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Patients with severe, degenerative aortic stenosis have a 
high prevalence and extent of aortic valve, mitral an-

nular, and coronary artery calcifications (1) which can be 
accurately quantified with noncontrast cardiac CT (2). The 
aortic valve calcium (AVC) score quantifies the calcium 
burden of the aortic valve, provides a complementary tool 
for the assessment of severe aortic stenosis in patients with 
inconclusive echocardiographic findings, and has incre-
mental prognostic value (3,4). The coronary artery calcium 
(CAC) score is a marker of atherosclerotic coronary artery 
disease and provides incremental predictive value of future 
cardiovascular events in patients with aortic stenosis (5,6). 
Mitral annular calcium (MAC) has been identified as an 
independent predictor of conduction system abnormalities 
after transcatheter aortic valve replacement (TAVR) (7,8).

Multienergy CT enables material decomposition 
for separating iodine from calcium. Several previous 
studies using conventional energy-integrating detector 
CT (EID-CT) scanners demonstrated the feasibility of 
virtual noncontrast (VNC) images reconstructed from 
contrast-enhanced multienergy CT for quantification 

of coronary calcifications (9–13). While CAC scores 
determined from VNC images showed high correlation 
with values from true noncontrast images, scores from 
VNC images were systematically lower in these studies 
(9–13). Another drawback of EID-CT is the need for 
prospective protocolling as multienergy data are other-
wise not available (14) except for the dual-layer multie-
nergy technique when performing scans at an appropri-
ate tube potential (9,10).

Recently introduced photon-counting detector CT 
(PCD-CT) has inherent spectral capabilities at high tem-
poral resolution (15–18). In PCD-CT, incoming photons 
are detected and resolved based on their energies in a di-
rect conversion process. The subsequent energy threshold-
ing enables the creation of spectral reconstructions (15–
17,19,20). Allmendinger et al (19) showed in a phantom 
study that virtual removal of calcium from coronary arter-
ies is feasible with PCD-CT using multienergy-based ma-
terial decomposition into calcium and iodine. Emrich et 
al (20) suggested that the same algorithm can be applied 
to remove iodine from contrast-enhanced CT, providing 
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Purpose:  To assess the accuracy of aortic valve calcium (AVC), mitral annular calcium (MAC), and coronary artery calcium (CAC) 
quantification and risk stratification using virtual noncontrast (VNC) images from late enhancement photon-counting detector CT as 
compared with true noncontrast images.

Materials and Methods:  This retrospective, institutional review board–approved study evaluated patients undergoing photon-counting 
detector CT between January and September 2022. VNC images were reconstructed from late enhancement cardiac scans at 60, 70, 
80, and 90 keV using quantum iterative reconstruction (QIR) strengths of 2–4. AVC, MAC, and CAC were quantified on VNC im-
ages and compared with quantification of AVC, MAC, and CAC on true noncontrast images using Bland-Altman analyses, regression 
models, intraclass correlation coefficients (ICC), and Wilcoxon tests. Agreement between severe aortic stenosis likelihood categories 
and CAC risk categories determined from VNC and true noncontrast images was assessed by weighted κ analysis.

Results:  Ninety patients were included (mean age, 80 years ± 8 [SD]; 49 male patients). Scores were similar on true noncontrast images 
and VNC images at 80 keV for AVC and MAC, regardless of QIR strengths, and VNC images at 70 keV with QIR 4 for CAC (all P 
> .05). The best results were achieved using VNC images at 80 keV with QIR 4 for AVC (mean difference, 3; ICC = 0.992; r = 0.98) 
and MAC (mean difference, 6; ICC = 0.998; r = 0.99), and VNC images at 70 keV with QIR 4 for CAC (mean difference, 28; ICC 
= 0.996; r = 0.99). Agreement between calcification categories was excellent on VNC images at 80 keV for AVC (κ = 0.974) and on 
VNC images at 70 keV for CAC (κ = 0.967).

