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ABSTRACT

ARTICLE HISTORY

Purpose: This study aimed to evaluate the effects of various computed tomography (CT) acquisition
parameters and metal artifacts on CT number measurement for CT thermometry during CT-guided
thermal ablation.
Methods: The effects of tube voltage (100–140 kVp), tube current (20–250 mAs), pitch (0.6–1.5) and
gantry rotation time (0.5, 1.0 s) as well as metal artifacts from a radiofrequency ablation (RFA) needle
on CT number were evaluated using liver tissue equivalent polyacrylamide (PAA) phantom. The correlation between CT number and temperature from 37 to 80  C was studied on PAA phantom using optimum CT acquisition parameters.
Results: No statistical significant difference (p > 0.05) was found on CT numbers under the variation of
different acquisition parameters for the same temperature setting. On the other hand, the RFA needle
has induced metal artifacts on the CT images of up to 8 mm. The CT numbers decreased linearly
when the phantom temperature increased from 37 to 80  C. A linear regression analysis on the CT
numbers and temperature suggested that the CT thermal sensitivity was –0.521 ± 0.061 HU/ C
(R2 ¼ 0.998).
Conclusion: CT thermometry is feasible for temperature assessment during RFA with the current CT
technology, which produced a high CT number reproducibility and stable measurement at different
CT acquisition parameters. Despite being affected by metal artifacts, the CT-based thermometry could
be further developed as a tissue temperature monitoring tool during CT-guided thermal ablation.
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Introduction
Thermal ablation has been widely accepted as minimally
invasive curative treatment for liver tumors since its acceptance into clinical practice in the 1990s [1,2]. Several thermal
therapies such as radiofrequency ablation (RFA), microwave
ablation, high intensity focused ultrasound (HIFU) and laser
ablation [3–6] are available in clinical routine for unresectable
liver tumors. Among these different thermal ablation treatments, RFA has been regarded as the most effective percutaneous technique for primary or metastatic liver cancer.
Hepatic RFA requires a complete tumor coagulation together
with a clinical safety margin of at least 5–10 mm for curative
intention. Thermal-induced coagulative necrosis of the tissue
is achieved above 56  C where a complete protein denaturation occurs [7]. Hence, the tumor tissue should be heated
to more than 56  C while the surrounding healthy tissues
and blood vessels should be lower than 40  C during
the hepatic RFA [8]. Failure to control the temperature
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distribution during hepatic RFA may cause incomplete tumor
ablation or thermal damage to the surrounding structures.
This may lead to tumor recurrence while the thermal damage to the surrounding structures may induce several major
complications such as pleural and gastrointestinal perforations, laceration of vessels with bleeding, thermal collateral
damage with bile duct stenosis, biloma, gastrointestinal
inflammation and subsequent perforation [9–11].
In view of the above, the assessment of tissue temperature during the RFA procedure is crucial to optimize treatment outcomes. Although invasive interstitial thermometry
can be used to monitor the temperature of the ablation
zone, this method can only be performed at a limited
points in the liver and it is not clinically practical [12,13].
Therefore, several noninvasive methods such as magnetic
resonance imaging (MRI)-based thermometry, ultrasound
thermometry, microwave-based thermometry and CT-based
thermometry are being explored for accurate temperature
assessment in clinical application [8,14]. However, these
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methods struggle some constraints which restrict their
feasibility on hepatic RFA. Ultrasound-based and microwave-based thermometry are not favored as these methods are vulnerable to motion and mis-registration artifacts
in moving and refilling organs such as liver [8]. On the
other hand, MRI-based thermometry has been regarded as
the most promising noninvasive method for temperature
mapping. Several different approaches such as exploitation
of T1-relation time or proton resonance frequency shift
dependence on temperature have been evaluated [15].
Despite its promising potential, the MRI-based thermometry has been hampered by its higher cost of operation
and limited availability of MR-compatible instruments [16].
In comparison to the MRI-based thermometry, CT-based
thermometry is more economic and it is not limited by the
availability of compatible instruments. Furthermore, CTbased thermometry is capable of offering an almost realtime temperature assessment during hyperthermia treatment [17].
The idea of CT number dependence on temperature was
conceived more than three decades ago where a temperature-dependent shift of CT number was observed in water
and biological tissues. The CT number is a measurement of
the ability of a material to attenuate X-ray photons and generally expressed in dimensionless Hounsfield Units (HU) using
the following equation:
lobject lwater
CT number ¼
x 1000
lwater
where lwater is the linear X-ray attenuation coefficient of
water while lobject is the average linear attenuation coefficient of the material. X-ray attenuation in CT scan is mainly
due to Compton scattering effects. The probability of
Compton interaction is proportional to the physical density
of the material/tissues. Therefore, the change in material/tissue density with temperature due to thermal expansion indicates that there is a direct relationship between temperature
and variation of CT number.
However, the repeatability and reproducibility of the CT
number measurements with the older generation CT technology could not be guaranteed and thus limited the development of CT-based thermometry [18]. Recent development in
the modern CT scanners has improved the stability and
repeatability of CT number measurements and thus has
encouraged the development of CT-based thermometry [16].
The relationship between CT number and temperature has
been investigated on different water equivalent phantoms
and different biological tissues such as bovine and swine
liver [18]. Despite the advantages of the CT-based thermometry, radiation dose remains as a concern for the application
of CT-based thermometry during thermal therapy. The radiation dose should be optimized to avoid any stochastic
effects and tissue reaction due to excessive radiation exposure. Several CT acquisition parameters such as tube current
(mA), tube voltage (kVp), pitch, gantry rotation time (s) and
reconstructed slice thickness (mm) have been known to
affect radiation dose during CT scanning [19]. Therefore, the
effects of these parameters on the variation of CT numbers
and image quality have been investigated in this study using
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a liver tissue equivalent polyacrylamide (PAA) phantom. In
addition, the effects of metal artifacts from RFA needle and
temperature on the variation of CT numbers were also investigated using the PAA phantom to determine the feasibility
of CT-based thermometry for temperature assessment.

