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Abstract: Our aim was to compare the image quality and patient dose of contrast-enhanced oncologic
chest-CT of a first-generation photon-counting detector (PCD-CT) and a second-generation dual-
source dual-energy CT (DSCT). For this reason, one hundred consecutive oncologic patients (63 male,
65 + 11 years, BMI: 16-42 kg/m?) were prospectively enrolled and evaluated. Clinically indicated
contrast-enhanced chest-CT were obtained with PCD-CT and compared to previously obtained
chest-DSCT in the same individuals. The median time interval between the scans was three months.
The same contrast media protocol was used for both scans. PCD-CT was performed in QuantumPlus
mode (obtaining full spectral information) at 120 kVp. DSCT was performed using 100 kV for Tube
A and 140 kV for Tube B. “T3D” PCD-CT images were evaluated, which emulate conventional
120 keV polychromatic images. For DSCT, the convolution algorithm was set at I31f with class 1
iterative reconstruction, whereas comparable Br40 kernel and iterative reconstruction strengths (Q1
and Q3) were applied for PCD-CT. Two radiologists assessed image quality using a five-point Likert
scale and performed measurements of vessels and lung parenchyma for signal-to-noise ratio (SNR),
contrast-to-noise ratio (CNR), and in the case of pulmonary metastases tumor-to-lung parenchyma
contrast ratio. PCD-CT CNRegqe] Was significantly higher than DSCT CNRyeg51 (all, p < 0.05). Read-
ers rated image contrast of mediastinum, vessels, and lung parenchyma significantly higher in
PCD-CT than DSCT images (p < 0.001). Q3 PCD-CT CNRiung_parenchyma Was significantly higher
than DSCT CNRjung_parenchyma and Q1 PCD-CT CNRyyng parenchyma (P < 0.01). The tumor-to-lung
parenchyma contrast ratio was significantly higher on PCD-CT than DSCT images (0.08 & 0.04 vs.
0.03 £ 0.02, p < 0.001). CTDI, DLP, SSDE mean values for PCD-CT and DSCT were 4.17 & 1.29 mGy
vs. 7.21 £ 0.49 mGy, 151.01 + 48.56 mGy * cm vs. 288.64 + 31.17 mGy * cm and 4.23 4+ 0.97 vs.
7.48 £ 1.09, respectively. PCD-CT enables oncologic chest-CT with a significantly reduced dose while
maintaining image quality similar to a second-generation DSCT for comparable protocol settings.
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1. Introduction

Computed tomography (CT) is a cornerstone of oncologic imaging due to its wide
availability, comparably lower cost, excellent spatial resolution, and fast acquisition speed,
enabling high throughput and contributing to patient satisfaction.

One major limitation of CT imaging is the accumulating radiation exposure in on-
cologic patients undergoing serial CT scans for treatment monitoring. Radiation dose-
reducing techniques include using a lower tube current and tube voltage, automated
exposure control, protocol tailoring to the clinical question, automated control of image
quality, increased pitch, reduction in scan length, imaging filtering, improved detector
efficiency, iterative reconstruction, and the use of individualized imaging protocols [1-5].
However, reducing radiation doses often reduces image quality, limiting its clinical utility.

With the advent of dual-source CT technology coupled with improved detector quality,
dose reductions of up to 30% could be achieved already with third-generation dual-energy
dual-source CT (DSCT) compared to second-generation DSCT [6]. Photon-counting de-
tector CT (PCD-CT) technology is promising to further reduce radiation doses [7,8] as it
converts individual X-ray photons directly into electronic signals proportional to their
deposited energy, almost unaffected by electronic noise [9-12]. As PCDs do not have
scintillators and septa, they can be fabricated with smaller elements compared to DSCT,
thus significantly improving the spatial resolution [13]. Moreover, image quality can be
further improved by manipulating the weighting of energy bins in the spectral data and
also by using the decomposition of the material. For chest-CT applications, a great im-
provement in the detectability of both lesions with low-contrast compared to the adjacent
lung parenchyma (e.g., partial solid nodules) as well as for high-contrast lesions has been
reported by Si-Mohamed et al. [14]. Accordingly, we hypothesized that a first-generation
PCD-CT should require less of a radiation dose than second-generation DSCT for standard
contrast-enhanced chest-CT in oncologic patients while delivering comparable or improved
image quality.

The purpose of our study was to compare the image quality and the patient dose
of contrast-enhanced oncologic chest-CT of a first-generation PCD-CT and a second-
generation DSCT using comparable exam protocol settings.

2. Materials and Methods
2.1. Subjects

Our institutional review board approved this prospective data evaluation, which was
assigned the approval number 696/2021B01. Participants gave written informed consent.
Between October 2021 and December 2021, a total of 100 consecutive oncologic patients
who were referred for staging or treatment monitoring to our radiology department were
enrolled (Table 1).

Table 1. Distribution of oncological disease among the participants.

