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Abstract

Computed tomography (CT) using photon-counting detectors (PCD) offers dose-efficient 

ultra-high-resolution imaging, high iodine contrast-to-noise ratio, multi-energy and material 

decomposition capabilities. We have previously demonstrated the potential benefits of PCD-CT 

using phantoms, cadavers, and human studies on a prototype PCD-CT system. This system, 

however, had several limitations in terms of scan field-of-view (FOV) and longitudinal coverage. 

Recently, a full FOV (50 cm) PCD-CT system with wider longitudinal coverage and higher 

spatial resolution (0.15 mm detector pixels) has been installed in our lab capable of human 

scanning at clinical dose and dose rate. In this work, we share our initial experience of the new 

PCD-CT system and compare its performance with a state-of-the-art 3rd generation dual-source 

CT scanner. Basic image quality was assessed using an ACR CT accreditation phantom, high-

resolution performance using an anthropomorphic head phantom, and multi-energy and material 

decomposition performance using a multi-energy CT phantom containing various concentrations 

of iodine and hydroxyapatite. Finally, we demonstrate the feasibility of high-resolution, full FOV 

PCD-CT imaging for improved delineation of anatomical and pathological features in a patient 

with pulmonary nodules.
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1. INTRODUCTION

Photon-counting detectors, unlike conventional energy-integrating detectors (EID) used in 

commercial CT, use direct conversion technology for x-ray detection. This leads to uniform 
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photon weighting1–3, and consequently improved image contrast4. Additionally, PCD pixels 

do not suffer from fill factor limitations like EIDs, thereby eliminating the need for 

inter-pixel reflective septa. This allows the design of smaller detector pixels for ultra-high 

resolution (UHR) imaging. In conventional CT, UHR capability is typically achieved using 

comb filters to reduce the detector pixel aperture5, which is a dose-inefficient approach since 

the filter blocks x-rays that have passed through the patient. With PCDs, UHR imaging 

can be achieved using small detector pixels without the need for comb filters, resulting 

in increased dose efficiency6–8. In addition to the high-resolution capabilities, PCDs offer 

multi-energy imaging at single kV through energy thresholding and binning. Each PCD 

pixel can offer 2 or more energy thresholds for single-kV multi-energy imaging, which 

could be used to resolve and quantify material densities using material decomposition 

techniques9–13.

We have previously demonstrated the aforementioned capabilities and benefits of PCD-

CT in a whole-body research PCD-CT system (SOMATOM CounT, Siemens Healthcare 

GmbH) using phantoms, animals and patient studies1, 14, 15. This prototype system, however, 

had several limitations. The system was built on a 2nd generation dual-source CT scanner 

platform, with a limited scan FOV of 27.5 cm. To scan objects larger than the PCD FOV, 

an additional low dose data completion scan16 using the orthogonal EID subsystem was 

required to avoid data truncation artifacts. The z-coverage was 16 mm which limited overall 

scanning speed. There were two detector pixel sizes available on the system (standard - 0.5 

mm and UHR - 0.25 mm at isocenter). In this work, we present the initial results from a new 

investigational PCD-CT system with substantial improvements over the prior prototype.

The new single-source scanner enables full FOV (50 cm) for PCD-CT data acquisition. 

Since the PCD scan is performed at full 50 cm FOV, no additional data completion scan is 

required. The 144 × 0.4 mm collimation provides a 5.76 cm longitudinal coverage, yielding 

scan speed comparable to state-of-the-art commercial scanners and much faster than the 

previous PCD-CT prototype. It also features a smaller detector pixel (0.15 mm at isocenter) 

that enables even higher spatial resolution than the previous PCD-CT prototype (0.25 

mm detector pixel). In this study, we performed a comprehensive assessment of this new 

prototype PCD-CT scanner and compared the system performance with a state-of-the-art 3rd 

generation dual source CT (SOMATOM Force, Siemens Healthcare GmbH).

2. METHODS

2.1 Full field-of-view photon-counting detector CT system

A whole-body PCD-CT system (SOMATOM Count Plus, Siemens Healthcare GmbH) was 

recently installed at our institution. The single-source scanner is equipped with a cadmium 

telluride PCD array, with an in-plane FOV of 50 cm. Two acquisition modes are available 

namely: standard mode (144 × 0.4 mm collimation, two energy thresholds) and UHR mode 

(120 × 0.2 mm collimation, one energy threshold). The system uses a Vectron x-ray tube 

(Siemens Healthcare GmbH) which can be operated with three different focal spot sizes 

for standard or UHR imaging. Gantry rotation times of 0.33s, 0.5s and 1.0s are available. 

