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Abstract

Purpose To investigate differences in thermal sensitivity
of virtual monoenergetic imaging (VMI) series generated
from photon-counting detector (PCD) CT data sets,
regarding their use to improve discrimination of the abla-
tion zone during percutaneous cryoablation.

Materials and Methods CT-guided cryoablation was per-
formed using an ex vivo model of porcine liver on a PCD-
CT system. The ablation zone was imaged continuously for
8 min by acquiring a CT scan every 5 s. Tissue tempera-
ture was measured using fiberoptic temperature probes
placed parallel to the cryoprobe. CT-values and noise were
measured at the tip of the temperature probes on each scan
and on VMI series from 40 to 130 keV. Correlation of CT-
values and temperature was assessed using linear regres-
sion analyses.

Results For the whole temperature range  of
[— 40, + 20] °C, we observed a linear correlation between
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CT-values and temperature in reference 70 keV images
(R*=0.60, p <0.001) with a thermal sensitivity of
1.4HU/OC. For the most dynamic range of [— 15, + 20] °C,
the sensitivity increased to 2499 (R* = 0.50,
p < 0.001). Using VMI reconstructions, the thermal sen-
sitivity increased from 1.4 "9/ at 70 keV to 1.5, 1.7 and
2.0".c at 60, 50 and 40 keV, respectively (range
[— 40, 4+ 20] °C). For [— 15, 4+ 20]°C, the thermal sen-
sitivity increased from 2.4HU/oC at 70 keV to 2.5, 2.6 and
2.7"Y.c at 60, 50 and 40 keV, respectively. Both CT-
values and noise also increased with decreasing VMI keV-
levels.

Conclusion During CT-guided cryoablation of porcine
liver, low-keV VMI reconstructions derived from PCD-CT
data sets exhibit improved thermal sensitivity being highest
between + 20 and — 15 °C.
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»  PCD-CT (photon counting detector-CT) guided cryoablation enables virtual monoenergetic imaging (VMI) using its

*  Low-keV VMI reconstructions from PCD-CT data sets exhibit improved thermal sensitivity
*  Use of low-keV VMI may be used for improved visualization of the ice ball formation during PCD-CT-guided
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Computed tomography

Abbreviations

CT Computed tomography
PCD Photon-counting detector
ROI Region of interest

T1-T4 Temperature probes number 1-4
VMI Virtual monoenergetic images
Introduction

Percutaneous cryoablation plays an increasing role in the
minimally invasive treatment of liver tumors and hepatic
metastases [1—4]. In several studies, computed tomography
(CT)-guided percutaneous cryoablation has been reported to
be a safe and efficacious treatment option for various liver
lesions with low local recurrence rates [5—10]. During CT-
guided cryoablation, the forming ice ball is visualized by
intraprocedural scanning of the growing hypoattenuating
zone (phase transition front, i.e., interface between frozen
and unfrozen liver tissue) around the cryoablation probes
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[11-13]. The temperature at the outer margin of the ice ball is
0° Celsius [14]. The attenuation of the freezing liver tissue
decreases with decreasing temperatures and partially shows
a linear correlation [11, 15, 16]. Although CT is routinely
used in guiding and placing cryoprobes, its use for
intraprocedural monitoring and visualization of the ice ball
has known limitations [14, 17, 18]. To ensure complete
ablation of the target lesion and to prevent injuring adjacent
structures, it is important to strive for optimal discrimination
of the ice ball and especially its outer margin.

Recently, CT systems with photon-counting detectors
(PCD) have been introduced in clinical routine, which
generate spectral information for every scan due to their
inherent spectral sensitivity [19, 20]. Using this spectral
information, virtual monoenergetic image (VMI) recon-
structions can be generated, which show an increased soft-
tissue contrast at low keV-levels [21, 22]. Low-keV VMI
improve the conspicuity of hypoattenuating liver metas-
tases, however it is not yet known, if VMI can also be
utilized to improve the visualization of the ice ball for-
mation during percutaneous cryoablation [21].