Oncological Diseases Absolute Value (Relative Value in %)
NSCLC/SCLC 12 (12%) /7 (7%)
Colorectal carcinoma 17 (17%)
Gastrooesophageal carcinoma 15 (15%)
Pancreatic carcinoma 10 (10%)
Hepatobiliary cancer 8 (8%)
Lymphoma 7 (7%)
Others (ovarian carcinoma, thymic carcinoma, etc.) 24 (24%)

The same enrolled participants first underwent a standardized contrast-enhanced
DSCT of the chest during either primary diagnosis and/or treatment monitoring, followed
at the time by a PCD-CT examination using a comparable standardized protocol. All of
the patients were enrolled consecutively, and none of them had to be excluded from the
final evaluation. As differences both in image quality and radiation dose became evident
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early in the course of the study, we decided to make a preliminary analysis of this cohort.
The exclusion criteria included differences in the examinational protocols of PCD-CT and
DSCT, contrast media concentrations, contrast media delay times, contrast agent volumes,
and contrast media injection speed.

2.2. Dual-Source Chest-CT

DSCT studies were performed with the patients in a supine position using a 128-slice
MDCT scanner (SOMATOM Definition Flash, Siemens Healthcare, Forchheim, Germany).
The scan range comprised the entire chest, extending from the diaphragm to the thoracic
inlet. We used the following examinational protocol: 100 kV for Tube A and 140 kV for
Tube B, mean X-ray tube current of 100 mAs (automated tube current modulation called
CareDose 4D was used), a slice thickness of 3 mm, focal spot 1.2, kernel I31f, iterative
reconstruction ADMIRE1 (comparable to Q1 at PCD-CT), single collimation with a width
of 0.6 mm, total collimation with a width of 57.6 mm, a table speed of 134.7 cm/s, a
table feed/rotation of 38.6, a spiral pitch factor of 1.0, and a 512 x 512 matrix. The
contrast medium protocol included intravenous administration of 1.2 mL/kg/body weight
(IMERON 350 mg iodine/mL BRACCO Imaging, Germany) at a flow rate of 2 mL/s via
the antecubital vein, followed by a 50 mL saline flush at 2.5 mL/s. The contrast material
was administered using a dual-head pump injector (CT motion XD 8000, Ulrich Medical,
Ulm, Germany). Arterial image acquisition started 31 s after intravenous administration
and was the same for both scanners.

2.3. Photon-Counting Detector Chest-CT

PCD-CT was performed with the patients in the supine position using a first-generation
dual-source CT scanner with quantum imaging (NAEOTOM Alpha, Siemens Healthineers,
Forchheim, Germany) equipped with two photon-counting detectors. The polychromatic
images were reconstructed for PCD-CT at 120 keV—so-called T3D— representing poly-
chromatic information that can be considered comparable to a conventional polychromatic
reconstruction on a DSCT scanner [15]. The following examinational protocol was used:
120 kV (automated tube current modulation—CareDose 4D), mean X-ray tube current
110 mAs, IQ level 60, a slice thickness of 3 mm, focal spot 0.8/1.2, kernel Br40f, iterative re-
construction factor Q1 and Q3, single collimation with a width of 0.4 mm, total collimation
with a width of 57.6 mm, a table speed of 115.2 cm/s, a table feed/rotation of 57.6, and a
spiral pitch factor of 1. The contrast agent protocol was standardized for all of the patients
and was identical to the DSCT protocol.

2.4. Radiation Dose Quantification

In all of the patients, the volumetric CT dose index (CTDIvol) and dose length product
(DLP) were obtained from the dose report, which was automatically stored in the picture
archiving and communication system. The size-specific dose estimates (SSDE) were cal-
culated based on each patient’s effective diameter (transverse), as measured on the axial
images [16]:

SSDE = (3.70 x e — 0.0367 x effective diameter) x CTDIvol
Subsequently, the absolute values were compared between the two scanners.

2.5. Image Quality Quantification

Two radiologists with 1 (L.W.) and 2 (FH.) years of experience in chest imaging
performed the measurements. In each patient, round or oval ROIs were manually placed
within the ascending thoracic aorta (ROI size, 80-120 mm?), descending thoracic aorta (ROI
size 80-120 mm?), the pulmonary trunk (ROI size, 50-90 mrnZ), as well as in the peripheral
lung parenchyma (200-300 mm?). For each region, three individual measurements were
performed and averaged. The readers carefully avoided focal calcified aortic plaques or
inhomogeneous areas of lung parenchymal attenuation, tumors, or areas of pulmonary
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consolidation. Mean attenuation values were calculated by averaging the attenuation
values of both radiologists. The signal-to-noise ratio (SNR) was calculated for each ROI as
follows: SNR = (HUROI)/SDROI. Contrast-to-noise ratio (CNR) of the individual anatomic
structures (lung and vessels) were calculated by manually placing ROIs with a size of
100-300 mm? in the patient’s pectoral muscles and subcutaneous fat. Image noise was
defined as the standard deviation (SD) of the subcutaneous fat (SDfat), and the organ-
specific CNR was calculated as follows: CNR = (HUROI — HUmuscle)/SDfat.

