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Abstract
Purpose: To investigate the potential of multi-slice computed tomography (MSCT) as a tool for non-invasive temperature
measurement.
Materials and methods: Samples of water, 0.9% saline, sunflower oil and dilutions of (1:32, 1:64, 1:128) contrast agent
(Iopromid 370, BayerSchering Pharma, Berlin) were heated in a plexiglass phantom. In a first set-up, samples of 0.9% saline
solution were scanned at defined temperatures (25�–75�C; 5�C intervals) using a clinical CT scanner. Scan parameters
(tube current–time product, tube voltage, collimation, slice thickness) were systematically varied. In a second set-up samples
of the different fluids (water, sunflower oil, contrast agent dilutions) were scanned using the following scan protocol:
250 mAs, 140 kV, 1.2 mm collimation, 9.6 mm slice thickness. CT numbers were measured in reconstructed axial images
at the different temperatures. A regression analysis was performed to investigate the relationship between temperature and
CT number.
Results: Standard deviation of measured CT numbers decreased with increasing tube current–time product, increasing
tube voltage, thicker collimation and higher slice thickness. Regression analysis showed an inverse relationship
between temperature and CT number for all fluids with regression coefficients of �0.471 (0.9% saline), 0.447 (water),
�0.679 (sunflower oil), �0.420 (contrast agent 1:32), �0.414 (contrast agent 1:64) and �0.441 (contrast agent 1:128),
respectively.
Conclusion: Multi-slice computed tomography can depict thermal density expansion of different fluids. Based on these results
the implementation of a temperature discrimination of several degrees C at a high spatial resolution is achievable.
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Introduction

In recent years image-guided thermal ablation tech-

niques such as radiofrequency (RF) ablation (RFA)

[1], laser-induced thermotherapy (LITT) [2] and

microwave ablation (MWA) [3, 4] have been devel-

oped for the minimally invasive therapy of different

malignancies. Especially for the treatment of primary

and secondary malignant liver tumours, RF ablation

found its way into clinical routine during the last

decade. Although surgical resection remains the

gold standard in patients suffering from metastatic

liver disease or hepatocellular carcinoma (HCC),

image-guided hyperthermal ablation techniques are

the therapy of choice in patients who are not suited
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for curative surgical resection due to severe comor-

bidities or who refuse surgery. In contrast to

hyperthermia, which is used in combination with

radiation or chemotherapy, target temperature

in hyperthermal ablation techniques is between 60�

and 100�C. At 60�C a nearly instantaneous protein

denaturation is achieved while temperatures above

100�C result in boiling of interstitial fluid followed

by desiccation leading to a decreased thermal

and electrical conductivity [5]. In order to maintain

the desired temperature within the target volume

temperature measurements are helpful. Therefore,

some RF systems feature integrated temperature

sensors allowing temperature measurements at dedi-

cated positions during the RF ablation procedure.

Nevertheless, the measurement of local temperature

at certain points does not necessarily reflect the heat

distribution within the target volume that should

be ablated. Magnetic resonance imaging (MRI) has

been shown to be a potential tool for non-invasive

depiction of local temperature distribution using

the temperature-dependent phase shift, for example

Seror et al. [6]. However, different technical problems

may limit the use of this technique in clinical routine.

More than three decades ago the temperature depen-

dence of computed tomography (CT) numbers was

investigated. A temperature-dependent shift of CT

numbers was found for different materials but due

to technical capabilities of the CT scanners used,

this application was not further developed.

Therefore, the aim of our study was to investigate

the potential of multi-slice CT as a tool for

non-invasive temperature measurement for monitor-

ing of RF ablation in vitro and to identify an optimal

scan protocol for non-invasive CT temperature

measurement.

Materials and method

First, temperature-dependent changes of CT num-

bers were investigated for 0.9% NaCl solution

employing a systematic variation of scan parameters

in order to analyse the influence of tube voltage, tube

current–time product, collimation and slice thickness

on the standard deviation of CT numbers. Second,

the optimal scan protocol regarding the afore men-

tioned scan parameters, which provided the lowest

mean standard deviation of CT numbers, was

used to analyse temperature-dependent change of

the CT numbers in samples of water and sunflower

oil. Furthermore, three different dilutions (1:32,

1:64, 1:128) of iodine-containing contrast agents

(iopromide 370) were also investigated.