Therefore, in this study, we investigated if VMI gener-
ated from PCD-CT data sets exhibit differences in thermal
sensitivity, and whether these VMI reconstructions can be
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used to improve discrimination of the ice ball during per-
cutaneous cryoablation.

Materials and Methods
Experimental Setup

A healthy porcine liver was purchased from a local organic
butchery and used on the same day. Three experiments were
performed in separate liver segments carefully avoiding
potential overlapping of puncture and ablation zones. The
liver was placed on the CT table surrounded by air. A liquid
argon cooled (Linde, Dublin, Ireland) cryoablation system
(ICEfx, Icefx; Boston Scientific, Marlborough, Mas-
sachusetts, USA) was used for all experiments. The cry-
oprobe (17 G, IceRod 1.5 CX, Boston Scientific) was
placed parallel to the CT table centrally into the liver par-
enchyma. Four fiber-optic temperature probes (TS3 Sensor,
Weidmann Technologies, Germany) were positioned par-
allel to the cryoprobe in 5 mm intervals with distances of 5,
10, 15 and 20 mm (Fig. la and b). Positioning of the
probes was checked by sequential CT acquisitions without
table movement. The temperature measurements were
obtained using a four-channel thermometry-system (OEM-
PLUS RS232, Weidmann Technologies) calibrated with
0.1 °C accuracy from — 100 to + 200 °C.

Cryoablation Procedure and CT Protocol

The cryoablation procedures were performed on a dual-
source PCD-CT scanner (NAEOTOM Alpha, Siemens
Healthineers, Erlangen, Germany) with the experimental
setup placed in the isocenter. Correct positioning was again
verified by a sequential reference CT-scan. After starting
continuous temperature measurements at four probe posi-
tions (in 0.25 s intervals) and acquisition of a reference CT
scan, cryoablation was started with a freezing time of
8 min. During freezing, sequential CT scans without
table movement were obtained in 5 s intervals adding up to
a total of 97 scans (8%60 s/5 s 4 1 at time point 0) for each
of the three repetitions.

The following scan parameters were applied: total col-
limation of 144 x 0.4 mm resulting in 57.6 mm acquisi-
tion length in z-axis direction, reference tube potential of
70 kVp, reference tube current time product of 80 mAs,
spectral acquisition mode (QuantumPlus, using thresholds
at 20, 35, 65 and 70 keV, Siemens Healthineers).

Image Reconstruction and Image Analysis

The time resolved scans were reconstructed at the scanner
console using a smooth body regular kernel (Br40) with an
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Fig. 1 Experimental setup. a Schematic of the experimental setup
with position of the cryoprobe, the temperature probes, and the
locations of the regions of interest (ROIs) for CT-value measurements
in equidistance for T1-T4. b Picture of the experimental setup with
the cryoprobe (upper probe) and the four parallel temperature probes
(lower four probes)

iterative metal artifact reduction (iMAR) at varying VMI
levels, ranging from 40 to 130 keV in 10 keV increments.
Slice thickness and increment were both 1.0 mm, and the
matrix size was 512 pixels with a field of view identical for
all three experiments.