In the patients presenting with pulmonary lesions (all of them metastatic in ori-
gin) (n = 23), an additional ROI was placed in the main tumor manifestation (ROI size,
150-500 mm?), and a ratio to the attenuation of lung parenchyma was calculated according
to the formula:

Tumor-to-lung parenchyma contrast ratio = | (ROItumor/ROIlung parenchyma) |

2.6. Subjective Image Quality

Two radiologists with 1 (L.W.) and 2 (FH.) years of experience in chest imaging read
all CT exams in a blinded, randomized, and independent fashion. Disagreements were
resolved during a final consensus round (n = 10 cases). The consensus reading consisted of
a third joint measurement using a new ROI set together by both readers.

The images were randomly analyzed with freely-adjustable window settings. Subjec-
tive image contrast, image noise, and image sharpness were evaluated for the mediastinum,
the lung, and the vessels by using a five-point Likert scale: five, excellent image quality;
four, good image quality; three, fair but comprised image quality; two, poor image quality;
one, non-diagnostic. Within the region of interest, both radiologists were free to choose
their slice level. However, both readers had to complete a questionnaire suggesting the
anatomical areas to be evaluated (e.g., upper lung lobes, the pulmonary arteries close to
their first branching, ascending thoracic aorta 3 cm above the aortic valve level, descendent
thoracic aorta about 3 cm above the diaphragms) and the ROI size ranges to be used.

2.7. Statistical Analysis

The data analysis was performed using IBM SPSS Statistics for Windows, Version
26.0 (IBM Corp., Armonk, NY, USA). The level of significance was set at & = 0.05. Con-
tinuous variables are provided as mean =+ standard deviation (95% confidence interval)
for normally distributed variables and median + standard deviation (95% confidence
interval) for non-normal data. Normal data distribution was assessed by applying the
Shapiro-Wilk test. In the case of normal distribution, the variables of the two groups
were compared according to the ¢-test for pairs. The Wilcoxon signed-rank paired test was
used if data were not normally distributed. Comparison of DSCT with PCD-CT Q1 and
Q3 iterative reconstruction strengths was performed with the Friedman test, followed by
post-hoc Dunn—Bonferroni-tests with an alpha correction to analyze differences between
the three subgroups.

3. Results
3.1. Patient Characteristics

A total of 100 participants (63 male, 65 £ 11 years) were included (Table 2). The mean
time between both examinations was 3 £ 3.7 months.

3.2. Radiation Dose Quantification

The mean values of CTDI, and DLP were 4.17 £+ 1.29 mGy (1.98-9.38 mGy) and
151.01 £ 48.56 mGy * cm (64.8-312.0 mGy * cm) for the PCD-CT group, and 7.21 £ 0.49 mGy
(6.59-11.42 mGy) and 288.64 & 31.17 mGy * cm (233.2-479,6 mGy * cm) for the DSCT group,
respectively (p < 0.001 for both). The SSDE was 4.23 £ 0.97 (2.26-6.63) for the PCD-CT
group and 7.48 £ 1.09 (3.81-10.47) for the DSCT group (p < 0.001). The mean SSDE could
be reduced by 43% compared to the previous DSCT examination (4.23 vs. 7.48).
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Table 2. Patient characteristics.

PCD-CT (Mean + SD) DSCT (Mean £ SD) p-Value

Age (in [y]) 65.02 + 11.38 64.65 + 11.14 <0.001 *

Weight (in [kg]) 72.34 +14.71 72.26 + 14.85 0.142*
Height (in [m]) 1.72 + 0.084 1.72 + 0.086 0.620 *

BMI (in [%]) 2443 4+ 4.43 24.45 + 4.53 0.304 *
Transverse diameter (in [cm]) 34.67 +3.98 3491 +4.17 0.141 **

* Wilcoxon signed rank paired test, ** paired t-test.

3.3. Image Quality Quantification

The objective analysis is displayed in Table 3. Q3 strength achieved the highest SNR

for the vessels, lung parenchyma, subcutaneous fat, and chest muscle. Q1 strength had sig-
nificantly lower SNR compared to DSCT. The CNR of Q1 and Q3 strengths achieved
significantly higher values in the vessels compared to DSCT (18.02 £ 6.36 (Q1) and
22.48 (Q3) & 8.07 vs. 11.98 + 5.58 (DSCT), p < 0.001). The CNR of the lung parenchyma
was highest for Q3 (PCD-CT), followed by ADMIRE1 (DSCT) and Q1 (PCD-CT) (p < 0.001).

Table 3. Comparison of the objective image quality between DSCT und PCD-CT.

