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A 
CT system that uses photon-counting detector (PCD) 
CT technology was released in 2021 for clinical use. 

Compared with previous energy-integrating detector 
CT systems, this first-generation dual-source full field-
of-view PCD CT can detect and weigh single photons 
on the basis of their energies, enabling spectral separa-
tion and multi-material decomposition (1–3). Prototype 
PCD CT systems have been shown to provide improved 
spatial resolution, dose efficiency, contrast-to-noise ratio 
(CNR), and lower image noise (4–12).

Whereas hardware improvements are critical to 
ensure high-quality CT, image reconstruction tech-
niques also contribute decisively toward image qual-
ity and perception. In the last 2 decades, iterative 
reconstruction (IR) became the standard reconstruc-
tion technique for CT. IR overcomes the limitations 
of traditional filtered back projection by substantially 

lowering image noise, especially in low signal condi-
tions (13–17). Previously developed IRs are not opti-
mal for PCD CT imaging because of a variety of tech-
nical factors such as increased data complexity, spectral 
information, and noise model (13).

With the introduction of PCD CT, the vendor in-
troduced a quantum IR algorithm (QIR; Siemens He-
alhcare). QIR has four strength levels and is specifically 
tailored to PCD CT. In addition, given the multienergy 
capabilities of PCD CT, the routine reconstruction of 
virtual monoenergetic images as the reference standard 
for diagnostic readouts was defined (18,19).

The purpose of our study is to investigate the image 
quality and the optimal strength level of QIR for vir-
tual monoenergetic images and polychromatic images 
(T3D) in a phantom and in patients at portal venous 
phase abdominal PCD CT.

Background: An iterative reconstruction (IR) algorithm was introduced for clinical photon-counting detector (PCD) CT.

Purpose: To investigate the image quality and the optimal strength level of a quantum IR algorithm (QIR; Siemens Healthcare) for 
virtual monoenergetic images and polychromatic images (T3D) in a phantom and in patients undergoing portal venous abdominal 
PCD CT.

Materials and Methods: In this retrospective study, noise power spectrum (NPS) was measured in a water-filled phantom. Consecutive 
oncologic patients who underwent portal venous abdominal PCD CT between March and April 2021 were included. Virtual 
monoenergetic images at 60 keV and T3D were reconstructed without QIR (QIR-off; reference standard) and with QIR at four 
levels (QIR 1–4; index tests). Global noise index, contrast-to-noise ratio (CNR), and voxel-wise CT attenuation differences were 
measured. Noise and texture, artifacts, diagnostic confidence, and overall quality were assessed qualitatively. Conspicuity of hy-
podense liver lesions was rated by four readers. Parametric (analyses of variance, paired t tests) and nonparametric tests (Friedman, 
post hoc Wilcoxon signed-rank tests) were used to compare quantitative and qualitative image quality among reconstructions.

Results: In the phantom, NPS showed unchanged noise texture across reconstructions with maximum spatial frequency differences 
of 0.01 per millimeter. Fifty patients (mean age, 59 years 6 16 [standard deviation]; 31 women) were included. Global noise index 
was reduced from QIR-off to QIR-4 by 45% for 60 keV and by 44% for T3D (both, P , .001). CNR of the liver improved from 
QIR-off to QIR-4 by 74% for 60 keV and by 69% for T3D (both, P , .001). No evidence of difference was found in mean at-
tenuation of fat and liver (P = .79–.84) and on a voxel-wise basis among reconstructions. Qualitatively, QIR-4 outperformed all 
reconstructions in every category for 60 keV and T3D (P value range, ,.001 to .01). All four readers rated QIR-4 superior to other 
strengths for lesion conspicuity (P value range, ,.001 to .04).

Conclusion: In portal venous abdominal photon-counting detector CT, an iterative reconstruction algorithm (QIR; Siemens 
Healthcare) at high strength levels improved image quality by reducing noise and improving contrast-to-noise ratio and lesion con-
spicuity without compromising image texture or CT attenuation values.
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protocol-specific reference water-equivalent diameter with a 
CT geometry correction, particularly for the effect of the fo-
cal spot to isocenter distance. Therefore, the image quality 
level provides a system- and reconstruction-independent im-
age quality definition. Acquisition in the portal venous phase 

Materials and Methods
One author (R.R.) is an employee of Siemens Healthcare 
 (Forchheim, Germany). This author did not have control over 
the data at any point during the study.