Conclusion:  VNC images from cardiac photon-counting detector CT enables patient risk stratification and accurate quantification of 
AVC, MAC, and CAC.
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injection to assess myocardial fibrosis and to screen for prior 
myocardial infarcts. Contrast enhancement was achieved by 
injecting a weight-based volume of iodinated contrast medium 
(60–80 mL, iopromide, Ultravist 370 mg I/mL; Bayer Health-
care) accompanied by a saline chaser (20 mL, NaCl 0.9%) into 
an antecubital vein applying a weight-based flow rate (3.3–4.4 
mL/sec) (Table S1).

True noncontrast and late enhancement cardiac scans were 
acquired in the ECG-gated sequential multienergy Quan-
tumPlus mode with prospective gating at an absolute interval 
of 280 msec from the R wave. Tube potential was set to 120 
kV, collimation was 144 × 0.4 mm, and image quality level 
was set to 20 and 80 for the true noncontrast and late en-
hancement scan, respectively. Mean volume CT dose index 
was 3.2 mGy ± 1.2 (SD) for the true noncontrast scan and 
7.8 mGy ± 2.8 for the late enhancement scan. The gantry 
rotation time was 0.25 second for all scans. CT aortographic 
images were acquired at a tube potential of 120 kV, an image 
quality level of 64, and a collimation of 144 × 0.4 mm. Scan 
acquisition and scan dose parameters of ECG-gated coronary 
CT angiography are provided in Table S2. Because these im-
age data were not used in this study, no further details on 
reconstruction parameters are provided.

Image Reconstruction and Calcium Scoring
True noncontrast cardiac scans were reconstructed as virtual 
monoenergetic images at 70 keV without quantum iterative 
reconstruction (QIR) and served as the reference standard 
(21–23). In previous phantom studies, CAC quantification 
was most accurate using virtual monoenergetic images re-
constructed with these parameters when compared with con-
ventional EID-CT images without the need of a conversion 
factor (21–23).

Late enhancement cardiac scans were reconstructed by ap-
plying the spectral calcium-preserving virtual noncontrast algo-
rithm (PureCalcium; Siemens Healthineers) (20). In brief, this 
algorithm performs a series of two-material decompositions and 
denoising using QIR to generate virtual monoenergetic images 
in a way that the contrast of voxels containing only calcium is 
preserved for the targeted image while the iodine signal is sub-
tracted. VNC images were reconstructed at 60, 70, 80, and 90 
keV, respectively, applying QIR with strengths of 2, 3, and 4, 
respectively. Since virtual monoenergetic images of true noncon-
trast cardiac scans provided the most accurate calcium quantifi-
cation results at 70 keV compared with EID-CT images (21), 
VNC images were also reconstructed at 70 keV, as well as at 60, 
80, and 90 keV, to assess the influence of different monoener-
getic levels on quantification accuracy.

A section thickness of 3 mm, an increment of 1.5 mm, a ma-
trix size of 512 × 512 pixels, and the Qr36 kernel was used for 
all images. The field of view was set to 200 × 200 mm2 and was 
matched between true noncontrast and late enhancement scans.

AVC, MAC, and CAC were quantified using a dedicated, 
commercially available software (CaScore, syngo.via VB60; Sie-
mens Healthineers) in accordance with the Agatston method 
(24). The software highlights cardiac calcifications, which were 
subsequently assigned to a cardiac structure by a reader (S.G., 

calcium-preserving VNC images of the heart and potentially ob-
viating the need for a dedicated noncontrast scan.

The purpose of our study was to assess the accuracy of AVC, 
MAC, and CAC quantification and risk stratification using 
VNC images from late enhancement PCD-CT as compared 
with true noncontrast images.

Materials and Methods

Patients
This retrospective single-center study was conducted at an aca-
demic medical center after institutional review board and local 
ethics committee approval was obtained. All patients provided 
written informed consent.

Consecutive patients screened for TAVR planning with a 
PCD-CT scan between January and September 2022 were iden-
tified. Patients were excluded when raw data of the scans were 
missing or if severe artifacts compromised image quality (Fig 1).