For image analysis, regions of interest (ROIs) of 3 mm
diameter were placed at the same axial slice position in
front of the temperature probe endings (T1-T4) in most
homogeneous and least artifact affected tissue using an
open-source software (ImageJ version 1.53 k, https:/
imagej.nih.gov/ij). A reference ROI (ref) with 8 mm
diameter was placed at a distance where the tissue was not
affected by the cryoablation. Mean and standard deviation
of CT-values was automatically derived for all three
experiments, the 97 points in time, the 10 VMI levels and
all five ROIs at three adjacent slices, respectively, using a
python (version 3.9.7) script. For further analysis, ROIs
were averaged across the three slices to increase robustness
to local CT value inhomogeneities and noise. The signal-
to-noise ratio was calculated from the ref ROI measure-
ments, dividing the mean of the CT-values by their stan-
dard deviation. For visualization, linear regression results
were used to allocate temperatures to CT-values creating
‘temperature-coded’ images.
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Fig. 2 Visualization of the same axial slice during the cryoablation of monoenergetic imaging varies from 40 to 70 keV in 10 keV
procedure at exemplary time points. On the horizontal axis, time intervals. HU values of all images are normalized to the grayscale
varies from 0 to 480 s in 80 s intervals; on the vertical axis, the level shown on the right
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Fig. 3 Visualization of the same axial slice during the cryoablation process. On the horizontal axis, time varies from 0 to 120 s in 20 s intervals;
on the vertical axis, the level of monoenergetic imaging varies from 40 to 70 keV in 10 keV intervals
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Statistical Analysis

Statistical analyses were performed using python (version
3.9.7). The Shapiro—Wilk test was used to test for normal
distribution of data. Continuous parametric data are given
as mean =+ standard deviation, non-parametric data as
median with interquartile range. To test for differences, the
paired t-test and the Wilcoxon signed rank test were used
for parametric and non-parametric data, respectively.
Temperature measurements were correlated with the scan
points of time and a linear regression performed. All p-

values were corrected with the Bonferroni method, in case
of multiple comparisons. P-values < 0.05 were considered
to indicate statistical significance.

Results
Temperature Measurements

Measured temperature shows an exponential decay with
the lowest temperatures measured more closely to the tip of
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Fig. 5 Scatter plots and linear correlation of CT-values and
temperatures measured during cryoablation of porcine liver tissue.
a temperature range of [— 45, 4+ 20] °C. b temperature range of
[— 15, + 20] °C

the cryoprobe. The lowest measured temperature was
— 41.1 °C in about 5 mm distance to the cryoprobe after
8 min of cooling. During ablation, we observed the char-
acteristic low-attenuating area originating from the tip of
the cryoprobe. Figure 2 and Fig. 3 illustrate grayscale
images for different VMI series over different time scales.
Here, the ice ball formation can be observed with better
delineation in lower VMI series, which is especially pro-
nounced during the first 120 s of the ablation procedure
(see Fig. 3).

CT-Value Measurements

For analysis of the temperature-dependent changes of CT-
values, 34,920 ROI measurements were included. Detailed
data on CT-values, noise, and SNR for different measure-
ment locations and VMI reconstructions are presented in
supplemental Tables 1-3. Figure 4 shows CT-values over
time for different distances to the cryoprobe. In the ROIs
more closely to the cryoprobe, we observed a more rapid
decrease in CT-values compared to the more distant areas,
where delayed decrease was observed. In the reference
ROI, we observed no relevant changes in attenuation.
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Therefore, mean CT-values were lower in close proximity
to the cryoprobe, which also results in a decreased signal-
to-noise ratio at these locations. Regarding virtual
monoenergetic levels, we observed an increase in image
noise at lower keV-levels exemplarily increasing by 56.8%
(SD: 17.6 to 27.6 HU; p < 0.001) between 70 and 40 keV
series at temperature ROI 1 (T1) in closest proximity to the
cryoprobe. CT-values also increased with decreasing keV,
exemplarily in the reference ROI with a 117.4% increase
(mean: 69.3 to 150.7 HU; p < 0.001) between 70 and
40 keV. Because CT-values showed a disproportional
increase at lower keV VMI, the overall SNR also increased
at lower keV levels. Exemplarily, SNR increased by 80%
(1.0 to 1.8, p < 0.001) between 70 and 40 keV at T1. Due
to the lower CT-values at ROIs more closely to the cry-
oprobe, overall noise and SNR were also lower in these
locations.