In vitro studies were performed using a cylindrical

plexiglass phantom with a diameter of 200 mm that

was scanned in a clinical dual source CT scanner

(Somatom Definition, Siemens, Forchheim,

Germany). The temperature of the fluid samples

was controlled by a temperature-stabilised heating

bath which circulated the fluid within the

phantom. The phantom was placed on the CT

table with the phantom being positioned in the

centre of the CT scanner gantry (Figure 1). An

optical temperature probe (SFF-2m, Luxtron

Figure 1. Experimental set-up featuring fluid-filled phantom with heating bath (white arrow) and thermometer with optical
temperature probe (black arrow).
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Corporation, Santa Clara, CA) was connected to a

thermometer and placed in the phantom to con-

tinuously measure the exact temperature during the

CT scans.

Scan protocol

As recommended by the manufacturer, we per-

formed the so-called check-up procedure prior to

our measurements. The CT scanner automatically

then performs several calibration steps to ensure

preciseness of measured CT numbers. This includes

an air calibration process employing different pre-

defined voltage and tube current-time product

settings. This method sets the CT number of air to

be �1000 HU. The temperature of the fluid samples

within the phantom was systematically increased in

5�C steps from 25�–75�C. Table I shows an overview

about the used scan protocols. In the first set of

experiments tube voltage was kept constant at

120 kV, whereas the tube current–time product

was systematically varied between 20 and 320 mAs

in 20 mAs intervals. A single full tube rotation

(rotation time: 1 s) without table feed was obtained

using a collimation of either 12� 0.6 mm or

24� 1.2 mm, which resulted in a scan range of

7.2 mm (12� 0.6 mm) and 28.8 mm (24� 1.2 mm),

respectively, at the isocentre. Using a full scan,

reconstruction slices with 2.4, 4.8, 9.6 mm thickness

were reconstructed. For the second set of experi-

ments tube current–time product was set 250 mAs.

Tube voltage was varied between 80 and 140 kV

and again, collimation was set 12� 0.6 mm and

24� 1.2 mm, respectively. All Image data was recon-

structed applying a field-of-view of 300� 300 mm

and 512� 512 reconstruction matrix.

Image analysis

After raw data acquisition axial images were recon-

structed using a soft tissue reconstruction kernel

(Siemens B 40f). Slice thickness was 2.4 mm for

12� 0.6 mm collimation and 2.4, 4.8 and 9.6 mm

for 24� 1.2 mm collimation, respectively. The area

averaged CT numbers was measured using a 10 mm2

region of interest that was placed centrally within

the cross-section of the cylindrical phantom part.

Standard deviation was automatically calculated

by the software. At every temperature step 10

measurements were performed resulting in 110

measurements per scan protocol.

Statistical analysis

A multi-factorial analysis of variance (ANOVA) was

performed to compare the mean standard deviations

of the measured CT numbers for the different scan

protocols which were performed using 0.9% NaCl

solution samples. P values <0.05 were considered to

be significant. In case of significance, post-hoc Tukey

tests were carried out to investigate which settings

differed. For all fluids a regression analysis was

performed to analyse the relationship between tem-

perature and measured area averaged CT number.

All analysis was done using SAS Software 9.1.3 (SAS

Institute, Cary, NC).

Results

The systematic variation of tube current–time prod-

uct showed a decrease of the standard deviation

of the area-averaged CT numbers for 0.9% saline

samples scanned at 120 kV as shown in Table II.

