
ABSTRACT
Background and purpose: Photon-counting computed tomography (PCCT) offers enhanced image 
quality, including improvements in contrast, spatial resolution, and noise reduction. In radiotherapy (RT), 
optimal image quality is critical for accurate tumor and organ-at-risk delineation. However, reconstruction 
parameter selection often relies on subjective assessment. This study investigates whether quantitative 
image quality metrics, particularly contrast-to-noise ratio (CNR), can systematically guide PCCT reconstruc-
tion parameter optimization for prostate cancer RT planning.
Material and methods: An anthropomorphic abdomen phantom (QRM, Möhrendorf, Germany) and 
five patients with prostate cancer undergoing RT were scanned on a Naeotom Alpha PCCT (Siemens 
Healthineers, Forchheim, Germany). Reconstructions were performed across a range of kernel types, 
sharpness levels, and virtual monoenergetic image (VMI) energies, with the CNR calculated for each recon-
struction. Additionally, a multidisciplinary expert panel qualitatively assessed a subset of reconstructions 
for two patients to compare with the quantitative findings.
Results: Softer kernels, particularly Br36 and Qr36, combined with lower VMI energies of 40 keV, consis-
tently produced the highest CNR values in both phantom and patient datasets. The qualitative assessment 
generally supported the quantitative results, with minor deviations likely reflecting the experts’ preference 
for a more familiar image appearance.
Interpretation: Quantitative metrics such as CNR can reliably identify optimal PCCT reconstruction set-
tings for prostate cancer RT, favoring lower VMI energies and softer reconstruction kernels. These findings 
were consistent across phantom and patient data and were supported by expert evaluations, indicating 
that a quantitative approach can effectively guide protocol development and reduce reliance on subjec-
tive image assessment.
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Introduction

Spectral computed tomography (CT), based on photon-count-
ing computed tomography (PCCT), offers potential benefits in 
clinical image quality compared to conventional single-energy 
computed tomography (SECT) and includes improvements in 
contrast, spatial resolution, and noise reduction [1–3]. These 
advancements could potentially improve the delineation accu-
racy of tumors and organs-at-risk (OARs) in radiotherapy (RT), 
which directly impacts the treatment quality. However, to fully 
benefit from these advancements, it is critical to identify the 
optimal reconstruction parameters for PCCT.

In addition to adjustable reconstruction kernel type and 
sharpness, which are also available in SECT, PCCT can generate a 
range of post-processed spectral images, such as virtual 
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monoenergetic images (VMIs) and iodine maps (which can 
quantify blood perfusion [4]) from a single scan. Both the 
reconstruction kernel and VMI energy can affect the image 
quality, where kernels with lower sharpness (i.e. ‘softer’ kernels) 
reduce noise at the expense of fine detail, while low VMI energies 
enhance image contrast but increase noise [5]. This flexibility 
allows reconstruction parameters to be tailored to specific 
clinical needs, making their optimization an important factor for 
PCCT-based RT planning.

Several studies have investigated PCCT reconstruction 
parameters, showing that the choice of kernel sharpness and VMI 
energy strongly influences image quality and diagnostic accuracy 
[6]. Sharper kernels improve spatial resolution and are therefore 
preferred for tasks requiring high detail, such as those benefiting 
from improved vessel sharpness [7]. In contrast, softer kernels 
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reduce image noise and enhance contrast, which benefits tasks 
that rely on tissue differentiation, such as detecting hepatocellular 
carcinoma [8–10]. Low-keV VMIs increase contrast-to-noise ratio 
(CNR) and signal-to-noise ratio (SNR), which is advantageous in 
detecting lesions such as pulmonary embolism and 
hepatocellular carcinoma, with optimal energies generally 
between 40 and 70 keV depending on the clinical context [11–
15]. Higher-keV VMIs (around 100–130 keV) effectively reduce 
metal artifacts and enhance diagnostic confidence in patients 
with metallic implants [16–20]. Additionally, specific VMI energy 
levels have been identified to optimize quantitative imaging 
markers, such as 45 keV for extracellular volume calculations and 
60–70 keV for gliotic lesion contrast [21, 22]. These findings 
underscore the importance of carefully selecting kernel and VMI 
parameters tailored to the clinical application to maximize image 
quality and diagnostic performance.

