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ARTICLE INFO ABSTRACT
Keywords: Background: Effective thermal ablation of liver tumors requires precise monitoring of the ablation zone.
Thermal ablation Computed tomography (CT) thermometry can non-invasively monitor lethal temperatures but suffers from metal

Computed tomography
Thermometry
dual-energy CT

artifacts caused by ablation equipment.

Purpose: This study assesses spectral CT thermometry’s applicability during microwave ablation, comparing the
reproducibility, precision, and accuracy of attenuation-based versus physical density-based thermometry.

Furthermore, it identifies optimal metal artifact reduction (MAR) methods: O-MAR, deep learning-MAR, spectral

CT, and combinations thereof.

Methods: Four gel phantoms embedded with temperature sensors underwent a 10- minute, 60 W microwave
ablation imaged by dual-layer spectral CT scanner in 23 scans over time. For each scan attenuation-based and
physical density-based temperature maps were reconstructed. Attenuation-based and physical density-based
thermometry models were tested for reproducibility over three repetitions; a fourth repetition focused on ac-
curacy. MAR techniques were applied to one repetition to evaluate temperature precision in artifact-corrupted

slices.

Results: The correlation between CT value and temperature was highly linear with an R-squared value exceeding
96 %. Model parameters for attenuation-based and physical density-based thermometry were —0.38 HU/°C and
0.00039 °C~, with coefficients of variation of 2.3 % and 6.7 %, respectively. Physical density maps improved
temperature precision in presence of needle artifacts by 73 % compared to attenuation images. O-MAR improved
temperature precision with 49 % compared to no MAR. Attenuation-based thermometry yielded narrower Bland-

Altman limits-of-agreement (—7.7 °C to 5.3 °C) than physical density-based thermometry.

Conclusions: Spectral physical density-based CT thermometry at 150 keV, utilized alongside O-MAR, enhances
temperature precision in presence of metal artifacts and achieves reproducible temperature measurements with

high accuracy.

1. Introduction percutaneous electrode to induce coagulative necrosis in tumors

through heating (e.g., radiofrequency ablation, microwave ablation, and

Thermal ablation employs thermal energy to minimally invasively laser-induced thermal therapy) to a cytotoxic threshold of at least 60 °C,
treat a wide variety of tumors of limited size including primary and or cooling (e.g., cryoablation) to below —40 °C [2,3].

secondary liver and lung tumors, renal cell carcinomas, and bone and Interventional radiologists utilize image guidance techniques such as

soft tissue tumors [1]. The procedure uses an energy generator and a ultrasound, computed tomography (CT), or magnetic resonance imaging
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(MRI) to precisely position electrodes in the target tumor [4-6]. Besides
electrode positioning, imaging assists the physician during and after the
procedure to detect any residual tumor or collateral damage to healthy
tissue [7,8]. Typically, in CT guidance, a multi-phase pre-ablation scan
with a contrast agent visualizes the tumor, and another contrast-
enhanced post-ablation scan assesses the treatment’s success through
changes in tissue perfusion caused by coagulative necrosis [6]. How-
ever, tissue perfusion changes may also occur in tumor areas subjected
to elevated, but not lethal temperatures, and as a result of vascular oc-
clusion. Difficulties in detecting local residual tumor cells and deter-
mining technical success based on tissue perfusion imaging can
contribute to high rates of local recurrence [9]. As an alternative to
tissue perfusion imaging, tissue temperature can be directly monitored
during the ablation procedure. Driven by recent improvements in
combined angio-CT systems that have renewed the interest in use of this
modality for interventional oncology procedures, CT presents as a non-
invasive medium for thermometry that is widely used for planning,
probe positioning and treatment confirmation [10].

CT thermometry utilizes the inverse relationship between CT atten-
uation coefficient and tissue temperature. In this method, thermal
expansion (or contraction) causes a change in tissue density, measurable
through changes in Hounsfield Unit (HU), thus providing thermal
feedback to the physician [11]. Furthermore, in-room CT imaging is
especially suitable for thermal ablation due to its speed, high spatial
resolution, and the capability to depict tumors using contrast
enhancement.

CT thermometry’s early experiments in the seventies and eighties
demonstrated its potential for non-invasive temperature monitoring,
achieving a temperature precision of a fraction of a degree Celsius and a
spatial resolution of 1 cm, but issues with reproducibility hindered
further development [12,13]. The resurgence of interest in CT ther-
mometry coincided with the introduction of multi-slice CT scanners in
2008, which substantially improved imaging capabilities and repro-
ducibility, but temperature accuracy remained an issue [14,15].
Meanwhile, Frich et al. outlined essential criteria for making non-
invasive thermometry clinically viable, such as a spatial resolution
below 2 mm, temperature precision below 2 °C, and an acquisition time
below 30 s [7].