Regarding tube current-time product the ANOVA

followed by post-hoc Tukey tests showed that all

pair-wise comparisons were significant except

220 versus 240, 240 versus 250, 240 versus 260,

250 versus 260, 250 versus 280, 260 versus 280, 280

versus 300 and 300 versus 320. Furthermore, stan-

dard deviation decreased with increasing tube voltage

(Table III). A thicker collimation and reconstruc-

tion of thicker slices resulted in a decrease of the

standard deviation of the measured CT numbers

as well (Tables IV and V). For tube voltage,

collimation and slice thickness it was found that all

pair-wise comparisons showed significant differences

( p< 0.0001). The lowest mean standard deviation

for 0.9% saline samples was found using the follow-

ing imaging parameters: 250 mAs, 140 kV, 1.2 mm

collimation, 9.6 mm slice thickness. The volume CT

dose index (CTDIvol) of this scan protocol was 25.05

mGy and the dosis length product (DLP) was 72.14

mGy�cm.

The regression analysis showed negative regression

coefficients for all tested fluids. The regression

coefficients for all water-based fluids appeared to be

Table I. Scan parameters used for the two sets of experiments.

parameter Tube current-time product (mAs) Tube voltage (kV) Collimation (mm) Slice thickness (mm) Number of slices

Set 1 20–320 120 12� 0.6 2.4 3

(Interval: 20 mAs) 24� 1.2 2.4, 4.8, 9.6 12, 6, 3

Set 2 250 80–140 (Interval: 20 kV) 12� 0.6 2.4 3

24� 1.2 2.4, 4.8, 9.6 12, 6, 3
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within a small range (�0.414, �0.471) whereas

sunflower oil showed a remarkably low regression

coefficient (�0.679), indicating a stronger influence

of temperature on the CT number in this setting

(Figures 2 and 3; Table V).

Discussion

The temperature-dependent change of CT numbers

in water and biological tissue samples is known

since the late 1970s [7]. Initially this observation was

Table V. Results of the regression analysis (temperature versus CT number) for the different fluids.

Fluid

Scanprotocol: tube voltage;

tube current-time-product; collimation;

slice thickness

Temperature

n Intercept Regression Coeff. SE p-value Root MSE R-Square

0.9% NaCl 140 kV; 250 mAs; 1.2 mm; 9.6 mm 110 18.585 �0.471 0.0038 <0.0001 0.6335 0.9929

Water 140 kV; 250 mAs; 1.2 mm; 9.6 mm 110 8.041 �0.447 0.0036 <0.0001 0.5948 0.9931

Oil 140 kV; 250 mAs; 1.2 mm; 9.6 mm 110 �98.878 �0.679 0.0019 <0.0001 0.3204 0.9991

CM 1:32 140 kV; 250 mAs; 1.2 mm; 9.6 mm 110 191.064 �0.420 0.0027 <0.0001 0.4462 0.9956

CM 1:64 140 kV; 250 mAs; 1.2 mm; 9.6 mm 110 111.621 �0.414 0.0025 <0.0001 0.4162 0.9961

CM 1:128 140 kV; 250 mAs; 1.2 mm; 9.6 mm 110 64.282 �0.441 0.0021 <0.0001 0.3475 0.9976

Table II. Least square means of the
standard deviation of area averaged CT
numbers depending on tube current
time product at 120 kV.

Tube current time

product (mAs)

Standard deviation

least square means

20 30.88

40 22.17

60 18.53

80 16.44

100 14.87

120 13.69

140 12.90

160 12.21

180 11.62

200 11.11

220 10.65

240 10.39

250 10.02

260 10.03

280 9.73

300 9.46

320 9.23

Figure 2. Regression line for the relationship between
temperature of water samples and measured CT number
(imaging parameters: 250 mAs, 140 kV, 1.2 mm collima-
tion, 9.6 mm slice thickness).

Figure 3. Regression line for the relationship between
temperature of sunflower oil samples and measured CT
number (imaging parameters: 250 mAs, 140 kV, 1.2 mm
collimation, 9.6 mm slice thickness).

Table III. Least square means of the
standard deviation of area averaged CT
numbers depending on tube voltage at
250 mAs.

Tube voltage (kV)

Standard deviation

least square means

80 15.35

100 9.99

120 7.94

140 6.79

Table IV. Least square means of the standard deviation
of area averaged CT numbers depending on collimation
and reconstructed slice thickness.