DSCT PCD-CT
ADMIRE 1 o1 03 p-Value Corrected p-Value
ROI?IS\“/IEQS;‘;%“;T;@SEH"“E 192.40 + 42.28 282.05 + 47.62 280.30 + 45.34 <0.001 w o ((813//858%)
ROId(el\s/}ee'glgfl—‘rfsagc)—am 182.90 + 44.57 27410 + 45.85 273.90 + 46.27 <0.001 v ((83//858%)
R&g‘c‘igﬁ“iﬂs‘g{k 208.25 + 54.88 295.25 + 77.71 294.65 + 81.91 <0.001 s ((813//858%)
R&Eﬁ%ﬁ“;“%‘;a —888.65+2922  —888.65+3095  —891.60 + 31.25 0.403
Rﬁz&?:ﬁi“;‘fs?e 63.60 + 11.62 57.25 + 8.00 57.10 + 7.55 0.002 ool ((83//8558%)
R(%?ébgffﬁoﬁjfft 966543473 10825+ 1847  —108.55 + 18.67 <0.001 s ((813//858%)
SNRa;ij[“:;‘;fih"S‘S;C—“m 21.67 + 5.98 19.44 + 438 24.86 + 5.36 <0.001 * * Q3 > DSCT > Q1 (p < 0.001)
SNR‘zizczgi‘i{:ﬁ—r’é“S;—wﬁa 19.79 + 6.77 19.01 + 4.60 25.87 + 6.35 <0.001 * - 106(.)8021(%1//]3135%%)
Sl(\ﬁgggz‘iy—;g;w 20.81 + 7.38 19.17 + 538 25.45 + 6.96 <0.001 * * Q3 > DSCT > Q1 (p < 0.001)
ﬁgﬁﬁf‘;ﬁ% 562+ 1.89 466+ 3.57 6.02 + 1.65 <0.001 * * Q3 > DSCT > Q1 (p < 0.001)
(&Neﬁgﬁhjgl—sag) 11072 £4031 7073 +2548 841443228  <0.001* * Q3 > DSCT > Q1 (p < 0.001)
Sl\zﬁggﬁ‘gg’a—m ~8.30 +3.73 8314252 ~10.59 + 3.36 <0.001 * * Q3 > DSCT > Q1 (p < 0.001)
SI(\ﬁg‘c‘i‘fa—gﬁ“gg')m 7861+ 2446  —7021+2051  —85.15 + 26.63 <0.001 s ((831 //DDgg%)
(Mgdiifefém 11.98 + 5.58 18.02 + 6.36 2248 + 8.07 <0.001 * * Q3 > Q1 > DSCT (p < 0.001)
Cﬁéﬁ‘%ﬁaf‘é%;“ 8508 +2261  -7500+16.68 ~ —9390+2644  <0.001* * Q3> DSCT > Q1 (p < 0.001)
R L 0.03 £ 0.02 0.08 + 0.04 0.08 = 0.04 <0.001 * R 2 DT & S 0oony

(Median =+ SD)

* Friedman-test, ** Post-Hoc Dunn-Bonferroni-Tests with corrected alpha.

Q1 and Q3 strength resulted in a significantly higher tumor-to-lung parenchyma
contrast ratio compared to the corresponding DSCT data sets. The maximum tumor size
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was significantly larger at the time of PCD acquisition (12.4 4= 8.96 cm vs. 11.00 £ 8.63 cm)
(Table 3 and Figures 1 and 2).
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Figure 1. Pulmonary metastasis (arrows) of a colorectal carcinoma in a 75-year-old man. Tumor
size: (C,F) 9 mm, (A,B,D,E) 10.5 mm, timespan between the examinations: 3 months.
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Figure 2. Boxplots representing the ratios of tumor-to-lung parenchyma contrast calculated for the
two scanners, including the two Quantum strengths (Q1 and Q3) for the PCD.

A-C: Window width: 342 HU, Window level: 56 HU, D-E: Window width: 1500 HU,
Window level: —500 HU, C and F: ADMIREL iterative reconstructed image data set, A and
D: Q1 iterative reconstructed image data set, B and E: Q3 iterative reconstructed image
data set.
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3.4. Subjective Image Quality

After the first reading session, 10 image data sets (four male and six female patients)
were separately rated by both radiologists. A common consent was reached after the
final reading session. The median rating of overall image quality, noise, and contrast
was four (good) for PCD-CT and DSCT. Nonetheless, especially the image contrast of the
mediastinum, vessels, and lung parenchyma were rated significantly higher with PCD-CT
compared to DSCT (p < 0.001) (see Figures 3-5).

Figure 3. Delineation of lung vessel contours in a 59-year-old man. Window width: 1000 HU, Window
level: —590 HU, (A) Q1 iterative reconstructed image data set, (B) Q3 iterative reconstructed image
data set, (C) ADMIREI iterative reconstructed image data set. Arrows: bifurcation of thin vessels.

Figure 4. Delineation of mediastinal vessel contours in a 63-year-old man. Window width: 342 HU,
window level: 56 HU (A) Q1 iterative reconstructed image data set, (B) Q3 iterative reconstructed
image data set, (C) ADMIRE] iterative reconstructed image data set. Arrows: thin mediastinal vessel.



Tomography 2022, 8

1473

Figure 5. Coronal reformats of a contrast-enhanced chest-CT in a 76-year-old female patient. Note the
different quality in delineation of intercostal vessels. (A,C): Window width: 877 HU, Window level:
108 HU, (B,D): Window width: 342 HU, Window level: 56 HU, (A,B) Q1 iterative reconstructed image
data set, (C,D) ADMIRE]1 iterative reconstructed image data set. Arrows: thin intercostal vessels.