CT Data Acquisition
All patients underwent scans with a first-generation dual-
source PCD-CT system (NAEOTOM Alpha; version syngo 
CT VA50; Siemens Healthcare) equipped with two cadmium 
telluride detectors. No β-blockers were administered for heart 
rate control. The protocol comprised an electrocardiogram 
(ECG)-gated true noncontrast cardiac scan for calcium scor-
ing followed by ECG-gated coronary CT angiographic and 
CT aortographic imaging. An ECG-gated late enhancement 
cardiac scan was acquired 5 minutes after contrast medium 

Abbreviations
AVC = aortic valve calcium, CAC = coronary artery calcium, ECG 
= electrocardiogram, EID-CT = energy-integrating detector CT, 
MAC = mitral annular calcium, PCD-CT = photon-counting 
detector CT, QIR = quantum iterative reconstruction, TAVR = 
transcatheter aortic valve replacement, VNC = virtual noncontrast

Summary
Virtual noncontrast images from cardiac late enhancement scans 
acquired using photon-counting detector CT yielded accurate quan-
tification of aortic valve, mitral annular, and coronary artery calcium, 
enabling patient risk stratification.

Key Points
	■ In a retrospective study of 90 patients who underwent photon-

counting detector CT, cardiac calcium scores were similar between 
true noncontrast images and virtual noncontrast (VNC) images 
reconstructed from late enhancement cardiac scans at 80 keV, 
regardless of quantum iterative reconstruction (QIR) strength, for 
aortic valve and mitral annular calcium and VNC at 70 keV with 
QIR 4 for coronary artery calcium (all P > .05).

	■ Agreement between severe aortic stenosis likelihood categories on 
VNC images at 80 keV (κ = 0.974) and coronary artery calcifica-
tion risk categories on VNC images at 70 keV (κ = 0.967) was ex-
cellent compared with categories determined on true noncontrast 
images.

Keywords
Coronary Arteries, Aortic Valve, Mitral Valve, Aortic Stenosis, Calci-
fications, Photon-counting Detector CT

http://radiology-cti.rsna.org


Radiology: Cardiothoracic Imaging Volume 5: Number 3—2023  ■  rcti.rsna.org� 3

Mergen et al

The Shapiro-Wilk test was used to test variables for normal 
distribution. Variables are presented as means ± SDs when 
normally distributed and as medians and interquartile ranges 
when nonnormally distributed. Categorical variables are re-
ported as counts and percentages. Calcium scores and vol-
umes determined on VNC images and the reference standard 
were compared using Bland-Altman analyses, linear regres-
sion models, two-way intraclass correlation coefficient (from 
0 to 1.00, with 0.81–1.00 indicating excellent agreement), 
and Wilcoxon signed rank tests. P values were adjusted with 
the Benjamini-Hochberg procedure for multiple compari-
sons. A two-tailed P value less than .05 was considered to 
indicate statistical significance. Agreement between risk cat-
egories determined with VNC findings and the reference 
standard was assessed by weighted κ analysis (from 0 to 1.00, 
with 0.81–1.00 indicating excellent agreement).

Results

Patient Characteristics
Of 92 eligible patients, one patient was excluded because of 
missing raw data and one patient was excluded because of 
severe artifacts from pacemaker leads compromising image 
quality. No patient had to be excluded because of motion 
artifacts. A total of 90 patients (41 female patients, 49 male 
patients; mean age, 80 years ± 8; body mass index, 26 kg/m2 ± 
5) were finally included. For analyses, exclusions were as fol-
lows: four patients for aortic valves with prior valve replace-

a medical student). For extensive calcifications associated with 
more than one cardiac structure, manual adjustments were made 
by the reader in an identical manner for all image sets of the same 
patient and reviewed by an expert (V.M., in training with 4 years 
of experience in cardiovascular radiology). Total calcium scores 
and volumes for the aortic valve, mitral annulus, and coronary 
arteries were extracted for every reconstruction. Valves with prior 
surgery or intervention and coronary arteries with stents or aor-
tocoronary bypass grafting were not considered for analyses since 
foreign material may impede accurate calcium quantification.