Correlation of Temperature and CT-Values
Measurements

When comparing the measured CT-values with the tem-
perature, we found linear correlations for CT-values and
temperature for all VMI. In regression analysis considering
the full temperature range [— 40, 4+ 20] °C, this yielded a
linear correlation between CT-values and temperature in
reference 70 keV images (R* = 0.60, p < 0.001) with a
slope of 1.4, which corresponds to a 1.4 HU decrease per
°C. The slope, however, was steeper at lower keV-levels
increasing to 1.5, 1.7 and 2.0 "V for 60, 50 and 40 keV,
respectively (Fig. 5a). In the scatter plots, we observed
only minor changes to a plateau-like configuration of CT-
values below — 15 °C. Therefore, we additionally assessed
correlation of CT-values and temperature for the dynamic
range of [— 15, 20] °C. Applying this range, we also found
a linear correlation in reference 70 keV images (R* = 0.50,
p < 0.001) with a steeper slope of 2.4 "V/.c increasing to
2.5, 2.6 and 2.7 %Y. for 60, 50 and 40 keV, respectively
(Fig. 5b). Figure 6 shows temperature-coded images,
where each voxel in each series was assigned the temper-
ature according to the calculated linear correlation derived
from regression analysis.

Discussion

In this study, we investigated the thermal sensitivity of
VMI series of various keV-levels generated from photon-
counting detector CT data sets in an ex vivo porcine liver
model during CT-guided cryoablation. The main findings
are: (1) There is a linear correlation of tissue CT-values and
temperature, especially between 4+ 20 and — 15 °C with
formation of a plateau at lower temperatures; (2) VMI
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Fig. 6 Temperature-coded images, where each voxel in each series was assigned the temperature according to the linear correlation or

temperature range of [— 45, + 20] °C (Fig. 5A)

reconstructions at lower keV-levels show higher image
noise but also higher signal-to-noise ratios; (3) with
decreasing keV-levels, we observed a more pronounced
linear correlation of CT-values and temperature, which (4)
results in an increased difference of CT-values between the
ablation zone and the surrounding tissue (especially at
earlier time points, when the desired temperature has not
yet been reached).

Image guidance in percutaneous cryoablation involves
different steps such as planning, targeting, monitoring and
assessment of treatment response [23]. Tissue changes that
occur during the procedure can be monitored by CT to
assess adequate tumor coverage, affection of nearby nor-
mal (non-target) structures and may also be used to per-
form intraprocedural modifications [14]. Careful
observation of the hypoattenuating leading edge of the ice
ball is required to achieve the best possible treatment and
to avoid recurrences [12, 13]. Evaluating the potential of
dual-energy CT for cryoablation guidance in bone, Morris
et al. reported an earlier ice ball visualization in the spine
and pelvis [24]. But how can spectral information be used
to improve discrimination of the ablation zone in hepatic
tissue? Since recently introduced photon-counting detec-
tors inherently provide spectral information for each scan,
it is necessary to investigate, whether and how this addi-
tional and directly accessible information can be used to
improve the peri-interventional control of the ablation zone
in patients undergoing percutaneous cryoablation.

Using an ex vivo porcine liver, we observed a strong
linear correlation of temperature and CT-values that was
even more distinct on VMI series at low keV-levels. It is
not unknown that there is a correlation between tempera-
ture and CT attenuation of hepatic tissue. Using a similar
experimental setup, Huebner et al. reported a thermal
sensitivity of 0.95 HU/. (R? = 0.73) in an ex vivo porcine
liver model [15]. Pohlan et al. reported a thermal sensitivity
of even 2.11 "Y.c (R* = 0.55) using porcine liver placed
on porcine ribs [11]. At comparable keV-levels, our
experiments yielded a thermal sensitivity of 1.2 "Y/.c
(R* = 0.46) for the temperature range of [— 40, 20] °C. An
explanation for the observed deviations might be that
Huebner et al. used temperatures as low as — 75.4 °C
compared to — 41.1 °C in our study and about — 35 °C in
Pohlan et al. Due to the plateau below — 20 °C, which can
also be observed in the study of Huebner et al., the influ-
ence of even lower temperatures will most likely attribute
to a flattening of the correlation line translating into a
reduction thermal sensitivity. Additionally, we used a ref-
erence tube voltage of 70 kVp compared to 120 kVp of
Huebner et al. and Pohlan et al. [11, 15]. Due to the
stagnating CT-values at temperatures below — 20 °C, we
decided to separately assess the thermal sensitivity of this
range of transition, where we calculated a significantly
higher value of 2.2 V.. (R* = 0.40) at 120 keV VML
Utilizing the inherent spectral information of the photon-
counting detector data sets, we showed that thermal
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sensitivity could be further improved (up to 2.7 "Y/.c) by
lowering keV-levels to 40 keV.