Currently, the selection of preferred PCCT reconstruction 
parameters relies heavily on subjective visual assessments by 
clinicians, which can be time-consuming and prone to bias [23]. 
Furthermore, the preferred reconstruction parameters vary 
depending on the clinical application and the anatomical 
region. VMIs can be generated at any energy between 40 and 
190 keV, providing a continuous range of reconstruction 
settings. Even when restricting the selection to 5 keV increments 
and combining these with the 50+ currently available kernels, 
this still yields 1,500+ unique parameter sets. Given the large 
number of parameter combinations, it is only practically feasible 
to evaluate a small subset qualitatively. As a result, reconstruction 
settings are often selected without thorough optimization, 
which could potentially compromise the treatment quality. 
Therefore, a systematic quantitative approach may represent an 
alternative, as it would be able to identify advantageous 
combinations by searching the full parameter space.

Quantitative image quality metrics offer a more objective 
and efficient selection of optimal reconstruction parameters 
from the entire parameter space. Accurate delineation of tumors 
and OARs depends heavily on image characteristics such as 
tissue contrast, which improves the visibility of anatomical 
boundaries, and image noise, which can lead to inconsistent 
delineation. Image quality metrics, such as CNR, are particularly 
attractive, as they combine aspects of both contrast and noise 
into a single value. Although such quantitative metrics are 
increasingly used in conjunction with qualitative assessments in 
diagnostic radiology [6, 24–26], conclusions still tend to rely 
heavily on subjective evaluation. Moreover, the use of these 
metrics remains inconsistent, and the literature is sparse within 
the field of RT. To provide an objective yet practical approach for 
optimizing reconstruction settings, only a few simple, clinically 
relevant metrics were selected.

This study investigates whether quantitative image quality 
metrics of PCCT scans can be used to optimize clinically relevant 
reconstruction settings with the aim of improving future RT 
delineation for patients with prostate cancer. The aim is to present 
a systematic, metric-based framework for evaluating PCCT image 
quality that can replicate or potentially replace subjective visual 
assessments. To support the study, phantom scans spanning the 

entire reconstruction parameter space, RT-dedicated PCCT scans 
of patients with prostate cancer, and qualitative image scoring by 
a multidisciplinary group of clinicians were included.

Material and methods

Scan protocol

The same CT protocol was used for both the phantom and 
patient scans. All PCCT scans were performed on a NAEOTOM 
Alpha PCCT (Siemens Healthineers, Forchheim, Germany) at 140 
kVp, with a slice thickness of 0.4 mm, an increment of 0.2 mm, 
and an in-plane resolution for the patients ranging from 0.85 
mm × 0.85 mm to 0.98 mm × 0.98 mm, depending on the neces-
sary field-of-view. These were the lowest settings that allowed 
the scan to include all relevant OARs and the body outline, 
which are essential for treatment planning. For the phantom, a 
pixel size of 0.61 mm × 0.61 mm was used. The Computed 
Tomography Dose Index (CTDI) for the phantom scan was simi-
lar to that of a standard SECT scan in the RT department, with a 
CTDIvol,32cm of 10.2 mGy. Similarly, the CTDI for all patients was 
also comparable to their standard SECT equivalent scan, with a 
CTDIvol,32cm ranging from 6.8 mGy to 19.5 mGy and a maximal 
deviation of 3 mGy from the standard scan (Supplementary 
Material Table S1). Quantitative Iterative Reconstruction (QIR) 
was applied at level 3, which is the standard in our clinic.

All patients underwent contrast-enhanced (CE) scans, with 
iodine contrast administered using a weight-based dose of 450 
mg iodine per kg body weight and an injection time of 30 seconds. 
Bolus tracking was performed in the descending aorta at the level 
of L3, with a CT number threshold of 120 HU. Patient scans were 
performed in the treatment position on a flat tabletop.