Materials and methods
Preparation of the liver tissue equivalent
polyacrylamide (PAA) gel phantom
The liver tissue equivalent PAA phantom used in this study
was prepared according to the procedure described by
Dabbagh et al. [20]. The acrylamide monomer, N0 , N0 -methylene-bis-acrylamide (bis-acrylamide), sodium chloride (NaCl),
N,N,N0 ,N0 -tetra-metyl-ethylenediamine (TEMED) and ammonium persulfate (APS) were procured from Sigma Aldrich (St
Louis, MO). Briefly, 7.5 g of acrylamide, 0.05 g of bis-acrylamide, 0.25 g of NaCl and 0.25 mL of TEMED were dissolved
in deionized water to a total volume of 45 mL. For the best
transparency of the phantom, the mixture was degassed
under reduced pressure for 15 min. Then, 5 mL of 1.3% (w/v)
APS solution was added to the reaction mixture and the
exothermic polymerization reaction begins. The mixture was
then poured into a 60 mL container and allowed to polymerize for 24 h at room temperature. For precaution note,
the acrylamide monomer is a severe neurotoxin that causes
severe health hazards. Therefore, usage of this reagent
requires extreme precautionary measures.

Effects of CT acquisition parameters on CT numbers
The effects of different CT acquisition parameters such as
tube potential voltage, tube current, pitch and gantry rotation time on the stability and repeatability of CT number
were studied using a PAA phantom. The CT scan on 6 PAA
phantoms was performed using a 128 slices multi-detector
CT scanner (SOMATOM Definition, Siemens AG- Healthcare,
Germany) with different potential voltage (100, 120, 140
kVp), tube current (20, 50, 70, 150, 250 mAs), pitch (0.6, 0.8,
1.0, 1.2, 1.5) and gantry rotation time (0.5, 1.0 s). The CT
images acquired were reconstructed to 1 mm, 5 mm and
10 mm slices thickness using the reconstruction kernel on
dedicated workstation. A circular region of interest (ROI) of
approximately 20 mm2 (image matrix size of approximate to
1200 pixels) was manually drawn in the reconstructed CT
images to obtain the CT number and the standard deviation
(noise level) of the CT number was also recorded. Each
phantom was scanned three times and the average value
was reported.