But how can these observations be utilized in clinical
routine? First, it must be noted that low-keV VMI recon-
structions can directly be generated and displayed on the
scanner during ablation. These low-keV VMI reconstruc-
tions (with shown increased thermal sensitivity) could then
be used during PCD-CT-guided cryoablation for a more
precise delineation of the ice ball and subsequent ablation
zone. This could help facilitating complete coverage of the
target lesion and avoiding damage to adjacent structures.
Furthermore, the highest thermometric sensitivity between
20 and — 15 °C in combination with VMI reconstructions
may be used for intraprocedural modification of the abla-
tion zone by means of duty cycle setting adjustments at
earlier time points — maybe also with the help of temper-
ature-coded images. In consequence, the cryoablation of
tumors could possibly be performed with greater confi-
dence without additional effort, thanks to the routinely
available VMI reconstructions derived from the inherent
spectral PCD-data.

This study has several limitations. First, we investigated
an ex vivo porcine liver model without perfusion. Second,
the experimental setup was surrounded by air, and third, we
performed the ablation on non-malignant tissue. Therefore,
the results cannot simply be translated to an in vivo
intervention. Fourth, we did not investigate the thermal
sensitivity for increasing temperatures. Other studies also
investigated the thermal sensitivity of CT for higher tem-
peratures with the use of radiofrequency, microwave and
laser ablation [11, 25-29]. However, since heating is
accompanied with fundamentally different changes of the
affected tissue (such as gas building and irreversible pro-
tein denaturation and charring), we did not compare our
findings to studies investigating CT thermal sensitivity by
heating hepatic tissue [29]. Last, we did not investigate,
whether these findings translate into an earlier visibility of
the ablation zone in a real ablation scenario. This impact
should be evaluated in future studies before VMI recon-
structions may be routinely used during hepatic
cryoablation.

In conclusion, this experimental study provides evidence
that routinely and directly available low-keV VMI recon-
structions from inherently spectral PCD-CT data sets can
be used to improve the thermal sensitivity of CT during
cryoablation of liver tissue. Additional studies are neces-
sary to assess, how these findings can be translated into an
in vivo ablation and clinical routine.

Funding Open Access funding enabled and organized by Projekt
DEAL. This study was not supported by any other funding.

@ Springer

Declarations

Conflict of interest Prof. Kroencke discloses receives institutional
research support from Siemens Healthineers and Dr. Schwarz has
received speaker honoraria from Siemens Healthineers. All other
authors of this manuscript declare no relationships with any compa-
nies, whose products or services may be related to the subject matter
of the article.

Consent for Publication For this type of study, consent for publi-
cation is not required.

Ethical Approval This article does not contain any studies with
human participants or animals performed by any of the authors.

Informed Consent For this type of study, informed consent is not
required.

Supplementary  InformationThe online version contains
supplementary material available at https://doi.org/10.1007/s00270-
023-03546-3.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Pusceddu C, Mascia L, Ninniri C, et al. The increasing role of
CT-guided cryoablation for the treatment of liver cancer: a sin-
gle-center report. Cancers. 2022;14:3018. https://doi.org/10.3390/
CANCERS14123018.