A recent development in CT thermometry is the use of spectral CT,
showing potential to monitor temperature non-invasively with precision
reaching below 2 °C in absence of metal artifacts [16-18]. Liu et al.
investigated the potential application of using physical density maps,
produced with spectral CT, for conducting CT thermometry and found a
strong, reproducible correlation between temperature and physical
density changes in ex vivo studies [19,20]. While a recent study
demonstrated the potential of spectral CT for metal artifact reduction
(MAR) for physical density-based thermometry, it did not evaluate the
model during active heating with an ablation needle [21]. This leaves
open questions regarding the potential impact of gas bubbles or
applicator-induced metal artifacts on physical density measurements. In
addition, to our knowledge, this is the first study to evaluate deep
learning-based metal artifact reduction (DL-MAR) for spectral CT ther-
mometry in microwave ablation, and to directly compare attenuation-
based and physical density-based CT thermometry under realistic
antenna-induced artifact conditions.

This study investigates the applicability of spectral CT thermometry
in monitoring microwave ablation. It compares the reproducibility,
precision and accuracy of CT thermometry on attenuation value images
from conventional CT, with CT thermometry on physical density maps
using spectral CT. Furthermore, it identifies the MAR method — among
orthopedic MAR (O-MAR), DL-MAR, spectral CT, or a combination—
that provides the highest CT thermometry precision.

Physica Medica 137 (2025) 105093

2. Materials and methods
2.1. Experimental setup

A homogeneous polyacrylamide gel was produced to mimic the
thermal and attenuation properties of a human liver [20]. Thermal
heating was performed with a microwave ablation system (EMPRINT,
Medtronic, Minneapolis, USA) at a central frequency of 2.45 GHz. The
ablation antenna tip was inserted approximately 5 cm deep, parallel to
the CT’s axial imaging plane (Fig. 1a), to mimic the clinical environment
and maximize the presence of metal artifacts. Four metallic k-type
thermocouples (PH218, JBC tools, Barcelona, Spain) with 0.2 °C accu-
racy and diameter of 0.4 mm were used to invasively verify material
temperature around the ablation antenna. A temperature logging tool
(Labview, National Instruments Corp, Austin, Texas, USA) logged tem-
perature over time with a frequency of 3 Hz. The thermocouples were
inserted in separate axial planes at a depth of 4 cm on a horizontal line,
positioned approximately 10, 15, 20, and 25 mm from the ablation
antenna. The metallic thermocouples generated minimal metal artifacts.

CT imaging was conducted using a dual-layer spectral CT scanner
(Spectral CT7500, Philips Healthcare, Best, The Netherlands). For all
acquisitions, the tube voltage was set at 120 kV. Multiple exposures were
utilized, specifically 150 mAs for high-dose scans (CTDI,,,; = 11.6 mGy),
and 75 mAs for low-dose scans (CTDL,,; = 5.8 mGy). The scans were
performed in axial mode with a fixed collimation of 128 x 0.625 mm and
a rotation time of 1.0 s. Slice thickness/increment was varied at 1.0/0.5
mm and 2.0/1.0 mm. The field of view was set at 350 mm and the image
matrix was set to 512. Reconstructions were performed at the scanner’s
workstation using iterative reconstruction (iDose 4 — level 3) and a
standard smooth kernel (B). Spectral reconstructions included virtual
monochromatic images (VMI) at various energy levels (70, 90, 110, 130,
and 150 keV), alongside effective atomic number (Z effective) maps.
Compared to 120 kVp images, VMIs at energies above 70 keV have been
shown to reduce beam-hardening and subsequent metal artifacts from
various metallic objects, including biopsy needles [22,23]. Additionally,
DL-MAR and an orthopedic metal artifact reduction (O-MAR, Philips
Healthcare, Best, The Netherlands) were applied individually or com-
bined (first O-MAR, then DL-MAR). O-MAR iteratively corrects photon
starvation and reduces subsequent metal artifacts by removing metal
traces in the projection space [24]. This DL-MAR, on the other hand, was
trained in image space on CT images with simulated artifacts from or-
thopedic hardware [25]. Notably, it was not trained on needle-shaped
metallic objects in soft tissue, VMI, or the application of O-MAR. The
selection of MAR methods was guided by the commercial availability of
spectral reconstruction and O-MAR on Philips’ spectral CT systems. The
DL-MAR algorithm was provided through a research collaboration be-
tween Leiden University Medical Center, Isala Zwolle, and Philips
Healthcare.