Likelihood of Severe Aortic Stenosis and CAC Risk 
Categories
AVC scores were subclassified into four categories with regard 
to the likelihood of severe aortic stenosis: (a) highly likely with a 
score greater than or equal to 1600 for women and greater than 
or equal to 3000 for men, (b) likely with a score greater than or 
equal to 1200 for women and greater than or equal to 2000 for 
men, and (c) unlikely with a score less than 800 for women and 
less than 1600 for men (25). According to Hecht et al (26), CAC 
scores were stratified into four risk categories defined by the fol-
lowing score boundaries: 0, 1–99, 100–299, and greater than 300. 
In addition, a binary CAC score for risk prediction of short-term 
mortality after TAVR was used with a threshold score of 1000 (6).

Statistical Analysis
Analyses were performed using R statistical software (R, 
version 4.2.1; R Foundation, https://www.R-project.org/). 

Figure 1:  Flowchart details patient inclusion. PCD-CT = photon-counting detector CT.
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Likelihood of Severe Aortic Stenosis
AVC of 41 female and 45 male patients were evaluated. Based 
on the AVC scores determined on true noncontrast images, 
severe aortic stenosis was highly likely in 28 female patients 
(score ≥ 1600) and 20 male patients (score ≥ 3000), likely in 
four female patients (score ≥ 1200) and nine male patients 
(score ≥ 2000), and unlikely in five female patients (score < 
800) and 10 male patients (score < 1600). Scores ranged be-
tween 800 and 1200 in four female patients and between 1600 
and 2000 in six male patients. Agreement of likelihood cat-
egories was lowest for VNC images at 60 keV (QIR 2–4) (κ = 
0.857 for all) with a concordance of 74% (64 of 86 patients) 
(Table S7). Agreement of likelihood categories was highest for 
VNC images at 80 keV with QIR 2 or 3 (κ = 0.974 for both) 
with a concordance of 93% (80 of 86 patients). Using VNC 
images at 80 keV with QIR 2 or 3, likelihood categories were 
overestimated in four of 86 patients (5%) and underestimated 
in two of 86 patients (2%) (Fig 5).

CAC Risk Categories
CAC scores determined on true noncontrast images ranged be-
tween 0 and 99 in seven patients, between 100 and 299 in 13 
patients, and were over 300 in 41 patients. Agreement of risk 
categories was lowest for VNC images at 90 keV with QIR 4 
(κ = 0.788), and agreement was highest for VNC images at 
70 keV, regardless of the QIR strength (all κ = 0.967) (Table 

ment, 29 patients for mitral annuli that had 
no calcifications, one patient for mitral an-
nulus with prior mitral valve repair, one pa-
tient for having no coronary artery calcifica-
tion, 21 patients for having coronary stents, 
and seven patients for having aortocoronary 
bypass grafts. Finally, 86 aortic valve, 60 mi-
tral annular, and 61 coronary artery calcifi-
cations were evaluated (see Fig 1). Baseline 
characteristics and CT radiation dose met-
rics are detailed in Table 1. Table S3 provides 
information on aortic valve disease, includ-
ing type of valve disease, echocardiographic 
findings, and treatment. Figure 2 and Fig-
ure 3 provide representative examples of the 
reconstructions.

Calcium Score Quantification
Median scores determined on true noncon-
trast images were 2287 (IQR, 1570–3359) for 
AVC, 998 (IQR, 247–3209) for MAC, and 
571 (IQR, 135–1799) for CAC (Table S4).

AVC scores on VNC images at 80 keV with 
QIR 4 revealed the smallest difference (mean 
difference, 3; limits of agreement, -357, 363), 
strong correlation (r = 0.98), and excellent 
agreement (intraclass correlation coefficient, 
0.992) compared with AVC scores on true 
noncontrast images (Table 2 and Fig 4). Re-
gardless of the QIR strength, AVC scores de-
termined on VNC images at 80 keV were sim-
ilar to the reference standard (QIR 2–4; all P > .05) and showed 
significant differences on all VNC images at 60, 70, and 90 keV 
(QIR 2–4; all P < .001).