2. MaJ, Wang F, Zhang W, et al. Percutaneous cryoablation for the
treatment of liver cancer at special sites: an assessment of effi-
cacy and safety. Quant Imaging Med Surg. 2019;9:1948. https://
doi.org/10.21037/QIMS.2019.11.12.

3. Rong G, Bai W, Dong Z, et al. Long-term outcomes of percu-
taneous cryoablation for patients with hepatocellular carcinoma
within milan criteria. PLoS One. 2015;10:e0123065. https://doi.
org/10.1371/JIOURNAL.PONE.0123065.

4. Niu LZ, Li JL, Zeng JY, et al. Combination treatment with
comprehensive cryoablation and immunotherapy in metastatic
hepatocellular  cancer. World J  Gastroenterol: ~ WIJG.
2013;19:3473. https://doi.org/10.3748/WIJG.V19.122.3473.

5. Littrup PJ, Aoun HD, Adam B, et al. Percutaneous cryoablation
of hepatic tumors: long-term experience of a large U.S. series.
Abdom Radiol. 2016;41:767-80. https://doi.org/10.1007/S00261-
016-0687-X/FIGURES/S.

6. Glazer DI, Tatli S, Shyn PB, et al. Percutaneous image-guided
cryoablation of hepatic tumors: single-center experience with
intermediate to long-term outcomes. AJR Am J Roentgenol.
2017;209:1381. https://doi.org/10.2214/AJR.16.17582.

7. Chang X, Wang Y, Yu HP, et al. CT-guided percutaneous
cryoablation for palliative therapy of gastric cancer liver


https://doi.org/10.1007/s00270-023-03546-3
https://doi.org/10.1007/s00270-023-03546-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/CANCERS14123018
https://doi.org/10.3390/CANCERS14123018
https://doi.org/10.21037/QIMS.2019.11.12
https://doi.org/10.21037/QIMS.2019.11.12
https://doi.org/10.1371/JOURNAL.PONE.0123065
https://doi.org/10.1371/JOURNAL.PONE.0123065
https://doi.org/10.3748/WJG.V19.I22.3473
https://doi.org/10.1007/S00261-016-0687-X/FIGURES/5
https://doi.org/10.1007/S00261-016-0687-X/FIGURES/5
https://doi.org/10.2214/AJR.16.17582

J. A. Decker et al.: Improved Thermal Sensitivity Using Virtual Monochromatic Imaging...

1393

10.

11.

12.

13.

14.

15.

16.

17.

18.

metastases. Cryobiology. 2018;82:43-8. https://doi.org/10.1016/
J.CRYOBIOL.2018.04.010.

. Kalra N, Gupta P, Jugpal T, et al. Percutaneous cryoablation of

liver tumors: initial experience from a tertiary care center in
India. J Clin Exp Hepatol. 2021;11:305-11. https://doi.org/10.
1016/J.JCEH.2020.10.005.

. Cha SY, Kang TW, Min JH, et al. RF ablation versus cryoabla-

tion for small perivascular hepatocellular carcinoma: propensity
score analyses of mid-term outcomes. Cardiovasc Intervent
Radiol. 2020;43:434-44. https://doi.org/10.1007/S00270-019-
02394-4/FIGURES/S.

Xu J, Noda C, Erickson A, et al. Radiofrequency ablation vs.
cryoablation for localized hepatocellular carcinoma: a propen-
sity-matched population study. Anticancer Res. 2018;38:6381-6.
https://doi.org/10.21873/ANTICANRES.12997.

Pohlan J, Kress W, Hermann KG, et al. Computed tomography
thermography for ablation zone prediction in microwave ablation
and cryoablation: advantages and challenges in an ex vivo por-
cine liver model. J Comput Assist Tomogr. 2020;44:744-9.
https://doi.org/10.1097/RCT.0000000000001081.