Phantom Parameters
A water-filled cylindrical container emulating an intermediate-
sized patient (diameter, 30 cm) was scanned once with the same 
CT protocol and radiation dose as used in patients. Volume CT 
dose index, or CTDI

vol
, was 6.5 mGy and dose-length product 

was 234 mGy ∙ cm.

Patient Inclusion
This study had institutional review board and local ethics com-
mittee approval. All patients provided written informed consent. 
Between March and April 2021, we retrospectively assessed 50 
consecutive patients who were referred for oncologic follow-up 
imaging to our radiology department in an academic university 
hospital (Table 1, Fig 1). Inclusion criteria were age 18 years or 
older, multienergy CT protocol performed with a clinical PCD 
CT, and portal venous phase of the abdomen.

Data Acquisition
Imaging was performed on a first-generation clinical dual-
source PCD CT (Naeotom Alpha; Siemens Healthcare) in 
the single-source, multi-energy mode (QuantumPlus; Sie-
mens Healthcare) by using the following scan parameters: 
120 kVp; detector collimation, 144 3 0.4 mm (total of 57.6 
mm); pitch, 0.8; and gantry rotation time, 0.5 second. Tube 
current–time product was adapted by using an image quality 
level of 100 for automatic exposure control. The image qual-
ity level represents quality reference milliampere-seconds. 
This denotes effective milliampere-seconds applied for the 

Abbreviations
CNR = contrast-to-noise ratio, IR = iterative reconstruction, NPS = 
noise power spectrum, PCD = photon-counting detector, T3D = poly-
chromatic image

Summary
High levels of quantum iterative reconstruction (QIR; Siemens 
Healthcare) reduced noise and improved contrast-to-noise ratio and 
lesion conspicuity without compromising image texture or CT attenu-
ation values in portal venous abdominal photon-counting detector CT.

Key Results
 n In a retrospective study of 50 consecutive patients and a phantom, 

image noise was reduced by 45% and 44% and contrast-to-noise 
ratio (CNR) improved by 74% and 69% for the liver and portal 
vein, respectively, by using high strength levels of iterative recon-
struction (QIR; Siemens Healthcare) and 60 keV in portal venous 
abdominal photon-counting detector CT.

 n Higher strength levels of QIR improved lesion conspicuity and 
subjective image quality compared to QIR-off for 60-keV and 
polychromatic images.

 n No difference was found for image texture and CT attenuation 
values among reconstructions (maximum deviation of 0.01 per 
millimeter spatial frequency and maximum mean attenuation dif-
ference of 2 HU for attenuation of the portal vein between two 
given reconstructions).

Table 1: Patient Demographics

Characteristic Value

No. of patients 50

Mean age (y)*     59 6 16 (21–85)

Sex

 No. of women 31

 No. of men 19

Mean body weight (kg)  72.6 6 20

Mean body mass index (kg/m2)  25.2 6 6.2

Mean height (cm)   170 6 9

Mean effective diameter (cm)  28.7 6 3.8

Indications for imaging

 Gastrointestinal tumor 12

 Liver tumor 9

 Hematologic neoplasia 5

 Urogenital tumor 5

 Lung tumor 4

 Abscess/infection 5

 Exploratory tumor search 3

 Breast tumor 3

 Pancreas tumor 1

 Sarcoma 2

 Intra-abdominal hematoma 1

Liver lesions†

 Hemangioma 6 (8 6 3)

 Cyst 5 (11 6 9)

 Metastasis‡ 6 (19 6 9)

 Hepatocellular carcinoma 1 (35) 

Note.—Unless otherwise indicated, data are numbers of patients 
or tumors. Mean data are 6 standard deviation.

* Data are mean; data in parentheses are range.
† Data in parentheses are mean millimeters of maximum diameter.
‡ Four patients exhibited multiple liver metastases.