2.2. Methodologies

2.2.1. Attenuation-based thermometry

The temperature dependence of CT attenuation can be derived from
the effect of thermal expansion on density. To examine how local tem-
peratures affect the CT number and determine the temperature sensi-
tivity, a regression analysis is conducted on the CT values and the
corresponding temperature measurements:

AHU = aAT +b ®
The parameters temperature sensitivity (a) and intercept (b), measured

in [HU/°C] and [HU] respectively, represent how HUs vary with
temperature.

2.2.2. Physical density-based thermometry
Recently, a physical density model was developed that relies on VMI
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Fig. 1. Photos made of the research setup of the gel phantom. The gel phantom was placed in the gantry of the CT scanner and the ablation antenna was inserted
parallel to the axial plane (a). After heating, clear residual gas bubble formation was visible at the tip of the antenna. Temperature sensors were inserted at radial

distances of 10, 15, 20 and 25 mm from the ablation antenna as seen in (b).

and effective atomic number and mass maps, denoted by Zegr and A,
respectively [26]. The effective atomic mass, Aefr, is not available on
clinical scanners and was obtained by following the methodology of
Hwang et al. [26] by fitting a third-order polynomial between the
atomic mass and number of the first 30 elements (H, He, Li, etc.), which
yielded a good approximation. This model is a parameterized version of
the Alvarez & Macovski model for material decomposition [27]. By
combining VMI, Zg, and A.f the following model for physical density
was used:
P2
p=pi B @
ok + Zog fin (E)

where p is the physical density (g/cm®), p is the linear attenuation co-
efficient (cm™1) at energy E (keV), and fxy is the dimensionless Klein-
Nishina function [27]. For energy levels 70, 90, 110, 130, and 150
keV, parameters p1, p2, P3, P4, Ps, D6, and py of this model were fitted to
180 anthropomorphic tissues defined by the International Commission
on Radiation Units and Measurements (ICRU) Reports 44 and 46 [28]
with corresponding attenuation coefficients from the National Institute
of Standard and Technology (NIST) XCOM [26,29]. Physical density
maps using VMI at 70—150 keV were generated using Equation (2).
Regression analysis on the relative density determines the parameters of

the physical density-based model:

p(To)
p(T)

where « is the thermal expansion coefficient (°C’1) and p is the
dimensionless intercept.

=aAT+p )

2.2.3. Ablation procedure and scanning protocol

Prior to starting the ablation procedure, a baseline scan was acquired
with the ablation antenna and thermocouples in situ (Fig. 1). Subse-
quently, the gel phantom was heated at an ablation power of 60 W for
10 min and thermocouples recorded the internal temperature. The
scanning protocol during the ablation had two phases: in the first 2 min
of heating, a series of 7 scans were made at 15-second intervals. During
the remaining 8 min an additional 15 scans were performed at 30-sec-
ond intervals. This procedure was repeated 4 times in 4 separate
phantoms, 3 times with a high exposure of 150 mAs, once with a low
exposure of 75 mAs. During these four repetitions, a total of 92 scans
were made.

2.2.4. Thermometry reproducibility
Both in attenuation and physical density maps, two circular regions
of interest (ROI) of 80 mm2 are placed adjacent to the tip of the

Fig. 2. Sagittal CT images showing regions of interest (ROIs) for monitoring CT values and evaluating temperature precision near metal artifacts: (a) ROIs for
temperature sensors 2 (blue) and 3 (red) used to monitor CT values during heating, with the mean and standard deviation calculated assuming radial temperature
symmetry around the ablation antenna (yellow cross); ROIs placed lateral to the ablation antenna (b) and in line with the ablation antenna (c) to measure tem-
perature in presence of metal artifacts. The ablation antenna, oriented perpendicular to the image plane, is present in (b) but not in (c).
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temperature sensors (Fig. 2). CT value mean and standard deviation are
measured. Subsequently, thermometry parameters were fitted using
linear regression on ROI measurements and corresponding temperature
verification using Equations (1) and (3). The consistency of fit param-
eters was evaluated using the coefficient of variation (CV), defined as the
standard deviation normalized by the mean of the three repetitions.
These parameters were used for subsequent temperature precision and
accuracy analysis.

2.2.5. Temperature precision

Temperature precision is quantified by propagating the uncertainties
in CT images and model parameters to AT as measured with CT ther-
mometry. This theoretical metric quantifies the degree of uncertainty in
AT attributable to uncertainties within the inputs of the thermometry
model. By applying the model for attenuation-based thermometry
(Equation (1), temperature precision was calculated through error
propagation as follows:

Physica Medica 137 (2025) 105093

sources of uncertainty. First, to determine the temperature precision at
varying distances from the ablation antenna, rectangular ROIs of 2 by 2
mm were placed at 10, 15, 20, and 25 mm from the ablation antenna.
These ROIs were positioned in two adjacent slices that contained min-
imal metal artifacts and placed isocentrically around the ablation an-
tenna to eliminate variations in the CT signal due to thermal gradients.
The measurement uncertainty in these ROIs was defined as the standard
error of the mean.