The image sets were made directly at the scanner console 
using ‘syngo CT VB10A’ (Siemens Healthineers, Forchheim, 
Germany). A total of 140 images, evenly distributed in parameter 
space, were generated for the phantom by combining five 
reconstruction kernel types (Qr, Br, Bv, Hr, and Hv), four kernel 
sharpness levels (36, 48, 60, and 72), and seven VMI energies (50 
keV, 70 keV, 90 keV, 110 keV, 130 keV, 150 keV, and 170 keV). All 
images were retrospectively rebinned to a slice thickness of 2.0 
mm, consistent with the clinical SECT protocol used for 
delineation.

Based on the results from the phantom study, a narrower set 
of VMIs and reconstruction kernels, covering a smaller range of 
parameter space but with finer sampling, was selected for the 
patient scans. This included two reconstruction kernel types (Qr 
and Br), four kernel sharpness levels (36, 40, 44, and 48), and four 
VMI energies (40 keV, 50 keV, 60 keV, and 70 keV), resulting in 32 
images per patient. A corresponding image set was also made 
for the phantom for comparison.

Phantom and patients

An anthropomorphic abdomen phantom (QRM, Möhrendorf, 
Germany) consisting of solid water, soft tissue, liver, spleen, spine 
(spongiosa and corticalis), and four iodine inserts 
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(2 mg/cm³, 5 mg/cm³, 10 mg/cm³, and 15 mg/cm³) was scanned 
on the PCCT scanner using the protocol described above. This 
phantom was selected because it contains materials and iodine 
concentrations that simulate the range of soft tissue contrasts 
typically encountered in CE patient scans, making it suitable for 
evaluating reconstruction settings under realistic conditions. 
Circular regions-of-interest (ROIs) were manually placed in the 2 
mg/cm³ iodine insert (ROI1) and solid water background (ROI2) 
(Figure 1a), as these areas were expected to reflect typical CT 
numbers in CE patient scans. Each ROI was placed in a single slice 
and contained 109 pixels, corresponding to a volume of 81.7 mm3.

To translate the phantom-based findings into a clinical context, 
five patients with prostate cancer (Table 1) scheduled for RT were 
included in this prospective observational study (ethics approval 
H-23035686), and a written informed consent was obtained. All 
patients underwent a CE-PCCT scan in addition to their standard 
clinical CT scan prior to the first treatment fraction.

Circular ROIs were manually placed in the prostate (ROI1), 
bladder (ROI2), and obturator internus muscle (ROI3) using 
consistent anatomical landmarks such as implanted gold seeds 
(Figure 1b–d). Special care was taken to avoid calcifications in 
the prostate and artifacts caused by the gold seeds, as artifact 
minimization was not the focus of this study, and metal artifact 
reduction (MAR) was not applied. The choice of the bladder as 
the second ROI was based on the clinical importance of the 
prostate-bladder border for accurate prostate delineation. A ROI 
size of 25 pixels was used for the patient scans, corresponding to 
a volume between 35.8 mm3 and 48.4 mm3.

Quantitative image assessment

The quantitative evaluation included measurements of the CNR, 
calculated using Equation (1).

� (1)

Here, ΔS is the contrast, where Sn represents the mean CT 
number of ROIn. The noise (σ) was estimated using the standard 
deviation in ROI2 for the phantom and ROI3 for the patients. For 
the patients, the noise in the muscle was used, as the CT number 
variation in the prostate is likely due to heterogeneous tissue 
rather than image noise, and a CT number variation is also 
expected in the bladder due to uneven distribution of the 
injected iodine contrast.

Accurate delineation for prostate RT depends not only on 
tissue contrast but also on the spatial separation of adjacent 
anatomical structures, such as the prostate and rectum. To 
assess this, intensity profiles across the prostate-rectum 
interface (Figure 1b) were analyzed to evaluate how spatial 
gradients varied across reconstruction settings. This was further 
quantified by calculating the peak-to-valley difference divided 
by the noise (PVNR) using Equation (2).