Figure 1: Patient inclusion flowchart.
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was performed with a delay of 70 seconds after injection of a 
weight-based iodinated contrast medium (370 mg of iodine 
per milliliter; Iopromidum, Ultravist, Bayer Healthcare). The 
average volume CT dose index, or CTDI

vol
, was 6.6 mGy 6 

4.2 (standard deviation) and the average dose-length product 
was 298.9 mGy ∙ cm 6 139.7.

Image Reconstruction
Two image types were reconstructed. First, virtual monoenergetic 
images at 60 keV by combining the counting data simultane-
ously acquired at different energy thresholds were reconstructed. 
These images represent the standard for abdominal imaging as 
specified by the vendor. Second, polychromatic images were re-
constructed by using the data from all counted events above the 
lowest energy threshold at 20 keV (termed T3D for PCD CT). 
Despite the count weighting at PCD CT versus energy weight-
ing at energy-integrating detector CT, T3D is most comparable 
to a conventional reconstruction with energy-integrating detec-
tor CT systems that accumulate all measured x-ray quanta with-
out differentiating their energies.

Both image types were reconstructed on the axial plane  with-
out QIR (QIR-off) and with all strength levels of QIR (QIR 
1–4). The following parameters were used: Br36 reconstruction 
kernel; section thickness, 2 mm; 1.6-mm increment; and matrix,  
512 3 512 pixels.

Of note, standard filtered back projection algorithms are 
not suitable for the reconstruction of monoenergetic images 
because the retrieval of monoenergetic information from 
the threshold data may lead to amplification of image noise. 
Therefore, PCD CT does not offer a pure filtered back pro-
jection–type reconstruction algorithm for spectral results. 
Instead, QIR-off is available, in which minimally possible 

statistical optimization is achieved compared with standard 
weighted filtered back projection.

QIR is an IR approach that corrects for geometric cone beam 
artifacts and performs a statistical optimization of spectral data. 
QIR strengths 1–4 trigger an additional statistical optimization 
in terms of a globally reduced target noise level for which higher 
strength levels correspond to stronger optimization (ie, greater 
noise reduction; Appendix E1 [online]).

Quantitative Analysis
Metrics were computed separately for each image type (60 keV, 
T3D) and reconstruction (QIR-off and QIR 1–4). Figure E1 
(online) is a visual representation of all quantitative analyses.

Phantom.—Noise power spectrum (NPS) was measured by using 
an open-source software (ImQuest Version 7; Duke University). 
Quadratic regions of interest with an area of approximately 16 
cm2 were placed in the center of the phantom on 100 consecu-
tive sections. One-dimensional NPS profiles depicting the radial 
average of the two-dimensional NPS profile were generated. To 
compare the noise texture, the average and peak spatial frequen-
cies of the NPS curves were compared.

Patients.—CNR (20) and CT attenuation were measured 
manually by one reader (D.N., in training with 3 years of 
experience in abdominal imaging). Measurements were per-
formed in the liver parenchyma (right and left hepatic lobes), 
main portal vein at the level of the porta hepatis, and in the 
subcutaneous fat in the anterior abdominal wall at the level 
of the L3 vertebra. The global noise index (21) (representing 
a robust measure to quantify the noise level in vivo across all 
image sections of a single examination) and voxel-wise differ-

Table 2: Overview of Data from Quantitative Image Analysis among All Reconstructions

Parameter

QIR-Off QIR-1 QIR-2 QIR-3 QIR-4

60 keV T3D 60 keV T3D 60 keV T3D 60 keV T3D 60 keV T3D

Global noise index (HU) 2 4.9 6 
3.7

20.6 6 3.3 22 6 3.3 18.5 6 3.2 19.3 6 
3.0

16.1 6 2.9 16.6 6 
2.7

13.8 6 2.7 13.7 6 
2.3

11.4 6 2.2

CNR Liver 11 6 2.7 11.5 6 2.5 12.3 6 
2.4

12.7 6 2.9 13.9 6 
2.9

14.4 6 3.4 16 6 3.5 16.5 6 4.2 19.1 6 
4.5

19.4 6 5.3

CNR portal vein 4.4 6 1.6 3.4 6 1.6 5.0 6 1.8 3.7 6 1.6 5.6 6 2.0 4.2 6 1.8 6.4 6 2.4   4.8 6 2.1 7.5 6 2.9 5.6 6 2.5