The Q1 strength of the PCD-CT was associated with a higher noise level in the medi-
astinum, vessels, or lung parenchyma compared to the equivalent DSCT images (Table 4).
Lung parenchyma sharpness was significantly higher in Q3 level reconstructed PCD-CT
images than the DSCT images (p = 0.027).

Table 4. Comparison of the subjective image quality between the DSDECT and PCD-CT (Q1 and Q3).

DSCT PCD-CT p-Value Corrected p-Value
Admire 1 Q1 Q3
Image Noise . **DSCT > Q1 (p < 0.001)
Median (Min-Max) 4(3-9) 324 324 <0.001* »DSCT > O3 (p = 0.014)
S Image Contrast . ** Q1> DSCT (p < 0.001)
Mediastinum Median (Min-Max) 3(24) 4 (2-4) 4(2-4) <0.001 * Q3 > DSCT (p < 0.001)
Image Sharpness " ** DSCT > Q1 (p = 0.003)
Median (Min-Max) 4(25) 3014 3(295) <0.001 # DSCT > O3 (p = 0.024)
Image Noise No differences between
Median (Min-Max) 435 4(-5) 435 <0.001* the groups
Image Contrast . **Q1 > DSCT (p < 0.001)
Vessels Median (Min-Max) 4(2-9) 5(3-9) 535 <0.001 ** Q3 > DSCT (p < 0.001)
Image Sharpness " No differences between
Median (Min-Max) 4(-5) 465 4(25) 0.662 the groups
Image Noise | . **Q3 > Q1 (p <0.001)
Median (Min-Max) 434 324 465 <0.001 »DSCT > Q1 (p < 0.001)
I C t t * *
Lung parenchyma Mg;?agne (NEE—R?IZX) 4 (3-4) 4 (3-5) 4 (3-5) <0.001 **Q3 > DSCT (p = 0.027)
Image Sharpness 4(3-5) 4(3-5) 4(3-5) 0.004 * No differences between

Median (Min-Max)

the groups

* Friedman-test, ** Post-Hoc Dunn-Bonferroni-Tests with corrected alpha.

4. Discussion

Our results show that the radiation dose for contrast-enhanced chest-CT can be sig-
nificantly reduced with PCD-CT compared to second-generation DSCT, thereby yielding
similar image quality. Based on SSDE, PCD-CT enabled a 43% dose reduction. Con-
comitantly, reader-based image quality assessment yielded comparable results of PCD-CT
and second-generation DSCT with potential for further improvement with increasing Q
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strength. There was no significant difference in body weight between DSCT and PCD-CT
to suggest patient-based confounding factors. Quantitative image analysis showed the best
SNR for the vessels, lung parenchyma, and subcutaneous fat for PCD-CT when using Q3,
whereas Q1 was inferior to ADMIREL strength when applied to DSCT data. Combining
vessel measurements of the aorta and pulmonary vessels resulted in a significantly higher
CNR of PCD-CT for both Q1 and Q3 over DSCT.

Similarly, the visual reader assessment of image contrast and noise were best for
PCD-CT in all tissues, but the differences to DSCT proved not significant. Moreover,
the mediastinal noise levels were significantly lower for PCD-CT Q1 and Q3 strengths
compared to DSCT. The image contrast was better for PCD-CT, even for the Q1 strength,
than DSCT. For lung parenchyma, the image contrast and quality were significantly better
for both Q1 and Q3 strengths. Finally, the tumor-to-lung parenchyma contrast ratio proved
superior for the PCD over the EID.

The image quality of chest CT depends on many variables, which can be patient-
dependent (BMI, compliance, size and density of organs and tumors), protocol-related (tube
current, tube voltage, kernel, pitch, iterative reconstruction, individualization of scanning
protocols depending on the clinical question, section thickness, section spacing, scan length),
and hardware-dependent (beam-shaping filter and improved detector technology) [11,12].

In practice, CT image quality should comply with the clinical requirements. While
reduced image quality may be sufficient for chest-CT screening, oncologic CT often requires
high-diagnostic image quality to ensure the accurate detection of even subtle abnormali-
ties. Despite previous reports recommending low-energy or even ultra-low-dose energy
protocols for diagnosing pneumonia, lung nodules, and fibrosis [17,18], a meta-analysis
evaluating the accuracy of low-dose-CT found widely varying accuracies that prevented de-
riving unified performance data [19]. Some reports indicated adequate detection accuracy
of honeycombing and bronchiectasis with low-dose CT, as well as the adequacy of ultra-
low-dose-CT for diagnosing pneumothorax, consolidations, and ground-glass opacities.
Others have stated that low-dose chest-CT protocols are potentially beneficial in certain
clinical settings but not in obese patients or with atypical interstitial lung diseases [20]. In
contrast, oncologic chest-CT has a wide spectrum of abnormalities and complex clinical
questions, including tumor monitoring, the detection of new metastases, the assessment of
potential drug toxicity-induced pulmonary complications, and paraneoplastic coagulation
disorders with aortic or pulmonary vascular thrombosis for which adequate image quality
is a requisite for accurate diagnoses.