Lee FT Jr, Chosy SG, Littrup PJ, Warner TF, Kuhlman JE, Mahvi
DM. CT-monitored percutaneous cryoablation in a pig liver
model: pilot study. Radiology. 1999;211(3):687-92.

Hinshaw JL, Lee FT. Cryoablation for liver cancer. Tech Vasc
Interv Radiol. 2007;10:47-57. https://doi.org/10.1053/].TVIR.
2007.08.005.

Permpongkosol S, Link RE, Kavoussi LR, Solomon SB. Tem-
perature measurements of the low-attenuation radiographic ice
ball during CT-guided renal cryoablation. Cardiovasc Intervent
Radiol. 2008;31:116-21. https://doi.org/10.1007/S00270-007-
9220-5/TABLES/2.

Hiibner F, Schreiner R, Panahi B, Vogl TJ. Evaluation of the
thermal sensitivity of porcine liver in CT-guided cryoablation: an
initial study. Med Phys. 2020;47:4997-5005. https://doi.org/10.
1002/MP.14432.

Sandison GA, Loye MP, Rewcastle JC, et al. X-ray CT moni-
toring of iceball growth and thermal distribution during cryo-
surgery. Phys Med Biol. 1998;43:3309. https://doi.org/10.1088/
0031-9155/43/11/010.

Reiser M, Drukier AK, Ultsch B, Feuerbach S. The use of CT in
monitoring cryosurgery. Eur J Radiol. 1983;3:123-8.

Popken F, Seifert JK, Engelmann R, et al. Comparison of iceball
diameter and temperature distribution achieved with 3-mm
accuprobe cryoprobes in porcine and human liver tissue and
human colorectal liver metastases in vitro. Cryobiology.
2000;40:302-10. https://doi.org/10.1006/CRY0.2000.2250.

. Flohr T, Ulzheimer S, Petersilka M, Schmidt B. Basic principles

and clinical potential of photon-counting detector CT. Chin J
Acad Radiol. 2020;3:19-34. https://doi.org/10.1007/S42058-020-
00029-Z.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Flohr T, Petersilka M, Henning A, et al. Photon-counting CT
review. Physica Med. 2020;79:126-36. https://doi.org/10.1016/J.
EJMP.2020.10.030.

Bette S, Decker JA, Braun FM, et al. Optimal conspicuity of liver
metastases in virtual monochromatic imaging reconstructions on
a novel photon-counting detector CT&mdash; effect of keV
settings and BMI. Diagnostics. 2022;12:1231. https://doi.org/10.
3390/DIAGNOSTICS12051231.

Higashigaito K, Euler A, Eberhard M, et al. Contrast-enhanced
abdominal CT with clinical photon-counting detector CT:
assessment of image quality and comparison with energy-inte-
grating detector CT. Acad Radiol. 2022;29:689-97. https://doi.
org/10.1016/J.ACRA.2021.06.018.

Ahmed M, Solbiati L, Brace CL, et al. Image-guided tumor
ablation: standardization of terminology and reporting criteria—a
10-year update. Radiology. 2014;273:241-60. https://doi.org/10.
1148/radiol.14132958.

Morris J, Michalak G, Leng S, et al. Dual-energy CT monitoring
of cryoablation zone growth in the spinal column and bony pel-
vis: a laboratory study. J Vasc Interv Radiol. 2019;30:1496-503.
https://doi.org/10.1016/J.JVIR.2019.01.030.

Pandeya GD, Greuter MJ, Schmidt B, Flohr T, Oudkerk M.
Assessment of thermal sensitivity of CT during heating of liver:
an ex vivo study. Br J Radiol. 2012;85(1017):e661-5. https://doi.
org/10.1259/BJR/23942179.

Pandeya GD, Greuter MJW, de Jong KP, et al. Feasibility of
noninvasive temperature assessment during radiofrequency liver
ablation on computed tomography. J Comput Assist Tomogr.
2011;35:356-60. https://doi.org/10.1097/RCT.
0BO13E318217121D.