Fat attenuation (HU) 2107 6 
17.7

298.4 6 
15.4

2107 6 
17.6

298.3 6 
15.3

2107 6 
17.6

298.2 6 
15.3

2107 6 
17.6

298.2 6 
15.3

2108 6 
18.4

298.1 6 
15.3

Liver attenuation (HU) 128 6 
20.8

104 6 
15.6

128 6 
20.7

104 6 
15.6

128 6 
20.7

104 6 15.6 128 6 
20.7

104 6 15.6 128 6 
20.7

104 6 
15.7

Portal vein attenuation 
(HU)

223 6 
34.2

163 6 
21.3

223 6 
34.1

163 6 
21.3

223 6 
34.2

163 6 21.3 222 6 
34.2

163 6 21.4 221 6 
34.8

162 6 
21.4

Voxel-wise differences  
in attenuation (HU)

… … 20.03 6 
0.35

20.02 6 
0.29

20.06 6 
0.69

20.04 6 
0.56

20.08 6 
1.03

20.05 6 
0.84

20.11 6 
1.38

20.07 6 
1.12

NPS magnitude (HU) 17.3 14.3 15.3 12.7 13.3 11 11.3 9.4 9.3 7.7

NPS f
av
 (1/mm) 0.19 0.2 0.19 0.2 0.19 0.19 0.18 0.19 0.18 0.19

NPS f
peak

 (1/mm) 0.14 0.16 0.14 0.16 0.14 0.16 0.14 0.16 0.14 0.16

Note.—Mean data are 6 standard deviation. QIR is an iterative reconstruction algorithm from Siemens Healthcare. CNR = contrast-
to-noise ratio, f

av
 = average spatial frequency, f

peak
 = peak spatial frequency, NPS = noise power spectrum, T3D = polychromatic images at 

photon-counting detector CT.
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ences in CT attenuation were computationally calculated for 
the whole image volume (22). Subtraction maps were calcu-
lated between QIR 1–4 and QIR-off. A detailed description 
of the method can be found in Appendix E1 (online).

Qualitative Analysis
Qualitative analyses were performed independently by four 
readers (A.L., in training with 1 year of experience in CT; T.S., 
in training with 3 years of experience in CT; A.E., with 9 years of 
experience in CT; and M.E., with 9 years of experience in CT) 
in a randomized manner within an interval of 4 weeks. Readers 
were blinded both to imaging parameters and patient details.

The two junior readers rated the qualitative image qual-
ity parameters and all four readers rated lesion conspicu-
ity. Reconstructions were linked so that identical anatomic 
levels could be evaluated during scrolling. The readers were 
allowed to adjust window settings and scroll and zoom im-
ages according to their personal preferences. No time limit 
was set for image review.

As recommended elsewhere (23), two five-point Likert 
scales were used to score overall image quality, image arti-
facts, and diagnostic confidence. A score of 5 indicated the 
best rating and scores below 3 were considered unacceptable 
(Appendix E1 [online]).

Furthermore, as previously suggested (24), a compara-
tive scale was used to rank image noise, texture, and lesion 
conspicuity. A score of 0 was given for the best reconstruc-
tion; 21, slightly inferior (no influence on diagnosis); 22, 
mildly inferior (possible influence on diagnosis); 23, mod-
erately inferior (probable influence on diagnosis); and 24, 
markedly inferior (impairing diagnosis). Scores could be 
used more than once if reconstructions were judged to be 
equivalent. Lesion conspicuity was rated in patients with 
hypodense liver lesions (n = 18).

Statistical Analysis
Sample size was comparable to previous studies (20). In-
terreader agreement of qualitative image quality scores was 
quantified with Krippendorff a coefficients by using the 
following scale: 0–.20, poor agreement; .21–.40, fair agree-
ment; .41–.60, moderate agreement; .61–.80, substantial 
agreement; and .81–1.00, almost perfect agreement.