� (2)

In this equation, Smax is defined as the highest CT number 
along the intensity profile in the rectum, Smin as the lowest CT 

PVNR  
S Smax min

σ
=

−

Figure 1.  Illustration of the ROI and intensity profile placement, visualized on the 70 keV VMI with the Qr36 reconstruction kernel for patient 4. (a) Phantom 
with ROI1 in the 2 mg/cm³ iodine insert (orange) and ROI2 in the surrounding solid water (green). (b) Sagittal patient image with ROI1 in the prostate (orange) 
and ROI2 in the bladder (green). (c) Axial view of the patient scan showing ROI2 in the bladder (green). (d) Axial view showing ROI1 in the prostate (orange), 
ROI3 in the muscle (magenta), and the location of the prostate-rectum intensity profile (blue). ROI: regions-of-interest; VMI: virtual monoenergetic image.

CNR  
S SS 1 2

σ σ
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number along the intensity profile in the interface region 
between the rectum and prostate, and σ as the standard 
deviation of ROI3 in the muscle.

Qualitative image assessment

A qualitative assessment was conducted for two patients 
using  all 32 generated images, with varying VMIs and recon-
struction kernels, for each patient. A blinded, multidisciplinary 
expert panel (5–7 experts in total), consisting of radiation oncol-
ogists (two specialized in prostate cancer, one specialized in 
lung cancer, and one trainee), one radiologist (specialized in 
prostate cancer), and radiographers (one diagnostic, specialized 
in PCCT, and one RT technologist) from different institutions 
assessed the clinical image quality of different kernel/VMI com-
binations through individual voting. For each of the four VMIs, 

the panel reviewed all eight reconstruction kernels in a rand-
omized order and  individually selected their  preferred image. 
The kernel receiving a majority vote was then shown for all four 
VMIs, again in a randomized order, and the experts were asked 
to individually choose their preferred VMI. The panel’s preferred 
kernel and VMI were identified through this process for both 
patients and subsequently compared with the quantitative 
results.

Results

Phantom results

The 140 phantom images, which were evenly spread through-
out the entire parameter space, showed a consistent trend, with 
softer kernels combined with lower VMI energies resulting in 
higher CNR values (Figure 2a). The softest kernels, Br36 and 
Qr36, and the lowest evaluated VMI energy of 50 keV yielded the 
highest CNR (Supplementary Material Figure S1a–b).

When looking separately at the contrast (ΔS) and noise (σ) 
contributions to the CNR, the contrast remained constant over 
the kernels and increased with decreasing VMI energy 
(Supplementary Material Figure S2a–b), while the noise varied 
with both the kernel and the VMI energy (Supplementary 
Material Figure S2c–d). The lowest noise levels were observed in 
softer kernels and higher VMI energies.

Table 1.  Patient characteristics of the five patients with prostate cancer 
included in this study.

Characteristics Value

Age, yrs, median (range) 72 (64–79)
Weight, kg, median (range) 91 (68–136)
T stage T1c-3a (n = 4), Tx (n = 1)
N stage N0
M stage M0-1b
Prescribed dose 2 Gy × 39 (n = 4), 3 Gy × 20 (n = 1)

Figure 2.  Phantom and patient CNR results for various reconstruction kernels and VMI energies, shown on logarithmic scales. (a) Phantom CNR between 
the iodine and solid water ROIs for all evaluated combinations of VMI energies and reconstruction kernels from the broad parameter search. (b) Patient CNR 
between the prostate and bladder ROIs, averaged across all five patients, based on the subsequent narrower parameter search. Individual patient results 
for the VMI at 40 keV with the Br36 reconstruction kernel are shown in Supplementary Figure S1. CNR: contrast-to-noise ratio; VMI: virtual monoenergetic 
image; ROI: regions-of-interest. 
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Patient results

In agreement with the phantom results, the highest CNR values 
across all patients were found for the softest kernels, Br36 and 
Qr36 (Figure 2b, columns 1 and 2), and the lowest VMI energy of 
40 keV (Figure 2b, row 1). The same trend was observed for the 
patients individually (Supplementary Material Figure S1c–d). 
When looking at the contrast and the noise individually, the 
parameters follow the same pattern as for the phantom, with 
contrast increasing at lower VMI energies and noise decreasing 
with softer kernels and higher VMI energies (Supplementary 
Material Figure S3). There was a substantial variation in the body 
weight of the five patients, with patients 1 and 3 being consider-
ably heavier than the other three (Table 1). However, as seen in 
the individual patient results (Supplementary Material Figures 
S1c–d and S3), this did not have any clear effect on the 
outcomes.