Effects of metal artifacts on CT numbers
The effects of metal artifacts from the RFA needle on CT
numbers were studied using the PAA phantom with the RFA
needle inserted vertically into the center of the PAA phantom. The tube potential voltage (120 kVp), tube current
(automatic exposure control), pitch (0.6) and gantry rotation
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time (1.0 s) were used to acquire the CT image. The acquired
images were reconstructed to 1 mm, 5 mm and 10 mm slice
thickness using the reconstruction kernel on dedicated workstation. A circular ROI of approximately 20 mm2 was manually
drawn beside the RF electrode in the reconstructed CT
images and the ROI was drawn into next slices until CT number of the phantoms becomes unchanged. The CT number
obtained for each ROI was used to determine the thickness
of slices affected by the metal artifacts.

Effects of tissue temperature on CT numbers
The PAA phantoms were incubated at desired temperature
(37, 50, 60, 70 and 80  C) for 15 min to achieve thermal equilibrium before scanned using standard protocol for clinical
abdomen CT scanning (i.e., 120 kVp, automatic exposure
control for mAs and pitch 0.6). Figure 1 shows the experimental setup during the thermal equilibrium of the PAA
phantoms at different temperatures. The obtained CT images
obtained were reconstructed to 1 mm, 5 mm and 10 mm slice
thicknesses. The circular ROI was manually drawn on image
to obtain the CT number. The CT number of the PAA phantoms were plotted against the temperature and the linear
regression analysis was used to study the correlation
between the CT number and the temperature.

Statistical analysis
CT numbers obtained were expressed as mean value ± standard deviation. One-way analysis of variance (ANOVA) or
paired samples t-test was used to compare the mean CT
numbers obtained and the differences were considered as
significant when p < 0.05. All statistical analysis was performed using Statistical Product and Service Solutions (SPSS
version 22.0, IBM, Armonk, NY).

Results
Figure 2 shows the effects of tube voltage, tube current,
pitch and gantry rotation time on the CT numbers of the
PAA phantom at 1, 5 and 10 mm reconstructed slice

Figure 1. Experimental setup during the thermal equilibrium of the PAA phantoms at different temperatures.