Differences in the distribution of qualitative image qual-
ity scores between all reconstructions were initially checked 
with Friedman tests. Then, post hoc pairwise Wilcoxon 
signed-rank tests with a Benjamini-Hochberg correction for 
multiple comparisons were conducted to identify specific 
differences between the different reconstructions.

Table 3: Overview of Data from Qualitative Image Analysis among All Reconstructions

Parameter

QIR-Off QIR-1 QIR-2 QIR-3 QIR-4

60 keV T3D 60 keV T3D 60 keV T3D 60 keV T3D 60 keV T3D

Overall image 
quality

 

 Reader 1 3 (3–3) 3 (3–4)  4 (3–4) 4 (4–4) 4 (4–4) 4 (4–4) 4.5 (4–5)  5 (5–5)  5 (5–5)

 Reader 2 3 (3–3) 3 (3–4) 3 (3–4)  4 (3–4) 4 (4–4) 4 (4–4) 5 (4–5) 5 (4–5)  5 (5–5)  5 (5–5)

Image artifacts 
and diagnostic 
confidence

    

 Reader 1 3 (3–3) 3 (3–3) 3 (3–4)  4 (3–4) 4 (4–4) 4 (4–4) 4 (4–4) 4.5 (4–5) 5 (5–5)  5 (5–5)

 Reader 2 3 (3–3) 3 (3–3) 3 (3–4)  4 (3–4) 4 (4–4) 4 (4–4) 4 (4–5) 5 (4–5) 5 (4–5)  5 (5–5)

Image noise  
and texture

 Reader 1 22 (22 to 
22)

22 (22 to 
21)

22 (22 to 
21)

21 (22 to 
21)

21 (21 to 
21)

21 (21 to 
21)

21 (21 to 
21)

21 (21 
to 0)

0 (0–0) 0 (0–0)

 Reader 2 22 (22 to 
22)

22 (22 to 
21)

22 (22 to 
21)

21 (22 to 
21)

21 (21 to 
21)

21 (21 to 
21)

21 (21 to 
21)

21 (21 
to 0)

0 (0–0) 0 (0–0)

Lesion 
conspicuity

 

 Reader 1 22 (22 to 
22)

22 (22 to 
21)

22 (22 to 
21)

21 (22 to 
21)

21 (21 to 
21)

21 (21 to 
21)

21 (21 to 
21)

21 (21 
to 0)

0 (0–0) 0 (0–0)

 Reader 2 22 (22 to 
22)

22 (22 to 
21)

21.5 (22 
to 21)

21 (22 to 
21)

21 (21 to 
21)

21 (21 to 
21)

21 (21 
to 0)

21 (21 
to 0)

0 (0–0) 0 (0–0)

 Reader 3 22 (22.75 
to 22)

22 (23 to 
22)

22 (22 to 
21)

21 (22 to 
21)

21 (21 to 
21)

21 (21 to 
21)

21 (21 to 
21)

21 (21 
to 21)

0 (0–0) 0 (0–0)

 Reader 4 22 (22 to 
22)

22 (22 to 
22)

21 (22 to 
21)

21 (22 to 
21)

21 (21 to 
21)

21 (21 to 
21)

21 (21 to 
21)

21 (21 
to 21)

0 (20.75 
to 0)

0 (0–0)

Note.—Data are presented as median qualitative image analysis scores; data in parentheses are interquartile range. QIR is an iterative 
reconstruction algorithm from Siemens Healthcare. T3D = polychromatic images at photon-counting detector CT.
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Mean differences in quantitative image quality scores 
and attenuation values between all reconstructions were 
initially checked with one-way repeated measures analyses 
of variance. Then, post hoc pairwise paired t tests with a 
Benjamini-Hochberg correction for multiple comparisons 
were conducted.