With dose reduction remaining a major goal in clinical practice, PCD-CT may bridge
the gap between dose reduction and image quality comparable to the high image quality of
conventional DSCT. The main difference between conventional energy-integrating detector
(EID) CT and PCD-CT is that the former uses indirect conversion technology, with a layer of
scintillators converting X-ray photons into visible light, which are consequently detected by
a photodiode and converted into electronic signals, whereas the latter directedly converses
X-ray photons into electron-hole pairs by using a semiconductor detector material with a
better electron yield. Contrary to the conventional energy-integrating detector CT, which
integrates the energy levels of all detected photons, PCDs count the number of individual
photons exceeding a specified energy level. Therefore, the electronic noise is usually
negligible for protocols used in average-sized patients [20]. Electronic noise is usually
detected as a low-amplitude signal. PCD-CT excludes electron noise by setting a slightly
higher low energy threshold than the energy level associated with the electronic noise signal
amplitude. Based on the physical principles of PCD-CT, noise reduction, increased spatial
resolution, and dose reduction have been anticipated [21-24]. This explains our results
showing a clear trend towards higher CNR and lower noise levels. Regarding artifacts,
PCD-CT has the potential to reduce blooming by means of improved spatial resolution and
material decomposition [21].

PCD-CT increased iodine contrast with similar image noise compared to energy-
integrating detectors, thereby realizing a dose reduction of 32% [25]. Dose reductions in a
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similar range were also described for chest, head, and neck applications [26,27]. The results
of our oncologic chest CT are in keeping with the published data.

Our study has limitations. We did not intend to adjust the two protocols to comparable
energies but to image quality. Based on the major technical differences between the DSCT
and PCD-CT detector technologies, protocol parameters and applied energies may not
be translatable in an identical fashion. Only one iterative reconstruction strength (1) was
available for the second-generation DSCT, which limited comparability to PCD-CT. Some
major aspects related to the superiority of PCD over EID in the chest diagnosis in terms of
lesion detectability and improved spatial resolution for accurate display and interpretation
of, e.g., interstitial lung diseases have not been addressed in this study.

5. Conclusions

In conclusion, PCD-CT enables oncologic chest-CT with a significantly reduced dose
while retaining image quality similar to a second-generation DSCT.

Author Contributions: Conceptualization, M.H. and EH.; Methodology, M.H. and K.N.; Formal
Analysis, L.W. and EH.; Investigation, M.H., FH. and L.W,; Data Curation, EH.; Writing—Original
Draft Preparation, M.H., ].F,, EH. and L.W.; Writing—Review & Editing, M.H., ].F,, B.S., S.E, R.G., EB.
and S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This project is funded by the Baden-Wiirttemberg Ministry of Economic Affairs, Labor and
Tourism as part of the “Forum Gesundheitsstandort Baden-Wiirttemberg, number: 35-4223.10/20.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of the University hospital of Tuebingen
(approval number 696/2021B01).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Conflicts of Interest: F.H. has no conflicts of interest. L.W. has no conflict of interest. ]J.F. received
institutional research support from Siemens Healthcare USA, DePuy, Zimmer, Microsoft, and BTG
International, and is a scientific advisor of Siemens Healthcare USA, Alexion Pharmaceuticals, and
BTG International. He also received speaker’s honorarium from Siemens Healthcare USA and has
shared patents with Siemens Healthcare and Johns Hopkins University. R.G. is employee of Siemens
Healthcare. B.S. is employee of Siemens Healthcare. S.F. is employee of Siemens Healthcare. F.B.
received speaker’s honorarium and an unrestricted research grant from Siemens Healthcare. He
also received speaker’s honorarium and an unrestricted research grant from Bayer Healthcare. He
is at the advisory board of Bayer Healthcare. S.S. has no conflict of interest. K.N. has no conflict
of interest. M.H.: received institutional research support from Siemens Healthineers Germany; he
is a scientific advisor of Siemens Healthineers Germany and received speaker’s honorarium from
Siemens Healthineers Germany.

Abbreviation

CNR Contrast-to-Noise Ratio
DSCT Dual-Source CT

PCD-CT Photon-Counting Detector CT
SNR Signal-to-Noise Ratio

SSDE Size-Specific Dose Estimation

1. Kalra, M.K,;; Maher, M.M,; Toth, T.L.; Hamberg, L.M.; Blake, M.A.; Shepard, J.-A.; Saini, S. Strategies for CT radiation dose
optimization. Radiology 2004, 230, 619-628. [CrossRef] [PubMed]

2. McCollough, C.H.; Bruesewitz, M.R.; Kofler, ].M. CT dose reduction and dose management tools: Overview of available options.
Radiographics 2006, 26, 503-512. [CrossRef] [PubMed]