Angular and longitudinal tube current modulation (CARE Dose4D, Siemens Healthcare 

GmbH) is available for patient dose optimization.
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2.2 Phantom studies

Routine image quality assessment: We scanned a CT accreditation phantom 

(Gammex, Sun Nuclear Corporation) on the PCD-CT system using the standard mode (144 

× 0.4 mm). Scan and reconstruction parameters and radiation dose (in terms of CTDIvol) 

were matched as closely as possible to those of the routine abdomen protocol used in our 

practice. The acquisition was performed using 120 kV, 152 effective mAs, 0.5s rotation time, 

0.6 pitch and 12 mGy CTDIvol. Energy thresholds were set to 20 and 65 keV. Images were 

reconstructed using a Br44 kernel (weighted-filtered back projection, WFBP) at 3 mm slice 

thickness, 200 mm FOV, 512×512 matrix size. CT number, image noise, image uniformity, 

spatial resolution, and slice thickness were assessed using the phantom modules.

High resolution study: An anthropomorphic head phantom was scanned on the PCD-CT 

system using the UHR mode (120 × 0.2 mm). The acquisition was performed using 120 

kV, 200 eff. mAs, 1s rotation time, and 0.6 pitch. The energy threshold was set at 20 keV. 

The same phantom was also scanned on a 3rd generation dual-source scanner (SOMATOM 

Force, Siemens Healthcare GmbH) using a comb-based UHR protocol (32 × 0.6 mm) for 

comparison, with 120 kV, 170 eff. mAs and 1s rotation time. The dose for PCD-CT and 

EID-CT scans were matched (approx. 30 mGy). Images were reconstructed using dedicated 

UHR kernels (Ur77, Ur85 and Ur89 WFBP) for both EID-CT and PCD-CT, 1 mm slice 

thickness, 512×512 matrix size, and 80 mm FOV focusing on the inner ear region of the 

head phantom. Image quality, especially sharpness and artifacts, was assessed and compared 

side-by-side.

Multi-energy study: A multi-energy CT phantom (Gammex, Sun Nuclear Corporation) 

was scanned on the PCD-CT system using the standard mode. Iodine (2, 5, 10, 15 mg/cc) 

and bone (200 and 400 mg/cc) inserts were placed in the phantom and scanned using a head 

protocol – 120 kV, 210 eff. mAs, 0.5s rotation time and 36 mGy CTDIvol. Energy thresholds 

were set to 20 and 65 keV. Images were reconstructed using a quantitative Qr40 kernel 

(WFBP) at 3 mm slice thickness, 250 mm FOV, and 512×512 matrix size.

A material decomposition framework based on prior knowledge aware iterative denoising13 

(MD-PKAID) previously developed by our group was used to quantify the concentration 

of each basis material from the multi-energy phantom images. The decomposition is an 

iterative technique that yields noise reduction in material maps. The MD-PKAID parameters 

are as follows: basis decomposition of three materials (iodine, bone and water), number of 

iterations = 300, regularization parameter (λ) = 1000 and c = 0.6. Accuracy and precision of 

the material quantification was assessed by comparing with the reference concentrations.

2.3 Patient study

A patient clinically indicated for pulmonary nodules was scanned on a 3rd generation CT 

scanner (SOMATOM Force, 192 × 0.6 mm, 120kV, CARE Dose4D, quality reference mAs 

= 80, CTDIvol = 6.3 mGy) and on the PCD-CT system (SOMATOM Count Plus, 120 

× 0.2 mm, 120kV, energy threshold = 20 keV, CARE Dose4D, quality reference mAs = 

70, CTDIvol = 6 mGy). EID-CT images were reconstructed with Qr54 kernel, 1024 matrix 

size, 0.75 mm slice thickness using iterative reconstruction (strength 3) at 440 mm FOV; 
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PCD-CT images were reconstructed using Qr56 kernel, 1024×1024 matrix size, 0.6 mm 

slice thickness using iterative reconstruction (strength 3) at 440 mm FOV.

3. RESULTS AND DISCUSSION

PCD-CT images of the ACR phantom at threshold low (20 to 120 keV) and threshold 

high (65 to 120 keV) are shown in Figure 1. The spatial resolution module demonstrates 

that up to 8 lp/cm are resolvable using the standard abdominal routine protocol, with 

standard mode (144 × 0.4 mm) and medium smooth kernel (Br44). The CT number of 

water was well within the ±5HU limit required by the American College of Radiology. 

The mean and standard deviation measured in the ROI exhibit clinically acceptable image 

uniformity (maximum difference between a peripheral and central ROI was 2.4 HU for the 

low threshold image and 1.6 HU for the high threshold image). The measured slice thickness 

was 3.5 mm for a nominal 3 mm reconstruction.