Comparing the CNR values from the phantom with the mean 
CNR values for the five patients for identical parameter settings, 
the observed trends were broadly consistent (Figure 3). 
Although smaller differences in the CNR magnitude were noted, 
the phantom results reliably reflected the relative performance 
observed in the patient scans.

The intensity profiles across the prostate-rectum border 
showed results similar to those of the CNR. The lowest VMI 
energy at 40 keV showed the clearest difference between the 
border itself and the tissue on each side, while changes in the 
reconstruction kernels only seemed to have a limited effect on 
the shape of the intensity profile (Figure 4a–b). However, based 
on the PVNR values, there was a clear preference for lower VMI 
energies and softer kernels, in agreement with the CNR results 
(Figure 4c).

Across the images assessed by the expert panel, higher CNR 
values were generally associated with a larger proportion of 
expert panel votes (Figure 5). Although some variation in VMI 
energy preference was observed, the overall trend supported 
the use of lower VMI energies and softer kernels, which is 
consistent with the objective image quality metrics. The 
improvement in CNR between the 70 keV VMI image with the 

Qr40 kernel, which closely resembles the standard 120 kVp 
SECT scan routinely used in clinical delineation [27], and the 40 
keV VMI image with the Br36 kernel, which were the preferred 
parameters, is also clearly visible when comparing the images, 
after adjusting the window level to display similar contrast 
between the two images (Figure 6). With contrast equalized, 
the remaining difference in image quality is primarily due to 
noise, clearly demonstrating the superior CNR of the preferred 
image.

Discussion and conclusion

The results confirmed that quantitative metrics like image con-
trast and noise were strongly influenced by parameters such as 
the VMI energy and the reconstruction kernel, emphasizing the 
need to optimize these settings for improved clinical image 
quality.

The contrast and noise variations across kernel and VMI 
settings (Supplementary Material Figures S2 and S3) behaved as 
expected in both the phantom and patient datasets. Softer 
kernels reduced the noise without affecting the contrast notably, 
whereas lower VMI energies improved the contrast at the 
expense of increased noise, illustrating the inherent trade-offs 
between contrast enhancement and noise suppression in PCCT 
reconstruction. Lower VMI energies enhance tissue contrast 
because they increase the contribution of the photoelectric 
effect, which causes x-ray attenuation to vary more strongly 
with atomic number. However, lower VMI energies also increase 
image noise since these images give greater weight to the low-
energy photon data, which has inherently higher quantum 
noise. Soft reconstruction kernels address this by applying 
image smoothing, reducing noise at the expense of spatial 
resolution.

The highest CNR values were consistently achieved using the 
softest kernels, Br36 and Qr36, in combination with the lowest 
VMI energies at 40–50 keV for both the phantom and patients 
with prostate cancer (Figure 2). These findings are consistent 
with previous results from diagnostic prostate cancer imaging 
using dual-energy CT [28, 29] as well as diagnostic liver imaging 

Figure 3.  Comparison of phantom CNR values with patient CNR values averaged across the five patients. (a) The evaluated reconstruction kernels at the 
40 keV VMI. (b) The evaluated VMI energies using the Br36 kernel. Results for the individual patients are provided in Supplementary Figure S1 for reference. 
CNR: contrast-to-noise ratio; VMI: virtual monoenergetic image.
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using PCCT [7]. Furthermore, Siemens’ dual-energy CT guideline 
for prostate delineation supports these results [30]. While this 
guideline reported no variation in CNR across different VMI 
energies, they noted that this is highly dependent on the choice 
of the reference ROI. In their case, the contrast was calculated 
relative to fat, whereas we used the bladder, which may explain 
the difference in CNR behavior.