3.  Huda, W,; Scalzetti, EIM.; Levin, G. Technique factors and image quality as functions of patient weight at abdominal CT. Radiology
2000, 217, 430-435. [CrossRef] [PubMed]

4. Food and Drug Administration. FDA public health notification: Reducing radiation risk from computed tomography for pediatric
and small adult patients. Pediatr. Radiol. 2002, 32, 314-316.


http://doi.org/10.1148/radiol.2303021726
http://www.ncbi.nlm.nih.gov/pubmed/14739312
http://doi.org/10.1148/rg.262055138
http://www.ncbi.nlm.nih.gov/pubmed/16549613
http://doi.org/10.1148/radiology.217.2.r00nv35430
http://www.ncbi.nlm.nih.gov/pubmed/11058640

Tomography 2022, 8 1476

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

Papadakis, A.E.; Perisinakis, K.; Damilakis, J. Angular on-line tube current modulation in multidetector CT examinations of
children and adults: The influence of different scanning parameters on dose reduction. Med. Phys. 2007, 34, 2864-2874. [CrossRef]
Higashigaito, K.; Euler, A.; Eberhard, M.; Flohr, T.G.; Schmidt, B.; Alkadhi, H. Contrast-Enhanced Abdominal CT with Clinical
Photon-Counting Detector CT: Assessment of Image Quality and Comparison with Energy-Integrating Detector CT. Acad. Radiol.
2022, 29, 689-697. [CrossRef]

Rajendran, K.; Petersilka, M.; Henning, A.; Shanblatt, E.R.; Schmidt, B.; Flohr, T.G.; Ferrero, A.; Baffour, F; Diehn, FE.; Yu, L.; et al.
First Clinical Photon-counting Detector CT System: Technical Evaluation. Radiology 2022, 303, 130-138. [CrossRef]

Hsieh, S.S.; Leng, S.; Rajendran, K.; Tao, S.; McCollough, C.H. Photon Counting CT: Clinical Applications and Future Develop-
ments. I[EEE Trans. Radiat. Plasma Med. Sci. 2021, 5, 441-452. [CrossRef]

Wichmann, J.L.; Hardie, A.D.; Schoepf, U.J.; Felmly, L.M.; Perry, ].D.; Varga-Szemes, A.; Mangold, S.; Caruso, D.; Canstein, C.;
Vogl, T].; et al. Single- and dual-energy CT of the abdomen: Comparison of radiation dose and image quality of 2nd and 3rd
generation dual-source CT. Eur. Radiol. 2017, 27, 642—-650. [CrossRef]

Tabatabaei SM, H.; Talari, H.; Gholamrezanezhad, A.; Farhood, B.; Rahimi, H.; Razzaghi, R.; Mehri, N.; Rajebi, H. A low-dose
chest CT protocol for the diagnosis of COVID-19 pneumonia: A prospective study. Emerg. Radiol. 2020, 27, 607-615. [CrossRef]
Kubo, T.; Lin, P.-].P,; Stiller, W.; Takahashi, M.; Kauczor, H.-U.; Ohno, Y.; Hatabu, H. Radiation dose reduction in chest CT: A
review. AJR Am. ]. Roentgenol. 2008, 190, 335-343. [CrossRef] [PubMed]

Yu, L.; Bruesewitz, M.R.; Thomas, K.B.; Fletcher, ].G.; Kofler, ].M.; McCollough, C.H. Optimal tube potential for radiation dose
reduction in pediatric CT: Principles, clinical implementations, and pitfalls. Radiographics 2011, 31, 835-848. [CrossRef] [PubMed]
Baek, J.; Pineda, A.R.; Pelc, N.J. To bin or not to bin? The effect of CT system limiting resolution on noise and detectability. Phys.
Med. Biol. 2013, 58, 1433-1446. [CrossRef] [PubMed]

Si-Mohamed, S.A.; Greffier, J.; Miailhes, J.; Boccalini, S.; Rodesch, P.A.; Vuillod, A.; van der Werf, N.; Dabli, D.; Racine, D.;
Rotzinger, D.; et al. Comparison of image quality between spectral photon-counting CT and dual-layer CT for the evaluation of
lung nodules: A phantom study. Eur. Radiol. 2022, 32, 524-532. [CrossRef]

Euler, A.; Higashigaito, K.; Mergen, V.; Sartoretti, T.; Zanini, B.; Schmidt, B.; Flohr, T.G.; Ulzheimer, S.; Eberhard, M.; Alkadhi, H,;
et al. High-Pitch Photon-Counting Detector Computed Tomography Angiography of the Aorta: Intraindividual Comparison to
Energy-Integrating Detector Computed Tomography at Equal Radiation Dose. Investig. Radiol. 2022, 57, 115-121. [CrossRef]
Christner, J.A.; Braun, N.N.; Jacobsen, M.C.; Carter, R.E.; Kofler, ].M.; McCollough, C.H. Size-specific dose estimates for adult
patients at CT of the torso. Radiology 2012, 265, 841-847. [CrossRef]

Tugwell-Allsup, J.; Owen, B.W.; England, A. Low-dose chest CT and the impact on nodule visibility. Radiography 2021, 27, 24-30.
[CrossRef]