Secondly, to evaluate the effect of metal artifacts on temperature
precision, two additional circular ROIs with a radius of 6 mm were
placed—one in line with the ablation antenna and another lateral of the
ablation antenna, within the slices most affected by metal artifacts. The
measurement uncertainty in these artifact-corrupted ROIs was defined
as the standard deviation in the ROI The temperature precision was
calculated across varying combinations of MAR techniques and two slice
thicknesses. To assess the effect of increasing slice thickness on preci-
sion, normality was first tested using the Shapiro-Wilk test, followed by

@

ST_VKi&ﬂKﬂ)2+(i&wuw)z+(2&92+( g (HUT) ~ HU(T) b)) @

The temperature precision for physical density-based thermometry
(Equation (3) was calculated as follows:

a paired t-test. Additionally, the efficacy of different MAR techniques
was compared to no MAR using the Wilcoxon signed-rank test. After
Bonferroni correction, results with p-values less than 0.0036 were
considered statistically significant. Hedges’ g was used to measure the

Here, 8HU (T0), 8HU(T), 8p(TO0), and 8p(T) represent the measurement
uncertainty in the pre-ablation images (T0) and intra-ablation images
(T). 8a, da, &b, and 8p represent the standard deviation of the ther-
mometry parameters across three repetitions.

Because a high standard deviation in CT images can be attributed to
both high noise levels or severe metal artifacts, the placement of the ROIL
is varied.By employing two different sets of ROIs, two sets of tempera-
ture precision measurements were obtained to quantify the individual

2
+g)w) ®)

effect size of MAR for temperature precision in the presence of metal
artifacts, with the baseline approach being attenuation-based ther-
mometry without MAR.

2.2.6. Accuracy

The CT thermometry models were developed based on the three
repetitions with 150 mAs exposure. The model’s accuracy was subse-
quently evaluated using the single 75 mAs repetition that was not

[g/mL]

1.08
1.06
1.04
1.02

1.00

Fig. 3. Example of sagittal CT and physical density images of the liver-mimicking gel phantom before ablation and after 120, 300 and 600 s of ablation (from left to
right). Corresponding temperatures recorded by the sensor nearest to the ablation antenna were 18 °C, 55 °C, 70 °C, and 98 °C, respectively. The images show a
hypodense area around the ablation antenna. Metal artifacts from the ablation antenna obscure both proximal and distal surrounding tissue. Setting for window/level
were 400/60 and 0.12/1.055 for the CT images and physical density maps, respectively.
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Fig. 4. Regression results of attenuation-based thermometry (top) and physical density-based thermometry at 70 keV (bottom). For the attenuation-based ther-
mometry, linear regression was performed on the combined data of three repetitions to determine the parameters. No metal artifact reduction was applied. The
thermal sensitivity (a) was —0.38 HU/°C, while the intercept (b) was 0.52 HU. For the physical density-based thermometry, analysis was also performed on all three
repetitions and no additional metal artifact reduction was applied. The thermal expansion coefficient () was 0.00039 °C — 1, while the intercept () was 0.99. Note
that the high R2 indicates a high linearity of the thermal expansion coefficient in this temperature range.

incorporated into the model development. For this, temperature maps
were generated and modeled temperatures in proximity to the temper-
ature sensors were recorded by employing ROI measurements. To assess
the accuracy of modeled temperatures, a Bland-Altman analysis was
performed. This analysis provided the mean-of-difference between the
temperature as measured by the thermocouples and modeled tempera-
tures, including the 96 % limits-of-agreement, calculated as 1.969 x
standard deviation of differences.

3. Results
3.1. Thermometry reproducibility
Fig. 3 shows the CT and physical density images of the reference scan

(before ablation) and after 120, 300, and 600 s of ablation. A strong
inverse correlation between HU change and temperature increase was

found across the three separate test repetitions (Fig. 4, top). The thermal
sensitivity (a) was —0.38 + 0.0088 HU/°C with intercept (b) of 0.31 +
0.47 HU. These values led to a CV of 0.023 for a and 1.53 for b, indi-
cating a high reproducibility in attenuation-based CT thermometry for
this experiment. The high mean R? value over three repetitions of 0.98
+ 0.0054 demonstrated the strong linear relationship between HU
change and temperature difference. In a similar vein, physical density
images showed a comparable but direct relationship between relative
density (p(T0)/p(T)) and temperature difference (Fig. 4, bottom). The
measured thermal expansion coefficient (@) was 0.00039 =+
0.000026 °C ! and the intercept () 0.99 + 0.00054. These results, with
a CV of 0.067 for a and 0.0005 for g, similarly reflect the high repro-
ducibility of the CT thermometry in this experiment. The high mean R?
value over three repetitions of 0.96 + 0.019 demonstrated the strong
linear relationship between relative physical density and temperature
difference.
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Table 1

Temperature precision heatmap calculated using equations (4) and (5). This metric quantifies the degree of uncertainty in AT attributable to uncertainties within the
inputs of the thermometry model. Colors demonstrate a superior temperature precision of attenuation-based thermometry and the use of DL-MAR. Additionally,
greater slice thickness and distance from the ablation antenna improves precision.

