initial region where cell

viability does not change much (shoulder region), and where

the Arrhenius and TID models thus do not provide a good fit

[12,37]. Notably, depending on assay type, this shoulder

region may or may not be present, even in the same cell type

[6,7], again highlighting the importance of appropriate assay

choice. While we did not observe any clear shoulder regions

in our data, other investigators developed models to represent

data where such a shoulder is present [10,12].

It is known from the hyperthermia literature that different

activation energies correspond to different temperature ranges

[16]. Specifically, the Arrhenius parameters (activation

energy and frequency factor) calculated from long duration,

low temperature hyperthermia exposures (545 �C) likely do

not accurately predict cell death resulting from shorter

duration, high temperature exposures [11]. In agreement

with this notion, the calculated values for R in this study

(R� 0.72, see Table 1) for temperatures between 45–60 �C
are considerably higher than values derived from hyperther-

mia studies (R¼ 0.5 for T443 �C). Importantly, the math-

ematical model derived from this study predicts near

complete cell death (510% survival) after exposure to

52.5 �C for 5 min. This is in agreement with prior in vivo

studies in a rat tumour model where a threshold temperature

of 52 �C for necrosis was reported for 5 min ablation [38].

This further suggests that the use of the TID model with

R¼ 0.5 is not appropriate to predict damage at ablative

temperatures.

Ablative devices create a temperature gradient with

temperatures �50–55 �C presenting in proximity of the

ablative margin [8,38]. While there are no in vivo data

available for direct comparison in the same HCC cell line

used in the current study, our results are in general agreement

with time and temperatures at the ablation zone boundary of

these prior studies. For example in kidney, in vivo peak

temperatures of 54� and 57 �C (with 46–8 min above 50 �C)

were measured at the boundary of chronic and acute necrosis

zones, respectively [8]. In our study it took �2 min to kill 90%

of cells at 52.5 �C, and �1 min at 55 �C, which is a similar

range to prior in vivo findings.

Conclusions

Our in vitro studies show cell survival after exposures to

ablative temperatures between 45–60 �C, and derived kinetic

model parameters that agree well with a prior study that used

a similar assay in the same cell line [15]. Our results suggest

that standard TID model kinetic parameters based on

hyperthermia studies [16] and often also used at ablation

temperatures are not applicable at these higher temperatures.
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