MAC scores on VNC images at 80 keV with QIR 4 revealed 
the smallest difference (mean difference, 6; limits of agreement, 
-50, 62), strong correlation (r = 0.99), and excellent agreement 
(intraclass correlation coefficient, 0.997) compared with MAC 
scores on true noncontrast images. MAC scores were similar 
to the reference standard on VNC images at 80 keV regard-
less of the QIR strength (QIR 2–4; all P > .05) and differed 
significantly on all VNC images at 60, 70, and 90 keV (QIR 
2–4, all P < .001).

CAC scores on VNC images at 70 keV with QIR 4 revealed 
the smallest difference (mean difference, 28; limits of agree-
ment, -214, 269), strong correlation (r = 0.99), and excellent 
agreement (intraclass correlation coefficient, 0.996) compared 
with CAC scores on true noncontrast images. CAC scores de-
termined on VNC images at 70 keV with QIR 4 were similar 
to the reference standard (P = .05) and differed significantly on 
VNC images at 70 keV with QIR 2 (P = .02) or QIR 3 (P = 
.04) and on all VNC images at 60, 80, or 90 keV (QIR 2–4; 
all P < .001). No patient with CAC (score > 0) determined 
on true noncontrast images had a score of 0 on VNC images. 
Results of calcium scores are presented in detail in Table 2 and 
Table S4. Results of calcium volumes are presented in Table S5, 
Table S6, and Figure S1.

Table 1: Patient Baseline Characteristics

Patient Characteristic All Patients (n = 90)

Sex
  Male patients 49 (54)
  Female patients 41 (46)
Age (y) 80 ± 8 (range, 56–96)
Body mass index (kg/m2) 26.1 ± 4.8 (range, 15.9–49.7)
Heart rate during the scans (beats/min)
  True noncontrast scans* 71 (IQR, 65–84)
  Late enhancement scans* 68 (IQR, 61–82)
Medical history
  Hypertension 68/90 (76)
  Dyslipidemia 44/90 (49)
  Diabetes 29/90 (32)
  Smoking 33/90 (37)
  Chronic obstructive pulmonary disease 8/90 (9)
  Chronic kidney disease 33/90 (37)
CT radiation dose
  True noncontrast scan
    Volume CT dose index (mGy) 3.2 ± 1.2 (range, 1.6–8.1)
    Dose length product (mGy ∙ cm) 48.2 ± 16.7 (range, 24.4–108.0)
  Late enhancement scan
    Volume CT dose index (mGy) 7.9 ± 2.7 (range, 3.9–18.0)
    Dose length product (mGy ∙ cm) 110.5 ± 36.5 (range, 54.2–238.0)

Note.—Unless otherwise specified, data are means ± SDs or proportion of patients 
with percentages in parentheses. 
* Data are medians, with IQRs in parentheses.
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PCD-CT yields similar results as compared with true noncon-
trast images when VNC images at 80 keV are used for AVC 
and MAC scores, regardless of the QIR strength, and when 
VNC images at 70 keV with QIR 4 are used for measuring 
CAC (all P > .05). Importantly, agreement between catego-
ries was excellent when assessing the likelihood of severe aortic 
stenosis on VNC images at 80 keV (κ = 0.974) and when de-
termining CAC risk categories on VNC images at 70 keV (κ = 
0.967). Binary CAC stratification using VNC images, regard-
less of QIR strength, had very high concordance (100%) with 
the reference standard.

In this study, we used VNC images from cardiac late en-
hancement PCD-CT in patients screened for TAVR planning. 
Late enhancement scans are powerful for quantifying myocardial 
fibrosis and detecting cardiac amyloidosis, which both substan-
tially impact patient prognosis after TAVR (27–29).

Emrich et al (20) were the first to describe the calcium-pre-
serving VNC algorithm for PCD-CT data and compared CAC 

S7). Concordance of CAC risk categories was 97% (59 of 61 
patients) when using VNC images at 70 keV (QIR 2–4), while 
two patients were reclassified to lower risk categories (Fig 5).

Binary CAC stratification for predicting short-term mortality 
in patients undergoing TAVR revealed CAC scores less than 1000 
in 40 patients and greater than or equal to 1000 in 21 patients. 
Concordance was very high regardless of the virtual monoener-
getic level and QIR strength of VNC images (all 100%).