Collimation

(mm)

Slice

thickness (mm)

Standard deviation

least square means

0.6 2.4 12.59

1.2 2.4 12.24

1.2 4.8 8.86

1.2 9.6 6.37
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discussed in the context of absolute CT numbers

for the differentiation of materials and CT-scanner

calibration. A few years later first studies on the

applicability of non-invasive thermometry using

clinical CT scanners during hyperthermia were

published [8]. In an in vitro study Fallone et al.

described an observable CT number thermal shift in

water and muscle tissue samples. Furthermore, they

concluded that due to a coefficient of thermal density

expansion of water near human body temperature

of �3.6�10�4/�C, a temperature increase of 1�C

would be reflected by an increase of 0.4 HU in

a water-containing subject. In our study we found a

regression coefficient for thermal dependent change

of CT number of water of 0.447 HU/�C. However,

the authors stated that a temperature discrimination

of a fraction of �C at a spatial resolution of the order

of 10 mm would be achievable. But for the applica-

tion of non-invasive thermometry during hyper-

thermal ablation therapies such as LITT or RF

ablation as was suggested in the literature [9], a

spatial resolution of <2 mm would be desirable.

Considering the sub-millimetre spatial resolution

of modern clinical CT scanners a temperature

discrimination of 3–5�C could be realised.

Due to the significant inter- and intrascanner

variability of CT number, an individual calibration

process for non-invasive thermometry using CT

during hyperthermal ablation therapies is mandatory

[10]. In this context the use of a RF probe featuring

an integrated thermocouple or the placement of

a separate optical thermocouple parallel to the

RF probe may be helpful. The temperature

values directly measured by the temperature probe

during the heating process, while RF energy is

applied, could be used to analyse the individual

temperature-dependent changes of CT numbers in

the vicinity of the temperature probe. This could be

extrapolated to the whole target volume that should

be ablated although differences in CT number shift

between tumour and healthy tissue at the margin

of the target area would be disregarded.

It can be assumed that artefacts occurring during

local ablation can hinder a reliable temperature

monitoring based on CT numbers. In context of

RF ablation, the metal and beam hardening artefacts

caused by the RF probe may especially represent a

potentially severe problem, though the temperature

in the immediate vicinity of the RF probe, where

artefacts are expected to be severe, is not as relevant

as the temperature at the border area of the target

volume. Software algorithms which are used to

minimise metal artefacts may help to overcome this

problem, although these algorithms use interpolation

techniques which might influence the absolute

measured CT number [11]. Furthermore, there

still remains a loss of detail around the metal–tissue

interface [12]. A second reason for artefacts during

hyperthermal ablation procedures is tissue boiling

and vaporisation, but usually this occurs in the direct

vicinity of the RF probe as well as where the highest

local temperatures are achieved.

Besides ultrasound [13, 14] and microwave

imaging [15], MR-based thermometry has been

used for non-invasive temperature measurement

during hyperthermal ablation procedures. There are

several temperature-sensitive MR parameters pro-

viding a base for MR thermometry such as the proton

resonance frequency, the diffusion coefficient, T1

and T2 relaxation times, magnetisation transfer, the

proton density, and temperature-sensitive contrast

agents [16, 17]. Temperature monitoring during

LITT especially can be performed using MR

imaging because there is no interference between

the laser equipment used and the MR scanner.

In contrast, during RF ablations or hyperthermia,

MR systems are susceptible to interferences from

the RF system used. Technical solutions of this

problem can be provided by implementation of

appropriate filtering [18, 19] or interleaving of RF

ablation cycles and MR data acquisition [20].

Furthermore MR-guided radiofrequency ablation

requires the use of special MR-compatible RF

probes. In this context, non-invasive thermometry

using CT would be beneficial due to the lack of

interference between RF probe and system and the

CT scanner and the possibility to use standard

RF equipment. However, MR thermometry provides

a technique for non-invasive temperature monitoring

without the need of radiation exposure, whereas

CT-based temperature measurement would require

repeated CT examinations using high dose

protocols.