Two-tailed P values less than .05 were considered to indi-
cate statistical significance. Wherever appropriate, CIs were 
 provided. Quantitative variables are shown as means 6 
standard  deviation whereas qualitative variables are shown 
as medians with  interquartile ranges. All statistical analy-
ses were performed by one author (T.S.) with the statistical 

Figure 2: Quantitative image quality. Upper graphs show noise power spectrum (NPS) curves for 60 keV and polychromatic images at 

photon-counting detector CT (T3D) and all reconstructions. Note the similar shape of all curves except for the height. A reduction in height 

indicates a reduction in noise. Lower graphs show boxplots of the global noise index and contrast-to-noise ratio (CNR). The line in the box 

shows that the median, lower, and upper hinges correspond to the first and third quartiles. The upper and lower whiskers extend from the 

hinge to the largest and smallest value no farther than 1.5 3 interquartile range from the hinge. QIR is an iterative reconstruction algorithm 

from Siemens Healthcare.
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software (R version 4.0.2; R Foundation for Statistical 
Computing, https://www.R-project.org/)

Results

Study Cohort
Fifty patients were included in the study. No patient was 
excluded (Fig 1).

Quantitative Analysis

Phantom.—For the NPS, a maximum difference of 0.01 per 
millimeter was found for average spatial frequency and peak 
spatial frequency among all reconstructions (Table 2, Fig 

2). From QIR-off to QIR-4, noise magnitude had a 46% 
reduction.

Patients.—For both 60 keV and T3D, global noise index 
was reduced from QIR-off to QIR-4 by 45% (95% CI: 
44.7, 45.2) and 44% (95% CI: 43.8, 45.1), respectively (P 
, .001 for each comparison of QIR 1, 2, 3, or 4 vs QIR-off; 
Table 2, Fig 2).

Liver CNR improved both for 60 keV and T3D from QIR-
off to QIR-4 by 74% (95% CI: 71.9, 75.8) and 69% (95% 
CI: 66.2, 71.1), respectively (60 keV: P , .001 to .04 for 
QIR 1–4 vs QIR-off; T3D: P = .10 for QIR-1 vs QIR-off and  
P , .001 for QIR 2, 3, and 4 vs QIR-off; Table 2, Fig 2).

Figure 3: CT attenuation as a function of reconstruction. Overview of region-of-interest–based (upper two rows) and voxel-wise (bottom row) CT attenuation measure-

ments. The box plots depict the distribution of the mean attenuation of anatomic structures among all 50 patients. Note the identical shape of the boxplots across all recon-

structions indicating that the mean attenuation within anatomic structures (fat, liver portal vein) remained stable. In the bottom row, a density plot of the distribution of the dif-

ference in attenuation between all levels of QIR (Siemens Healthcare) and QIR-off is shown. Specifically, the curves shown in the graph represent the averaged data from 

all 50 patients. Most voxels cluster around 0, which indicates that CT attenuation stability is provided on a voxel-wise basis across all sections of an examination, regardless 

of the choice of reconstruction. T3D = polychromatic images at photon-counting detector CT.
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Portal vein CNR improved both for 60 keV (QIR-1 vs QIR-
off, P = .23; QIR-2 vs QIR-off, P = .01; QIR-3 and QIR-4 vs 
QIR-off, P , .001) and T3D (QIR-1 and QIR-2 vs QIR-off,  
P = .06–.41; QIR-3 and QIR-4 vs QIR-off, P , .001) from 
QIR-off to QIR-4 by 70% (95% CI: 68, 71.4) and 64% (95% 
CI: 62.5, 66), respectively (Table 2, Fig 2).

For fat and liver, we found no evidence of differences in CT 
attenuation between reconstructions for 60 keV and T3D (60 
keV, P = .84; T3D, P = .79). For portal vein, differences were 
found between reconstructions both for 60 keV and T3D. Spe-
cifically, for 60 keV and T3D, the mean attenuation in the por-
tal vein ranged from 223 HU 6 34.2 (60 keV) and 163 HU 
6 21.3 (T3D) for QIR-off to 221 HU 6 34.8 (60 keV) and 
162 HU 6 21.4 (T3D) for QIR-4, with statistically significant  
differences between the reconstructions (60 keV, P = .001–.005; 
T3D, P , .001 to .002; Table 2, Fig 3).