thickness. The mean CT number of all three reconstructed
slices thickness was found at 50.76 ± 0.87 HU, 50.94 ± 0.65 HU
and 51.54 ± 0.55 HU for 100, 120 and 140 kVp, respectively
(Figure 2A). Overall, variation in the CT numbers at different
tube voltages was not significant (p ¼ 0.507). Figure 2(C)
shows the image noise (standard deviation) of the CT image
as a function of tube voltage. The CT image noise decreased
from 6.99 HU to 4.51 HU in 1 mm reconstructed slice thickness when the tube voltage increased from 100 to 140 kVp,
suggesting the image noise reduced at higher tube voltage.
In addition, the image noise was also slightly reduced by
reconstructing the CT image into a bigger slice thickness;
e.g., Image noise reduced from 5.44 HU to 2.56 HU with the
increase of slice thickness from 1 mm to 10 mm at 120 kVp.
The effect of tube current on CT numbers of the PAA
phantom can be seen from Figure 2(B). The mean CT number of three slice thicknesses for different tube current was
found identical to each other (p ¼ 0.349). For example, the
highest CT number was obtained at 250 mAs (50.89 ± 0.42
HU) while the lowest CT number was achieved at 50 mAs
(50.31 ± 0.65 HU). The image noise of the CT image as the
function of tube current are given in the Figure 2(D), showing an intensive decrease in the image noise at higher tube
voltage. Similar to those observed earlier, lower image noise
was observed with image of higher slice thickness. Figure
2(E) shows the effect of different pitches on the CT numbers.
Variation in the CT numbers at different pitches is found
negligible (p ¼ 0.095). Figure 2(F) shows the CT numbers of
the PAA phantom at different gantry rotation time. The difference in the CT numbers at different slices thickness was
also not significantly different (p ¼ 0.196) when gantry rotation time increased from 0.5 s to 1.0 s.
The effect of metal artifacts on the reconstructed CT
images for slice thicknesses of 1 mm, 5 mm and 10 mm was
shown in Figure 3. In the figure, streaking artifacts is found
greater in 1 mm reconstructed image compared to those
observed in 5 mm and 10 mm reconstructed images. The
metal artifacts induced by the metal RF needle have
increased the CT numbers of the PAA phantom near to the
needle (Figure 4). The CT number of the phantom without
the insertion of the needle at 41.42 HU, 41.28 HU and 40.82
HU for slice thickness of 1 mm, 5 mm and 10 mm, respectively, were set as reference CT number for the PAA phantom.
In the 1 mm reconstructed image, 8 slices (equivalent to
8 mm thickness) were affected by the metal artifacts as only
the CT number of the eighth and ninth slices (41.15 ± 0.64
and 40.95 ± 0.64, respectively) were similar to the CT number
of the PAA phantom (p > 0.05). The number of image slices
affected by the metal artifacts was reduced to 2 slices and 1
slice in the 5 mm and 10 mm reconstructed images, respectively, which was corresponded to 10 mm thickness.
Figure 5 shows the dependence of the CT number on
temperature. The CT numbers obtained from the images of
different slice thickness decreased linearly when the tissue
(phantom) temperature increased from 37  C to 80  C. The
CT thermal sensitivity for 1 mm, 5 mm and 10 mm reconstructed images were –0.503 ± 0.059 HU/ C (R2 ¼ 0.998),
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Figure 2. CT numbers of the PAA phantom obtained with three different CT reconstruction slice thickness of 1 mm (black, solid square), 5 mm (red, open circle)
and 10 mm (blue, cross) correspond to different CT acquisition parameters: (A) tube voltage, (B) tube current, (C) and (D) shows the CT image noise corresponds to
the tube voltage and tube current, respectively. (E) pitch and (F) gantry rotation time.

Figure 3. Effects of metal artifacts on the CT images for three set of different reconstructed slice thicknesses: (A) 1 mm, (B) 5 mm and (C) 10 mm, respectively. The
targeted circular area shows the CT number on the particular ROI.

–0.527 ± 0.081 HU/ C (R2 ¼ 0.997) and –0.533 ± 0.064 HU/ C
(R2 ¼ 0.997), respectively.

Discussion
Manipulation of the several CT acquisition parameters such
as tube current, tube voltage, gantry rotation time and pitch

has been reported to reduce the radiation dose during CT
scanning [19,21]. However, the adjustment of these parameters might cause some variations in image quality and CT
number measurements. Part of this study was taken to investigate the effects of these parameters on CT numbers measurement. X-ray tube voltage (kVp) controls the penetrating
power of the X-rays by varying the average photon energy
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Figure 4. Effects of metal artifacts on CT number at 1 mm (A), 5 mm (B) and 10 mm (C) slice thickness. Zero value in x-axis indicates the position of RF needle,
which has induced the highest CT number due to metal artifacts. The reference CT numbers of the phantom are 41.42 HU, 41.28 HU and 40.82 HU for 1 mm, 5 mm
and 10 mm reconstructed slice thickness, respectively.

Figure 5. Dependence of CT number on tissue temperature obtained in the
PAA phantom for 1 mm (black, solid square), 5 mm (red, open circle) and
10 mm (blue, cross) reconstructed slice thickness. The solid line represents a
least-square linear fit to the all data (n ¼ 15).

while X-ray tube current (mAs) determines the rate of X-ray
production and number of photons produced [22]. Generally,
radiation exposure changes with the square of tube voltage.
For example, radiation dose reduced by 33% and 65% when
the tube voltage reduced from 120 to 100 kVp and from 120
to 80 kVp, respectively [23,24]. On the other hand, there is a
linear relationship between tube current and radiation dose
where radiation dose is directly proportional to the mAs [19].