Discussion
In patients with aortic stenosis, accurate quantification of aor-
tic valve, mitral annular, and coronary artery calcifications on 
noncontrast cardiac CT images is important for risk stratifi-
cation (3–8). PCD-CT enables the reconstruction of VNC 
images from contrast-enhanced images through multienergy-
based material decomposition, potentially obviating the need 
of acquiring a separate noncontrast scan. The present study 
indicates that calcium quantification using VNC images from 

Figure 2:  Representative CT images with aortic valve calcifications. Axial CT images in a 75-year-old female patient with severe aortic stenosis show (A) true noncon-
trast (at 70 keV without quantum iterative reconstruction [QIR]), (B) late enhancement (at 55 keV with QIR 3), and (C) virtual noncontrast (at 80 keV with QIR 3). Volume CT 
dose index of the true noncontrast and late enhancement scans were 1.9 mGy and 4.6 mGy, respectively. The aortic valve calcium scores were 2053 on true noncontrast 
images and 2051 on virtual noncontrast images (at 80 keV with QIR 4).

Figure 3:  Representative CT images with coronary artery calcifications. Axial CT images in an 81-year-old female patient with severe aortic stenosis show (A) true 
noncontrast (at 70 keV without quantum iterative reconstruction [QIR]), (B) late enhancement (at 55 keV with QIR 4), and (C) virtual noncontrast (at 70 keV with QIR 4). 
Volume CT dose index of the true noncontrast and the late enhancement scans were 2.6 mGy and 6.3 mGy, respectively. The coronary artery calcium scores were 1336 
on true noncontrast images and 1411 on virtual noncontrast images (70 keV with QIR 4). Note that small calcifications in the aortic root were removed on virtual noncon-
trast images, while coronary calcifications appear similar on true noncontrast and virtual noncontrast images.

http://radiology-cti.rsna.org
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scores determined on VNC images from coronary CT angiogra-
phy at 70 keV using QIR 2 with CAC scores determined on true 
noncontrast images. Their results showed a significant underes-
timation of CAC scores on VNC images (mean difference of 
-114). In contrast to Emrich et al (20), our study concept was to 
replace the true noncontrast scan for calcium quantification with 
VNC images from late enhancement PCD-CT. Iodine mapping 
for quantifying myocardial fibrosis and amyloidosis in patients 
with severe aortic stenosis can be performed from the same im-
age data set that can also be used for generating VNC images for 
calcium quantification. We found that CAC scores determined 
on VNC images at 70 keV using QIR 4 were comparable with 
CAC scores determined on true noncontrast images (mean dif-
ference, 28; P = .05), providing more accurate values than those 
described in the study by Emrich et al (20). Differences in the 
results may be related to the higher CAC score in our study (me-
dian, 571 vs 232 in the study by Emrich et al [20]). Accurate 
CAC scoring may be more challenging in patients with lower 
scores because plaques with low attenuation or small volumes 
could be more difficult to detect on spectral images. Identify-
ing the type of calcifications that are susceptible to higher quan-
tification variability or defective appearance on VNC images 
continues to be the subject of research. Nevertheless, results of 
this study show that calcium quantification on VNC images 
is accurate for large, round-shaped calcifications such as AVC, 
crescent-shaped calcifications such as MAC, and smaller, linear 
calcifications such as CAC. Another reason for the discrepancy 
might be the newer software version used in our study (syngo 
CT VA50) compared with that used by Emrich et al (syngo 
CT VA40) (20). According to the vendor, the newer software 
improved the spectral image quality and material decomposi-
tion, which might have impacted our study results. Finally, the 
lower attenuation of the blood pool on late enhancement im-
ages compared with coronary CT angiographic images may have 
also contributed to a more accurate material decomposition in 
our study. Collectively, our study suggests that VNC images are 
a valuable substitute for true noncontrast images and offer the 
possibility of accurate cardiac calcium quantification in routine 

clinical practice. Though, performing a late enhancement scan 
in patients screened for TAVR planning may not yet be routine 
in many centers.