The optimum scan protocol used in the present

study resulted in a CTDIvol of 25.05 mGy covering

28.8 mm in z-direction. Using CT-based thermo-

metry for monitoring of RF ablations it would

probably be necessary to perform a baseline CT

examination before the energy application is started,

followed by repeated CT scans to monitor the

temperature-dependent changes of CT numbers.

Depending on the RF probe used and intended

ablation volume control, CT scans would be per-

formed with a time interval of several minutes.

The image data obtained immediately before the

end of the energy application is of special interest

because it reflects maximum heat distribution. On

the basis of this temperature information the extent

of the coagulation area can be assumed, because

from in vivo measurements it is known that in

liver parenchyma temperatures between 59.8�C and

68.4�C are found at the ablation margin [21]. In our

experience a typical hepatic RF ablation procedure

of a single lesion (30 mm diameter) may take up
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to 60 min which means that about 6 CT scans for

non-invasive temperature measurements would be

performed. For the treatment of a single hepatic

lesion with a diameter of 30 mm the generation of a

coagulation volume with a diameter of approximately

50 mm is necessary due to the ablation of a 10-mm

safety margin. Assuming this dimension of the target

volume the volume coverage of the optimum scan

protocol (28.8 mm) needs to be extended equally.

This will result in doubling of the total applied

radiation dose. In the assumed case (single lesion,

50-mm coagulation diameter, 10 CT scans) the

additional radiation exposure associated with

CT-based temperature monitoring would be approx-

imately 1252.5 mGy�cm (DLP). Considering a skin

erythema threshold dose of 200 cGy the additionally

applied radiation dose should not result in any skin

damage. Further studies are needed in order to

exactly measure the applied radiation dose at differ-

ent parts of the body and to assess potential side

effects due to the additional radiation exposure of

healthy organs which are adjacent to the RF ablation

volume. On the other hand the mostly palliative

character of hepatic RF ablation in oncology patients

with limited life expectancy needs to be considered.

Nevertheless, technical improvements regarding

reconstruction algorithms and image data processing

may help to reduce the applied radiation dose in the

future.

Regarding potential artefacts caused by interfer-

ence between the operating RF ablation system and

the CT scanner, Brennan et al. reported severe

artefacts during hepatic RF ablation [22]. They

speculated that an electromagnetic cross-talk

occurred between CT scanner and RF system

during RF ablation. However, due to the fact that

there have been no further publications dealing

with this problem, it seems to be a unique event.

The observation of the low regression coefficient

found for sunflower oil indicating a strong influence

of temperature on the CT number may be a hint

that temperature monitoring using CT works better

in fatty tissues. It needs to be further evaluated

whether a transarterial embolisation using oily

substances such as Lipiodol before the hyperthermal

ablation procedure may be beneficial for the use

of CT-based temperature monitoring.

Some limitations of the present study need to be

discussed. First, results of an in vitro study cannot

be directly transferred into the in vivo situation.

The achievable temperature discrimination at a high

spatial resolution especially needs to be evaluated

in an in vivo model, though the presented data shows

an inverse relationship between temperature and CT

number for different fluids, which means that tem-

perature monitoring using CT is basically feasible.

In contrast to homogeneous fluids, biological tissues

such as liver parenchyma have a complex composi-

tion with different compartments containing mainly

intra- and intercellular fluid but also larger molecules

such as protein or DNA. Therefore, changes of CT

numbers during hyperthermal ablation will not only

be due to temperature-dependent changes in density

but also a result of desiccation and protein coagula-

tion. For this reason it may be helpful to maintain a

high fluid content during the ablation procedure

for example by injection of saline solution using

perfused RF probes.

In conclusion the presented data shows an almost

linear relationship between CT number and temper-

ature of the different fluid samples providing the base

for non-invasive thermometry using a clinical CT

scanner. In order to investigate the applicability of

non-invasive thermometry using thermal dependent

shift of CT numbers, further ex vivo and especially

in vivo studies are needed.

Declaration of interest: The authors report no

conflicts of interest. The authors alone are respon-
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