However, reduction of kVp and mAs may result in lower
image quality due to higher image noise; hence increase the
variations of CT numbers measurement. In this study, the
variation of CT numbers acquired at different kVp and mAs
was within 2 HU and the differences were not statistically
significant. This was in a good agreement with Schena
et al.’s work, in which low dependency of CT thermal sensitivity on both kVp and mAs was observed in their waterequivalent phantom [25]. Although image noise increased
when the tube voltage and current decreased, these can be
overcome by reconstructing the CT images in to a thicker
slice thickness. This method is further supported by earlier
reports suggesting that thicker slice thickness could reduce
image noise due to increased number of photons within
each voxel [19,22,26].
The pitch and gantry rotation time are important parameters in modern CT scanners. They can affect image noise and
thus the CT numbers measurement [27]. Pitch in multidetector, spiral CT is defined as table travel per rotation divided
by beam collimation. Generally, pitch of lesser than 1.0 suggesting an overlap between adjacent acquisitions while a
pitch of more than 1.0 indicating gaps between adjacent
acquisitions. A pitch of 1.0 implies that the acquisitions are
contiguous with neither overlap nor gaps [28]. In view of
this, overlap of anatomy at lower pitch will increase the sampling at each location and thus increase the radiation exposure. On the contrary, gaps in the anatomy at larger pitch will