Slice thickness 1 mm 2 mm
Distance from antenna 10 mm 15 mm 20 mm 25 mm 10 mm 15 mm 20 mm 25 mm
No MAR Attenuation 6.1 5.2 5.1 5.2 5.2 3.7 3.4 4.1
PD: 70 keV 7.4 4.9 5.0 4.6 7.4 4.2 3.5 3.7
PD: 90 keV 7.3 4.8 4.9 4.7 7.3 4.1 3.5 3.7
PD: 110 keV 7.4 4.8 4.9 4.7 7.4 4.1 35 3.8
PD: 130 keV 7.4 4.9 5.1 4.6 7.4 4.1 3.5 3.7
PD: 150 keV 7.6 5.0 4.9 4.5 7.5 4.2 3.5 3.7
O-MAR Attenuation 6.1 5.2 5.1 5.2 5.2 3.7 3.4 4.1
PD: 70 keV 7.2 4.8 5.0 4.6 7.2 4.1 3.5 3.7
PD: 90 keV 7.2 4.7 4.9 4.7 7.2 4.0 3.5 3.7
PD: 110 keV 7.2 4.8 4.9 4.7 7.2 4.0 35 3.7
PD: 130 keV 7.2 4.8 5.1 4.6 7.3 4.0 3.5 3.7
PD: 150 keV 7.4 4.9 4.9 4.5 7.3 4.1 3.5 3.6
DL-MAR Attenuation 2.8 1.8 1.5 2.0 2.9 1.9 1.4 1.4
PD: 70 keV 5.8 3.1 2.3 1.8 5.6 3.3 2.2 1.7
PD: 90 keV 5.7 3.1 2.2 1.7 5.4 3.2 2.1 1.7
PD: 110 keV 5.6 3.2 2.2 1.7 5.3 3.2 2.2 1.7
PD: 130 keV 5.6 3.2 2.2 1.7 5.4 3.2 2.2 1.7
PD: 150 keV 5.7 3.3 2.3 1.7 5.5 3.3 2.1 1.8
O-MAR + Attenuation 2.8 1.8 1.5 2.0 2.9 1.9 1.4 1.4
DL-MAR PD: 70 keV 5.8 3.0 2.3 1.8 5.6 3.3 2.2 1.7
PD: 90 keV 5.7 3.1 2.2 1.7 5.4 3.2 2.1 1.7
PD: 110 keV 5.6 3.2 2.2 1.7 5.4 3.2 2.2 1.7
PD: 130 keV 5.6 3.2 2.2 1.7 5.4 3.2 2.2 1.7
PD: 150 keV 5.7 3.3 2.3 1.7 5.4 3.3 2.1 1.8
3.2. Temperature precision in absence of needle artifacts Attenuation-based thermometry provided better precision close to the
ablation antenna compared physical density-based thermometry, but
An improved theoretical temperature precision was observed with an this advantage decreased as the distance from the antenna increased. A
increase in both distance from the ablation antenna and slice thickness, nearly constant level of precision was observed as VMI energy increased

across all MAR strategies, as shown in the heatmap (Table 1). in physical density-based thermometry (p > 0.999). The use of DL-MAR

A: Attenuation-based

B: Physical density-based 90°C

1

B2 TTU RGNt 1S TS R p———
_ 50°C
C: MAR algorithms
30°C
RIMZ0 e &34 LA | (CAOM AT ma— l C2:DL-MAR_ _ !, C.3:0-MAR + DL-MAR 1 | lyooc

Fig. 5. The effect of various MAR methods on temperature maps A.2, B.1 to B.3, and C.1 to C.3 (window/level = 80/50 °C) after a 10-minute ablation procedure is
illustrated. In panel A.1, the ablation antenna’s trajectory is depicted as a pink line on an attenuation map (window/level = 400/60 HU). Panel A.2 shows the
application of attenuation-based thermometry, which led to substantial artifacts laterally to (green arrow) and in line with the antenna. Panels B.1 through B.3
demonstrate the use of physical density-based thermometry with VMIs at energies of 70, 110, and 150 keV, respectively. This approach resulted in fewer artifacts
laterally to the antenna compared to attenuation maps (green arrow in B.1). Increasing VMI energy levels progressively reduced artifacts in line with the antenna
(purple arrows in B.1 and B.3). In panel C, O-MAR, DL-MAR, and their combination were applied to 150 keV physical density-based thermometry. O-MAR (C.1)
successfully reduced artifacts that were not corrected by spectral CT (B.3). In C.2, DL-MAR reduced image noise but was ineffective at addressing the remaining
artifacts missed by spectral CT. In C.3, the combined application of O-MAR and DL-MAR on 150 keV physical density maps demonstrated effective needle artifact
reduction by spectral CT and O-MAR, with noise reduction achieved by DL-MAR.
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Table 2