Regarding voxel-wise differences in CT attenuation, a maxi-
mum mean difference in CT attenuation of 0.1 HU between 
QIR-off and a given QIR reconstruction (QIR-4 at 60 keV) was 
found (Table 2, Fig 3). At higher levels of QIR, more voxels 
showed larger deviations in attenuation compared with QIR-
off than lower levels of QIR. This was shown by the standard 
deviation of the bell curves, which increased slightly at higher 
levels of QIR compared with lower levels of QIR (Fig 3). This 
effect can be explained by the improved image noise reduction 
at high levels of QIR. In addition, subtraction maps (Fig E2 [on-
line]) demonstrated that the spatial distribution of attenuation 
differences between QIR and QIR-off reconstructions differed 
between homogeneous areas and anatomic edges (25). This ef-
fect increased with increasing QIR strength, as indicated by the 
accentuated edges (eg, the vertebra) at QIR-4.

Qualitative Analysis
An overview of the results is given in Table 3 and Figure E3 
(online). Representative image examples are provided in Figures 
4–6. Interreader agreement was high between readers 1 and 2 
for the metrics’ overall image quality, image artifacts, diagnostic 
confidence, image noise, and texture (a values ranged from .83 
for overall image quality to .97 for image noise and texture). For 
lesion conspicuity, interreader agreement between all four read-
ers was substantial (a = .7).

For both image types, both readers, and all categories  
(overall image quality, artifacts and diagnostic confidence, image 
noise, and texture), scores improved with higher levels of QIR, 
whereby QIR-4 outperformed all other reconstructions (all,  
P , .001 to .01).

For lesion conspicuity, the four readers rated QIR-4 superior 
to other reconstructions (all, P , .001 to .04) with scores rang-
ing from 22 (interquartile range, 22.75 to 22) to 0 (interquar-
tile range, 0–0) for 60 keV and 22 (interquartile range, 23 to 
22) to 0 (interquartile range, 0–0) for T3D from QIR-off to 
QIR-4, respectively.

Discussion
An iterative reconstruction algorithm (QIR; Siemens) was in-
troduced with the clinical implementation of photon-counting 

detector (PCD) CT. Our study investigated the image quality 
and the optimal strength level of QIR for virtual monoenergetic 
images and polychromatic images (T3D) in a phantom and pa-
tients in portal venous abdominal PCD CT. We found that the 
highest strength level of QIR improved objective and subjective 

Figure 4: Representative axial CT images in a 41-year-old woman with neuro-

endocrine tumor of the appendix. Images are in the upper abdomen as a function 

of reconstruction for 60 keV and polychromatic images at photon-counting detec-

tor CT (T3D). Note the reduction in image noise with higher QIR (Siemens Health-

care) strength without visible changes in image noise texture. T3D = polychromatic 

images at photon-counting detector CT.
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image quality compared with QIR-off with a reduction of image 
noise by 45% and 44% (each, P , .001) and an improvement 
of contrast-to-noise ratio in the liver and portal vein by 74% 
and 70% and 69% and 64% for virtual monoenergetic images 
and T3D, respectively (P , .001 for QIR-4 vs QIR-off). No 
evidence of difference was found for image texture and CT at-
tenuation values among reconstructions (maximum deviation of 
0.01 per millimeter spatial frequency and maximum mean at-
tenuation difference of 2 HU). The results of our human reader 
study suggested improved subjective image quality and liver le-
sion conspicuity by using higher strength levels of QIR. On the 
basis of our findings, we recommend a QIR strength of 4 for 
clinical use in abdominal portal venous PCD CT.

Since their introduction in 2009, several IRs have been 
developed that enabled radiation dose and/or image noise 
reduction compared with filtered back projection (13,14). 
Current IRs designed for energy-integrating detector CT, 
however, cannot be used in PCD CT (13) because of the 
more complex data structure of PCD CT. First, multienergy 
data are inherently available and, second, additional detec-
tor elements can be deployed depending on the scan settings. 
These variations in image acquisition and additional differ-
ences in the noise model underlying PCD CT have a central 
role in image reconstruction. A further reconstruction chal-
lenge encountered in PCD CT is that image reconstruction 
and the step of material decomposition are not performed 
concurrently. This implies an information loss that cannot 
be compensated for with current IRs (13). Because of these 
challenges, QIR has been specifically tailored toward the re-
quirements of PCD CT.