INTERNATIONAL JOURNAL OF HYPERTHERMIA

lower the radiation exposure if other CT acquisition parameters remained unchanged [28,29]. Radiation exposure has
also been reported to be proportional with the increase in
gantry rotation time [21]. From this study, the CT numbers of
the PAA phantom only experienced mild changes at different
pitch and gantry rotation time and the differences were not
statistically significant (p > 0.05). In addition, the CT numbers
acquired using different slice thickness was also not statistically significant different. The additional radiation exposure
due to the application of CT thermometry remains a concern
for its clinical use during RFA procedure. Nevertheless, the
radiation exposure can be optimized by adjusting the CT
acquisition parameters, which requires another separate
study in the near future.
Metal artifact occurs due to several mechanisms including
beam hardening, scatter effects and Poisson noise. The beam
hardening and scatter effects resulted in dark streaks between
metal with surrounding bright streaks [26]. Presence of metal
artifacts from the RFA needle has affected the CT numbers
measurement of up to 8 mm thickness in 1 mm reconstructed
CT images, and 10 mm in both 5 mm and 10 mm reconstructed CT images. Generally, CT numbers of the tissues that
is 10 mm away from the RFA needle was not affected by metal
artifacts. There are many commercial software currently available to reduce metal artifacts that are originated from geometrically well-defined objects such as a puncture needle [16,26].
However, some of these metal artifacts reduction algorithms
are not completely dependable for quantitative evaluation and
hence cannot be used accurately to determine the tissue CT
numbers in CT-based thermometry. Selection of these algorithms should be performed under careful consideration to
avoid inaccuracy of CT numbers measurement.
Previous reports have shown that there is an excellent
correlation between CT numbers and electron density while
a good correlation has been observed between the CT numbers and physical density of the material [30–32]. In this
study, the CT numbers of the PAA phantom decreased linearly with the increase of tissue temperature. It is well-known
that the physical density of a material decreases when the
temperature increases as the volume of the material
increases at higher temperature due to the molecules are
further apart. Hence, when the PAA phantom was scanned
at higher temperature, the thermally induced reduction in
electron density was expected to occur although there was
no change in the atomic composition. A CT thermal sensitivity of –0.521 ± 0.061 HU/ C (R2 ¼ 0.998) has been found
using liver tissue equivalent PAA phantom, which was in
accordance to the CT thermal sensitivities of ex-vivo bovine
liver (–0.60 ± 0.026 and –0.65 ± 0.05 HU/ C) [33,34] and swine
liver (–0.54 ± 0.03 and –0.52 ± 0.02 HU/ C) carried out in other
studies [8,35]. The obtained CT thermal sensitivity was also in
agreement with the values found using swine muscle tissue
and water equivalent phantom [36]. Despite certain degrees
of similarity, the difference in the CT thermal sensitivity has
been observed, which can be ascribed to the different CT
acquisition parameters used in different studies [25]. In addition, the density of different materials will be affected by
temperature differently due to the variation in thermal
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expansion coefficient, which may be responsible for the difference in the obtained CT thermal sensitivity [36].
Studies on the feasibility and potential of CT-based
thermometry had been carried out for in-vivo temperature
mapping during thermal ablation [8,18,33,34]. However, different thermal sensitivity values were observed from different studies due to several factors, such as employment of
different study protocols, variations in the liver tissue composition, use of different heating procedures [33,34] as well
as inter and intra-scanner variability of CT number measurements [18]. Although biological tissues remains the ideal
medium for experiment due to its closer approximation
to the clinical conditions, several limitations have been
experienced due to difficulties in the preparation, handling,
maintenance and standardization of the samples [20]. In
addition, the inhomogeneous structure of real tissues may
also increase variation in the CT numbers measurement.
Therefore, tissue equivalent or mimicking phantom that is
closely representing the physical and geometrical properties of target tissue plays an important role in pre-clinical
assessment [20]. The use of liver tissue equivalent PAA
phantom was favored in this study to minimize the variation from the composition of the liver tissue such as
pathological conditions, inhomogeneity and present of different structures such as blood vessels that could eventually altered the accuracy of CT number measurements. As
thermal sensitivity is known to be affected by different
study protocols, the effects of different CT image acquisition parameters and metal artifacts on the CT number
measurements were examined. The relationship between
CT number and temperature was investigated using PAA
phantom equilibrated at different temperature with heating
water bath method to avoid variation due to different heating procedures.
Although the effects of different CT acquisition parameters and metal artifacts on the CT number measurements as
well as the relationship of CT number and temperature have
been studied, several improvements are needed in future
studies before the establishment of CT-based thermometry
in clinical settings. The PAA phantom employed in this study
does not represent the in-vivo tissue as the physiological
characteristics are somehow different from the real liver tissues. Moreover, the PAA phantom could not simulate the
structural and morphological changes experienced in biological tissue during thermal ablation process [37–39], which
will affects the CT thermal sensitivity obtained. Hence, future
studies need to be carried out in-vivo to validate the CT thermal sensitivity obtained from this study as other experimental variables such as motion artifacts and heat sink effect
due to blood perfusion are crucial to be take into consideration. The manual measurements of CT numbers from the CT
images were performed using a small circular ROI, which
could lead to increment of uncertainties and thus affecting
the results. Therefore, a more accurate and robust method
should be used in future studies for CT numbers measurement. The software or algorithm should be performed automatically or systematically to avoid bias from the observers.
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Conclusion
The CT numbers obtained with current CT technology are
stable, repeatable and independent of different CT acquisition parameters such as tube voltage, tube current, pitch
and gantry rotation time. However, metal artifacts from the
RFA needle remain a predominant factor affecting the CT
numbers measurement for CT-based thermometry purpose.
The metal artifacts were seen up to 10 mm surrounding the
RFA needle. Therefore, CT number measurements should be
made at least 10 mm away from the RFA needle for more
accurate data. The assessment of thermal sensitivity in liver
equivalent PAA phantom showed a linear dependence
on temperature up to 80  C. A CT thermal sensitivity of
–0.521 ± 0.061 HU/ C (R2 ¼ 0.998) was obtained from this
study. Despite the limitations of the several CT image artifacts, CT-based thermometry could be further developed and
may be of potential use during thermal therapy to improve
treatment outcomes.
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