Heatmap of temperature precision, calculated using equations (4) and (5) in
presence of needle artifacts. Temperature precision quantifies the degree of
uncertainty in AT attributable to uncertainties within the inputs of the ther-
mometry model. Green colors indicate the enhanced effectiveness of high-
energy physical density maps, O-MAR, DL-MAR, and their combination in
improving temperature precision. Precision measurements are conducted both
inline and laterally to the ablation antenna.

Slice thickness 1 mm 2 mm
ROI position In line Lateral In line Lateral
No MAR Attenuation 523 202 504 190
PD: 70 keV 549 49 529 44
PD: 90 keV 316 52 306 47
PD: 110 keV 219 56 213 50
PD: 130 keV 173 59 168 53
PD: 150 keV 149 61 145 56
0-MAR Attenuation 254 144 245 137
PD: 70 keV 242 28 234 26
PD: 90 keV 136 30 131 28
PD: 110 keV 92 32 90 29
PD: 130 keV 73 33 71 31
PD: 150 keV 64 34 62 32
DL-MAR Attenuation 323 154 312 145
PD: 70 keV 492 72 476 65
PD: 90 keV 291 60 279 54
PD: 110 keV 167 56 158 51
PD: 130 keV 106 55 99 50
PD: 150 keV 79 57 74 52
O-MAR + DL-MAR Attenuation 134 89 127 84
PD: 70 keV 145 51 139 48
PD: 90 keV 59 36 58 34
PD: 110 keV 35 30 34 29
PD: 130 keV 27 29 26 27
PD: 150 keV 24 28 23 27

significantly improved temperature precision, showing a substantial
decrease in temperature uncertainty compared to when DL-MAR was
not used (3.0 vs. 5.5, p < 0.001), with a median difference of 2.7 °C. The
use of O-MAR slightly improved precision compared to not using MAR
(5.4 vs. 5.5, p = 0.003). Increasing the slice thickness from 1 to 2 mm
significantly improved temperature precision (4.6 vs. 5.5, p < 0.001).

3.3. Temperature precision in presence of needle artifacts

A clear improvement of temperature precision was observed with the
use of higher energy physical density maps for artifacts in line with the
ablation antenna, though this trend was less pronounced for lateral ar-
tifacts (Fig. 5, Table 2). Pairwise comparisons revealed that physical
density maps at 70 keV did not significantly improve temperature pre-
cision compared to attenuation maps. However, at higher energy levels,

Table 3

Effect sizes (Hedges’ g) of various metal artifact reduction (MAR)
methods for enhancing temperature precision in the presence of
metal artifacts, using attenuation- based thermometry as the base-
line. We propose 150 keV physical density (PD)-based thermometry
combined with O-MAR. While the combination of O-MAR and DL-
MAR yielded a larger effect size, this increase is likely unrelated to
DL-MAR’s artifact reduction capabilities.

MAR approach g

PD: 90 keV without MAR 0.5
PD: 110 keV without MAR 0.7
PD: 130 keV without MAR 0.8
PD: 150 keV without MAR 0.9
Attenuation with O-MAR 0.6
PD: 150 keV with O-MAR (proposed) 1.1
Attenuation with DL-MAR 0.4
PD: 150 keV with DL-MAR 1.0
Attenuation with O-MAR and DL-MAR 0.9
PD: 150 keV with O-MAR and DL-MAR 1.2
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the improvement of temperature precision became more substantial.
Specifically, physical density maps at 90 keV improved temperature
precision by an average of 53 % (95 % CI, 11 % — 96 %), with a median
difference of 104 °C (p < 0.001). At 110 keV, the improvement was 66 %
(95 % CI, 47 % — 84 %) on average, with a median difference of 129 °C
(p < 0.001). At 130 keV, the average improvement reached 71 % (95 %
CI, 60 % — 81 %), with a median difference of 127 °C (p < 0.05), and at
150 keV, there was a 73 % (95 % CI, 61 % — 84 %) average improve-
ment, with a median difference of 125 °C (p < 0.001). O-MAR improved
temperature precision on average by 49 % compared to no MAR, with a
median difference of 72 °C (p = 0.001). DL-MAR showed no significant
improvement (p = 0.01). The combined use of O-MAR and DL-MAR
further improved temperature precision by 60 % on average, with a
median difference of 119 °C (p = 0.001) (Fig. 5, Table 2). Doubling the
slice thickness led to a 6.1 % improvement of temperature precision,
with a mean difference of 9 °C (p < 0.001). Effect sizes of various MAR
approaches for improving temperature precision are given in Table 3.