Quantitative results alone, however, may not fully capture 
clinical preferences. Therefore, a qualitative assessment was 
performed on a subset of the patient data (Figure 6). While 
images with the highest CNR generally received the most votes 
from the panel of experts, one clear discrepancy was observed. 
The VMI at 70 keV, which is very similar to the SECT scan routinely 
used in clinical delineation, was rated higher than indicated by 

Figure 4.  Intensity profiles across the prostate-rectum border in patient 4, directly above the most caudally positioned gold seed. (a) Intensity profiles for 
the evaluated VMI energies using the Br36 kernel. (b) Intensity profiles for the evaluated reconstruction kernels at 40 keV VMI. In both plots, the vertical line 
marks the approximate position of the prostate-rectum border. The horizontal lines indicate the peak and valley values for 40 keV in a and Br36 in b. (c) Peak-
to-valley difference divided by the noise (PVNR) across all VMI and kernel combinations, where the noise was defined as the standard deviation within the 
muscle ROI. VMI: virtual monoenergetic image; ROI: regions-of-interest.

Figure 5.  CNR between the prostate and bladder ROIs, averaged over patients 4 and 5, plotted against expert panel scores. (a) Reconstruction kernels 
averaged over all evaluated VMI energies. (b) VMI energies evaluated at the preferred kernel, Br36. CNR: contrast-to-noise ratio; VMI: virtual monoenergetic 
image; ROI: regions-of-interest.
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its CNR. This is not unexpected, as some degree of familiarity 
bias is thought to influence clinicians’ preferences, allowing 
them to overlook issues they are accustomed to seeing [31–33]. 
Nonetheless, the VMI at 40 keV was still preferred over the VMI at 
70 keV, both quantitatively and qualitatively, indicating 
alignment between objective metrics and expert preference. 
Regarding the choice of reconstruction kernels, it is important 
to note that softer kernels reduce spatial resolution in order to 
minimize noise [34]. Despite this trade-off, the expert panel 
consistently regarded the noise reduction as beneficial, 
highlighting the clinical value of noise suppression over maximal 
spatial detail in this context. Furthermore, although the CNR 
values did not consistently favor either the Br or Qr kernels, the 
expert panel showed a clear preference for the Br kernels.

The strong agreement between the phantom and patient 
results (Figure 4) supports the use of standardized phantom 
evaluations as a proxy for patient-based assessments. Phantom 
studies offer a more controlled and reproducible environment 
for testing a wide range of parameters without patient-specific 
variability. This agreement, however, may be somewhat 

dependent on the materials used for the ROIs, supporting the 
use of 2 mg/cm³ iodine and solid water as suitable surrogates to 
assess preferred reconstruction settings for imaging the prostate 
and adjacent organs with PCCT.

This study was limited by the small patient cohort (n = 5) and 
the qualitative assessment based on only two cases. The limited 
number of qualitatively assessed cases was due to the time-
consuming nature of the task and the involvement of a relatively 
large group of both local and external specialists, making 
additional assessment unfeasible. Future studies with larger 
patient cohorts and expanded qualitative feedback are required 
to further support the findings indicated here. Furthermore, due 
to the large number of possible reconstruction parameters, 
investigating the full parameter space was approximated by 
including evenly distributed points over the parameter space, 
with increased resolution in the areas with the highest CNR.

In conclusion, lower VMI energies and softer reconstruction 
kernels were found to improve the CNR in both phantom and 
patient data, which were closely aligned. The agreement between 
the phantom and patient data suggests that phantom-based 

Figure 6.  Comparison of two reconstruction parameter settings for patient 4. Axial views (a, c) are positioned just above the most caudally placed gold 
marker, and sagittal views (b, d) are centered on the prostate and bladder. (a–b) The 70 keV VMI with the Qr40 reconstruction kernel, which closely resembles 
the conventional SECT scan used as the standard for these patients. (c–d) The 40 keV VMI with the Br36 reconstruction kernel, identified as the preferred 
parameters. The window level settings were adjusted to achieve approximately equal contrast across the images, so the primary visible difference is the 
relative level of image noise. VMI: virtual monoenergetic image; SECT: single-energy computed tomography.
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evaluations could serve as a reliable and reproducible substitute 
for the optimization of reconstruction parameters. The clinical 
relevance of these quantitative findings was supported by the 
qualitative assessment by a multidisciplinary expert panel, 
confirming the preference for lower VMI energies and softer 
kernels. The results highlight the potential of using the CNR as an 
objective tool for optimizing PCCT reconstruction parameters for 
delineation in patients with prostate cancer receiving RT.
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