Sample images of the anthropomorphic head phantom from the PCD-CT and commercial 

EID-CT (Siemens Force) are shown in Figure 2. These images were reconstructed using 

3 kernels with different sharpness. PCD-CT images with smaller detector pixel size 

outperformed EID-CT with comb filter, showing sharper images and better delineation of 

fine structures. For different kernels, EID-CT images show increased image noise when 

sharper kernels (Ur85 and Ur89) are used, diminishing the potential benefits of utilizing 

these sharper kernels. As a result, Ur77 is the sharpest kernel used in our clinical practice. In 

comparison, PCD-CT can achieve continuous improvement of image sharpness when very 

sharp kernels (such as Ur85 and Ur89) are used without generating substantial noise or 

artifacts. This enables the utilization of sharpest kernel in clinical practice to reach the full 

potential of the CT scanner enabled by the hardware (e.g. small size of detector cell and 

focal spot). This difference between EID-CT and PCD-CT could be attributed to the intrinsic 

resolution of the two systems. The final image resolution is dependent on the system 

resolution (focal spot size and detector pixel size) combined with the kernel resolution. The 

PCD-CT system with 0.15 mm detector pixel aperture (isocenter) results in better intrinsic 

system resolution compared to EID-CT, thereby allowing the use of sharper convolution 

kernels for reconstructions.

The multi-energy CT phantom images are shown in Figure 3. The low and high threshold 

PCD-CT images (20–120 keV and 65–120 keV) processed using MD-PKAID produced 

iodine and bone maps. The material maps show successful delineation of the iodine 

and hydroxyapatite inserts. The mean and standard deviation for measured iodine and 

hydroxyapatite concentrations are shown in Table 1. Accurate quantification was achieved 

with the root-mean-squared error (RMSE) between true and measured concentrations of 

0.38 mg/mL for iodine and 6.15 mg/cc for hydroxyapatite. EID-CT and PCD-CT images 

from the chest patient study are shown in Figure 4. The UHR PCD-CT acquisition yielded 

superior spatial resolution and visibly improved the conspicuity of key diagnostic details 

such as semi-solid and sub-solid nodules, airways and cystic airspaces. Clinically, comb-

based EID UHR technique is limited to inner ear and extremities; the comb filter blocks 

x-rays that have already passed through the patient resulting in radiation dose inefficiency. 

Unlike EIDs, the UHR imaging in PCD-CT is enabled by smaller detector pixels and does 
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not require comb filters, inherently resulting in dose-efficient UHR imaging that can be 

readily extended to other body parts such as chest, shoulders and pelvis.

4. CONCLUSIONS

We have presented our initial imaging experience from a high resolution, full field-of-

view whole-body PCD-CT scanner using phantom experiments, and demonstrated clinical 

feasibility using a chest patient exam. The PCD-CT system with 0.15 mm detector-pixel 

aperture at isocenter offers high in-plane spatial resolution that outperforms comb-based 

UHR mode of commercial scanners and provides scan FOV and longitudinal coverage 

suitable for clinical diagnostic imaging. The system offers multi-energy capability at 

standard resolution (144 × 0.4 mm collimation) suitable for material decomposition tasks. 

Additional patient studies are underway to systematically evaluate the clinical benefits of the 

high resolution, multi-energy PCD-CT in various clinical areas.
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Figure 1. 
PCD-CT threshold images from the ACR phantom scan. The images were acquired with the 

standard mode (144 × 0.4 mm) using a clinical abdomen protocol (120 kV, 12 mGy) and 

reconstructed using Br44 kernel at 3 mm slice thickness. Up to 8 lp/cm was resolved in both 

the threshold images (spatial resolution module, first column). The mean CT numbers in the 

circular ROIs were within ±5HU (uniformity module, middle column). The measured slice 

thickness was 3.5 mm for a reconstruction with 3 mm slice thickness (positioning module, 

third column).
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Figure 2: 
EID-CT and PCD-CT images of the anthropomorphic head phantom reconstructed with 3 

kernels at increased sharpness. The PCD-CT system allows the use of very sharp kernels 

(Ur85 and Ur89) whereas EID-CT images reconstructed with the same kernels result in 

substantially increased image noise.
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Figure 3. 
PCD-CT threshold low image (20–120 keV) of the multi-energy CT phantom showing 

various concentrations of iodine (2, 5, 10 and 15 mg/mL) and HA (200 and 400 mg/cc). 

After material decomposition, iodine and HA inserts are well delineated in the iodine and 

bone maps, respectively, with accurate quantification of concentrations with reference to 

ground truth (RMSE = 0.38 mg/mL and 6.15 mg/cc for iodine and HA, respectively).
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Figure 4. 
Chest patient images from EID-CT and PCD-CT comparing pathological features such 

as cystic air spaces (red arrows, upper row) and lung nodules (red arrows, bottom row). 

The conspicuity of anatomic details noticeably improved in PCD-CT images. The PCD-CT 

image also exhibited lower image noise than EID-CT at matched acquisition dose as shown 

in the ROI measurements.
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Table 1.

Material decomposition (MD-PKAID) accuracy and precision

Iodine conc. (mg/cc) Hydroxyapatite conc. (mg/cc)

True Measured True Measured

2 2.3 ± 0.2 200 194.9 ± 5.2

5 5.1 ± 0.2 400 392.9 ± 8.3

10 9.9 ± 0.3

15 14.3 ± 0.4
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