3.4. Accuracy

The results for attenuation-based thermometry and physical density-
based thermometry show high agreement with the temperature verifi-
cation. Attenuation-based thermometry yielded a mean-of-difference of
—1.2 °C, with limits of agreement ranging from —7.7 °C to 5.3 °C (Fig. 6
top). In contrast, physical density-based thermometry demonstrated a
mean-of-difference of —0.7 °C, with a range of agreement from —9.5 °C
to 8.1 °C (Fig. 6 bottom). When temperatures up to a clinically relevant
temperature of 60 °C were analyzed, limits of agreement narrowed to
—4.9°C —4.5°C and 4.4 °C —6.0 °C for attenuation-based and physical
density-based thermometry, respectively, as shown in Supplementary
Figs. S1 and S2.

4. Discussion

This study assessed the applicability of spectral CT for non-invasive
temperature measurements during microwave ablations in a phantom.
Specifically, we compared the reproducibility, theoretical temperature
precision in absence and presence of metal artifacts, and temperature
accuracy of physical density-based thermometry against attenuation-
based thermometry. O-MAR and DL-MAR were also applied to further
minimize antenna-induced artifacts. We observed a strong linear cor-
relation between tissue temperature and physical density, with a vari-
ation of 6.7 % across three separate ablation procedures. For effective
thermal ablation monitoring, clinical targets include a spatial resolution
below 2 mm, a CT acquisition time under 30 s, and a temperature pre-
cision within 2 °C [7]. In this study, we achieved a temperature precision
of 2 °C at a distance of 20 mm from the ablation antenna (Table 1), likely
achieved due to the denoising capabilities of DL-MAR on spectral CT.
These findings were obtained in a small phantom with a radiation
exposure of 150 mAs. Importantly, this 20 mm distance is typically
outside the ablation zone.

Physical density maps at 150 keV proved most effective in improving
temperature precision in presence of needle artifacts compared to
attenuation maps as evidenced by an average significant improvement
of 73 % and effect size of 0.9 as shown in Table 2. Furthermore, O-MAR
facilitated a 49 % significantly improved temperature precision
compared to no MAR as evidenced by an effect size of 0.6 shown in
Table 3. However, O-MAR was unable to achieve the clinically desired
precision in the presence of metal artifacts under the given conditions.
While O-MAR is effective at reducing metal artifacts from large implants
in CT scans, it faces challenges with smaller objects like surgical stents or
needles, particularly near air, leading to potential uncorrected artifacts
[30]. Meanwhile, DL-MAR was trained using simulated data with a va-
riety of orthopedic implants. Consequently, DL-MAR was not specifically
trained to reduce metal artifacts from needles or metal in soft tissues
such as the liver. The current reduction in metal artifacts suggests that
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Fig. 6. Comparative Bland-Altman plots for attenuation (top) and physical density-based CT thermometry at 150 keV (bottom). The plots display the difference
between measured and modeled temperatures on the y-axis. The x-axis represents the mean temperature of the absolute measured and modeled temperatures. Limits
of agreement are marked by the dashed orange lines, while the clinical requirement threshold is indicated by the dashed green line. Note that at temperatures above

35 °C, the accuracy of both models decreases.

further improvements are possible if DL-MAR is also trained on needle-
like objects in soft tissue. Until such advancements are made, we pro-
pose using 150 keV physical density-based thermometry in combination
with O-MAR (g = 1.1). In terms of accuracy, CT thermometry using
physical density maps at 150 keV demonstrated high temperature ac-
curacy, with limits of agreement ranging from —9.5 °C to 8.1 °C.
Although attenuation-based thermometry achieved higher overall tem-
perature accuracy, likely due to fewer reconstruction steps compared to
physical density maps, the benefit of superior temperature precision in
presence of needle artifacts outweighs the marginally lower temperature
accuracy.