Teekker, M.; Kristjansdéttir, B.; Graumann, O.; Laursen, C.B.; Pietersen, PI. Diagnostic accuracy of low-dose and ultra-low-dose
CT in detection of chest pathology: A systematic review. Clin. Imaging 2021, 74, 139-148. [CrossRef]

Ludes, C.; Schaal, M.; Labani, A.; Jeung, M.-Y.; Roy, C.; Ohana, M. Scanner thoracique ultra-basse dose la mort de la radiographie
thoracique? Presse Med. 2016, 45, 291-301. [CrossRef]

Schmidt, B.; Flohr, T. Principles and applications of dual source CT. Phys. Med. 2020, 79, 36—46. [CrossRef]

Willemink, M.].; Persson, M.; Pourmorteza, A.; Pelc, N.J.; Fleischmann, D. Photon-counting CT: Technical Principles and Clinical
Prospects. Radiology 2018, 289, 293-312. [CrossRef] [PubMed]

Flohr, T.; Petersilka, M.; Henning, A.; Ulzheimer, S.; Ferda, J.; Schmidt, B. Photon-counting CT review. Phys. Med. 2020, 79,
126-136. [CrossRef] [PubMed]

Voelker, R. Advanced CT Technology Counts Photons to Produce Sharper Images. JAMA 2020, 326, 1667. [CrossRef] [PubMed]
Leng, S.; Bruesewitz, M.; Tao, S.; Rajendran, K.; Halaweish, A .E; Campeau, N.G.; Fletcher, J.G.; McCollough, C.H. Photon-
counting Detector CT: System Design and Clinical Applications of an Emerging Technology. Radiographics 2019, 39, 729-743.
[CrossRef]

Kappler, S.; Hannemann, T.; Kraft, E.; Kreisler, B.; Niederloehner, D.; Stierstorfer, K.; Flohr, T. First results from a hybrid prototype
CT scanner for exploring benefits of quantum-counting in clinical CT. In Medical Imaging 2012: Physics of Medical Imaging; 83130X;
Pelc, N.J., Nishikawa, R.M., Whiting, B.R., Eds.; SPIE: New York, NY, USA, 2012.

Symons, R.; Reich, D.S.; Bagheri, M.; Cork, T.E.; Krauss, B.; Ulzheimer, S.; Kappler, S.; Bluemke, D.A.; Pourmorteza, A. Photon-
counting CT for vascular imaging of the head and neck: First in vivo human results. Investig. Radiol. 2018, 53, 135-142.
[CrossRef]

Symons, R.; Pourmorteza, A.; Sandfort, V.; Ahlman, M.A.; Cropper, T.; Mallek, M.; Kappler, S.; Ulzheimer, S.; Mahesh, M.; Jones,
E.C,; et al. Feasibility of Dose-reduced Chest CT with Photon-counting Detectors: Initial Results in Humans. Radiology 2017, 285,
980-989. [CrossRef]


http://doi.org/10.1118/1.2747048
http://doi.org/10.1016/j.acra.2021.06.018
http://doi.org/10.1148/radiol.212579
http://doi.org/10.1109/TRPMS.2020.3020212
http://doi.org/10.1007/s00330-016-4383-6
http://doi.org/10.1007/s10140-020-01838-6
http://doi.org/10.2214/AJR.07.2556
http://www.ncbi.nlm.nih.gov/pubmed/18212218
http://doi.org/10.1148/rg.313105079
http://www.ncbi.nlm.nih.gov/pubmed/21571660
http://doi.org/10.1088/0031-9155/58/5/1433
http://www.ncbi.nlm.nih.gov/pubmed/23399724
http://doi.org/10.1007/s00330-021-08103-5
http://doi.org/10.1097/RLI.0000000000000816
http://doi.org/10.1148/radiol.12112365
http://doi.org/10.1016/j.radi.2020.05.004
http://doi.org/10.1016/j.clinimag.2020.12.041
http://doi.org/10.1016/j.lpm.2015.12.003
http://doi.org/10.1016/j.ejmp.2020.10.014
http://doi.org/10.1148/radiol.2018172656
http://www.ncbi.nlm.nih.gov/pubmed/30179101
http://doi.org/10.1016/j.ejmp.2020.10.030
http://www.ncbi.nlm.nih.gov/pubmed/33249223
http://doi.org/10.1001/jama.2021.19146
http://www.ncbi.nlm.nih.gov/pubmed/34726724
http://doi.org/10.1148/rg.2019180115
http://doi.org/10.1097/RLI.0000000000000418
http://doi.org/10.1148/radiol.2017162587

	Introduction 
	Materials and Methods 
	Subjects 
	Dual-Source Chest-CT 
	Photon-Counting Detector Chest-CT 
	Radiation Dose Quantification 
	Image Quality Quantification 
	Subjective Image Quality 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	Radiation Dose Quantification 
	Image Quality Quantification 
	Subjective Image Quality 

	Discussion 
	Conclusions 
	References