Image noise texture has a major effect on the perceived 
image quality. Previous IRs designed for energy-integrating 
detector CT have been shown to alter the noise frequency 
distribution. Specifically, central noise frequency shifted to 
lower values which caused a change in image texture and ap-
pearance (22,26–29). Our NPS analysis demonstrated that 
QIR was not affected by these previous limitations because 
similar average and peak noise frequencies were observed 
among all reconstructions. Consequently, QIR reduced noise 

Figure 5:  Axial CT images depict the liver of a 46-year-old woman with epithelioid hemangioendothelioma as a function of reconstruction for 60-keV monoenergetic 

images with representative examples of focal liver lesions. Note the reduction in image noise and improvement in lesion conspicuity at higher levels of iterative reconstruction 

(QIR; Siemens Healthcare).

Figure 6: Axial CT images depicting the liver (top row) with washout of a he-

patocellular carcinoma (arrows), a cortical renal cyst (middle row), and the celiac 

trunk (bottom row) reconstructed with QIR (Siemens Healthcare)-off (left column) 

and QIR-4 (right column) show a representative comparison of QIR-off versus 

QIR-4. Note the substantial reduction in image noise using QIR-4.
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without affecting noise texture. This was also reflected by 
the improved subjective image quality for high levels of QIR 
compared with QIR-off. In our subjective analysis, lesion 
conspicuity of hypodense liver lesions was emphasized. Four 
independent readers with different experience levels rated sig-
nificantly higher conspicuity scores for QIR-4 compared with 
the other reconstructions.

Nevertheless, the spatial distribution of attenuation dif-
ferences between QIR and QIR-off reconstructions differed 
between homogeneous areas and anatomic edges. The general 
philosophy of QIR is to resemble the modulation transfer 
function of weighted filtered back projection as closely as 
possible. Therefore, QIR minimally increases sharpness at the 
edges between, for example, soft tissue and bone, which leads 
to a minimal difference in attenuation that is visible in the 
subtraction maps. However, these changes can be considered 
minimal because of the low magnitude of this effect.

Another important metric in quantitative analysis is CT at-
tenuation stability. We investigated the effect of QIR strengths 
on mean CT attenuation with both a region-of-interest–based 
approach and a fully computational approach. Importantly, the 
computational approach measured attenuation differences on 
a whole-volume, voxel-wise basis. Both approaches confirmed 
that mean CT attenuation remained unaffected by QIR. This 
indicates that CT attenuation can be used for quantitative 
analysis independent of QIR strength level.

Our study had several limitations. First, this was a sin-
gle-center study with a limited number of patients. Second, 
because of the heterogeneous patient cohort and the limited 
number of focal liver lesions, the diagnostic performance of 
various reconstructions was not assessed. Third, we did not 
assess the radiation dose reduction potential of QIR. Fourth, 
we were not able to compare QIR to other IRs because they 
were not available for PCD CT.

In conclusion, an iterative reconstruction algorithm (QIR; 
Siemens Healthcare) at a strength level of 4 performed best 
for quantitative and qualitative image quality as well as the 
conspicuity of liver lesions without affecting noise texture or 
CT attenuation in abdominal portal venous photon-counting 
detector CT. Future studies should assess the effect of QIR 
on diagnostic accuracy and its potential for radiation dose 
reduction. In particular, these studies should aim to assess 
low-contrast detectability with QIR while accounting for 
multiple features including size, shape, and scan parameters.
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Quantum Iterative Reconstruction for Abdominal Photon-
counting Detector CT Improves Image Quality

Thomas Sartoretti, Anna Landsmann, Dominik Nakhostin, 
Matthias Eberhard, Christian Roeren, Victor Mergen, Kai 
Higashigaito, Rainer Raupach, Hatem Alkadhi, André Euler

Erratum in:
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An error appeared in Figure 2: the y-axis on the upper left 
of the figure should be labeled as 0, 200, 400, 600.
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