In this study, a thermal sensitivity of —0.38 HU/°C was observed in a
phantom using attenuation-based thermometry, consistent with the
literature range of —2.00 to —0.23 HU/°C [18,31,32]. A thermal
expansion coefficient (a) of 0.00039 °C~! was observed using physical
density-based thermometry, which is slightly lower than values reported
in prior studies [19,20]. Do et al. investigated iterative MAR, spectral

MAR, and a hybrid approach in in vivo pig models. They found that an
iterative MAR algorithm (iMAR, Siemens Healthineers) reduced metal
artifacts quantitatively for microwave and cryoablation, but not for
radiofrequency ablation [33]. In a separate study on biopsy needle ar-
tifacts, 80 keV VMI with iterative MAR was identified as the most
effective solution [34]. Similarly, Wang et al. demonstrated that a MAR
algorithm considering scanner geometry, noise, and anatomy effectively
reduced microwave antenna-induced artifacts both quantitatively and
qualitatively [35]. Cao et al. were the first to apply deep learning for
reducing needle artifacts in kidney cryoablation. Their DL-MAR method
effectively reduced artifacts both quantitatively and qualitatively.
Ongoing research is expanding this approach to other ablation tech-
niques, needle types, reconstruction parameters, and scanner systems
[36].

This study has some limitations. Firstly, a gel phantom, designed to
replicate the attenuation and thermal properties of human liver tissue
was used [20]. Future research should strive for a more
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anthropomorphic approach that better reflects the liver’s tissue
composition and perfusion. Another limitation of this study is using
temperature precision to measure artifact reduction by DL-MAR, which
reduces both noise and artifacts. This combined effect complicates
isolating artifact reduction. Metrics like peak signal-to-noise ration or
structural similarity, which more specifically assess metal artifacts,
would have been more appropriate but require ground truth images,
which were unavailable. We found that temperature precision improved
with distance from the ablation antenna, even though ROIs were
designed to reduce the influence of metal artifacts. Some voxels affected
by artifacts may have been included, which could explain the
improvement at greater distances. Lastly, this study did not assess
temperature precision at different radiation doses, an important
consideration since CT thermometry likely increases patient radiation
exposure due to the need for intra-ablation scans.

Although CT thermometry is based on a simple concept, it has a
particular challenge: different tissues, perfusion conditions, and patients
can result in different parameters for a thermometry model (a and ).
These parameters are impossible to measure in vivo prior to an ablation
procedure as it requires a similar approach as the experiments in this
study. Additionally, in vivo conditions may differ from animal or ex vivo
measurements due to variations in tissue composition and physiological
conditions. Therefore, the thermal expansion coefficient, while typically
derived from ex vivo or animal studies, can only be approximated for
clinical use, and its accuracy remains a subject for further investigation.
Also, the thermal properties of the target region may be altered by the
intense heat during thermal ablation, which may introduce further er-
rors [11]. Some studies have also reported that the thermometry pa-
rameters are not constant with large temperature variations, implying
that o and p are a function of temperature. These studies suggest that
quadratic [37,38], cubic [39,40] or exponential [41,42] models fit the
experimental data better than the linear model. These studies also sug-
gest that tissue heating and cooling affect the CT numbers differently.
Future studies, essential for the clinical translation of CT thermometry,
should include evaluations that consider tissue heterogeneity, the
presence of other anatomical structures, and the heat-sink effect.
Research could be structured around experiments using ex vivo liver
tissues or phantoms that are perfused, incorporate various tissue type-
s—healthy, cirrhotic, or tumorous—or are subject to intraprocedural
movement.

Spectral CT may enhance CT thermometry by leveraging its ability to
discriminate between materials, which enables the generation of map-
pings for specific tissues such as liver, kidney, lung, bone, and tumors.
By discriminating tissues and voxel-wise assigning them varying ther-
mometry parameters specific to their composition, more accurate tem-
perature mappings may be generated [40]. For instance, Wang et al.
used improved material decomposition capabilities of photon counting
CT to develop a deep learning-based thermometry tool [43]. This tool
was developed using the linear attenuation coefficient in four energy
bins at different temperatures to build a non-linear thermometry model.
Although the tool was tested on non-anthropomorphic materials, results
showed a mean absolute error of 3.40 °C. This improved tissue differ-
entiation may help to tailor treatments to individual patients, poten-
tially increasing treatment effectiveness and reducing recurrences.

5. Conclusion

Physical density-based thermometry using spectral CT at 150 keV,
combined with O-MAR, significantly improves temperature precision in
presence of needle artifacts; however, residual artifacts continue to
impact temperature precision. Furthermore, physical density-based
thermometry demonstrated high overall temperature precision and ac-
curacy, bringing measurement errors closer toward the clinically desired
2 °C. However, attenuation-based thermometry showed slightly greater
precision and accuracy in areas without metal artifacts. Additional
training of the DL-MAR network on ablation needle artifacts in soft
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tissue potentially positions it as a one-stop solution for both artifact
reduction and noise suppression. Improved tissue differentiation of
spectral CT potentially facilitates material-specific temperature maps,
offering a promising route for implementing clinical non-invasive
thermometry during CT-guided thermal ablations.
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