Pandeya GD, Klaessens JHGM, Greuter MJW, et al. Feasibility
of computed tomography based thermometry during interstitial
laser heating in bovine liver. Eur Radiol. 2011;21:1733-8. https://
doi.org/10.1007/S00330-011-2106-6/FIGURES/3.

Schena E, Giurazza F, Massaroni C, Fong Y, Park JJ, Saccomandi
P. Thermometry based on computed tomography images during
microwave ablation: Trials on ex vivo porcine liver. In 2017
IEEE international instrumentation and measurement technology
conference (I2ZMTC) 2017 (pp. 1-6). IEEE https://doi.org/10.
1109/12MTC.2017.7969940.

Fani F, Schena E, Saccomandi P, Silvestri S. CT-based ther-
mometry: an overview. Int J Hyperther. 2014;30(4):219-27.
https://doi.org/10.3109/02656736.2014.922221.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/J.CRYOBIOL.2018.04.010
https://doi.org/10.1016/J.CRYOBIOL.2018.04.010
https://doi.org/10.1016/J.JCEH.2020.10.005
https://doi.org/10.1016/J.JCEH.2020.10.005
https://doi.org/10.1007/S00270-019-02394-4/FIGURES/5
https://doi.org/10.1007/S00270-019-02394-4/FIGURES/5
https://doi.org/10.21873/ANTICANRES.12997
https://doi.org/10.1097/RCT.0000000000001081
https://doi.org/10.1053/J.TVIR.2007.08.005
https://doi.org/10.1053/J.TVIR.2007.08.005
https://doi.org/10.1007/S00270-007-9220-5/TABLES/2
https://doi.org/10.1007/S00270-007-9220-5/TABLES/2
https://doi.org/10.1002/MP.14432
https://doi.org/10.1002/MP.14432
https://doi.org/10.1088/0031-9155/43/11/010
https://doi.org/10.1088/0031-9155/43/11/010
https://doi.org/10.1006/CRYO.2000.2250
https://doi.org/10.1007/S42058-020-00029-Z
https://doi.org/10.1007/S42058-020-00029-Z
https://doi.org/10.1016/J.EJMP.2020.10.030
https://doi.org/10.1016/J.EJMP.2020.10.030
https://doi.org/10.3390/DIAGNOSTICS12051231
https://doi.org/10.3390/DIAGNOSTICS12051231
https://doi.org/10.1016/J.ACRA.2021.06.018
https://doi.org/10.1016/J.ACRA.2021.06.018
https://doi.org/10.1148/radiol.14132958
https://doi.org/10.1148/radiol.14132958
https://doi.org/10.1016/J.JVIR.2019.01.030
https://doi.org/10.1259/BJR/23942179
https://doi.org/10.1259/BJR/23942179
https://doi.org/10.1097/RCT.0B013E318217121D
https://doi.org/10.1097/RCT.0B013E318217121D
https://doi.org/10.1007/S00330-011-2106-6/FIGURES/3
https://doi.org/10.1007/S00330-011-2106-6/FIGURES/3
https://doi.org/10.1109/I2MTC.2017.7969940.
https://doi.org/10.1109/I2MTC.2017.7969940.
https://doi.org/10.3109/02656736.2014.922221

	Improved Thermal Sensitivity Using Virtual Monochromatic Imaging Derived from Photon Counting Detector CT Data Sets: Ex Vivo Results of CT-Guided Cryoablation in Porcine Liver
	Abstract
	Purpose
	Materials and Methods
	Results
	Conclusion
	Graphical Abstract

	Introduction
	Materials and Methods
	Experimental Setup
	Cryoablation Procedure and CT Protocol
	Image Reconstruction and Image Analysis
	Statistical Analysis

	Results
	Temperature Measurements
	CT-Value Measurements
	Correlation of Temperature and CT-Values Measurements

	Discussion
	Open Access
	References