In contrast to CAC scores, AVC and MAC scores on VNC 
images at 70 keV showed a systematic overestimation of calcifi-
cation scores. A possible speculative explanation for this finding 
could be that residual iodine in the center of macrocalcifications 
was not entirely subtracted by the VNC algorithm, and iodine-
containing voxels were subsequently erroneously added to the 
true calcium voxels due to the simple voxel counting algorithm 
underlying the Agatston score (24). Considering the VNC al-
gorithm, this shortcoming may be attributed to a limitation in 
the combined spectral and spatial resolution. Our data indicate 
that this limitation can be overcome by using VNC images at 80 
keV for AVC and MAC scoring. The suggested switch to VNC 
images at 80 keV for AVC or MAC does not change the iodine 
contribution to the score as such but leads to a downgrading of 
the total score by a few percentage points due to the weighing 
dependency of the Agatston score on the maximum realized at-
tenuation of the evaluated lesion. Choosing higher monoener-
getic levels lowers the weighing on average because of the inher-
ent kiloelectron-volts dependency of the score (22).

Application of iterative reconstruction algorithms on non-
contrast images acquired using EID-CT may lead to an underes-
timation of AVC and CAC scores, thus impairing risk stratifica-
tion (30,31). With PCD-CT, calcium quantification on VNC 
images was not influenced by the QIR strengths for AVC and 
MAC, whereas CAC scores on VNC images differed from the 
reference standard depending on QIR strengths, however, with-
out a clear trend.

In our study, true noncontrast scans for calcium scoring were 
acquired with an image quality level of 20, resulting in a mean 
volume CT dose index of 3.2 mGy. In comparison, cardiac late 
enhancement scans were acquired with a higher image quality 
level of 80 to ensure a sufficient quality for spectral reconstruc-
tions with iodine mapping in the myocardium (mean volume 
CT dose index, 7.9 mGy). However, since calcium scoring on 
VNC images from PCD-CT was accurate, late enhancement 

Figure 4:  Bland-Altman plots comparing calcium scores of (A) the aortic valve, (B) the mitral annulus, and (C) the coronary arteries determined on true noncontrast 
images and virtual noncontrast images. Results of the virtual noncontrast images with the smallest differences are presented depending on the cardiac structure under study. 
Note that differences are smaller at lower scores and greater when more extensive calcifications are present. The dotted line indicates the mean difference, and the dashed 
lines indicate the lower and upper limits of agreement. The solid line corresponds to a regression line, and the shaded areas indicate the 95% CIs for the regression line. LoA 
= limit of agreement, QIR = quantum iterative reconstruction.
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scans may replace separate true 
noncontrast scans in the future.

The following study limita-
tions merit consideration. First, 
this retrospective, single-center 
study included a limited number 
of patients. Second, true noncon-
trast and late enhancement scans 
were not acquired with the same 
image quality level. However, a 
previous phantom study found 
no evidence that CAC scoring 
was dependent on the chosen 
image quality level (21). Third, 
heart rates during scan acquisi-
tion were relatively high (ie, me-
dian, 71 beats per minute during 
true noncontrast scans; median, 
68 beats per minute during late 
enhancement scans). Lower heart 
rates may lead to more accurate 
calcium quantification on both 
true noncontrast images and 
VNC images. Fourth, both true 
noncontrast and late enhance-
ment cardiac scans were acquired 
in the ECG-gated sequential 
mode. Further studies are needed 
to evaluate the consistency of 
VNC performance in scans ac-
quired in the helical mode. Fifth, 
minor discrepancies between cal-
cium quantification on VNC and 
true noncontrast images may be 
present due to divergent segmen-
tation of extensive calcifications. 
Certainly, every effort was made 
to perform identical segmenta-
tion on all reconstructions, and 
manual adjustments were only 
necessary in a minority of pa-
tients. Sixth, cardiac calcifications 
were evaluated on VNC images 
reconstructed at only four differ-
ent monoenergetic levels. Using 
these reconstructions, calcium quantification yielded accurate 
results and also over- and underestimated results when compared 
with the reference standard for all cardiac structures studied. 
Therefore, the inclusion of even lower or higher monoenergetic 
levels would not further strengthen our results. Finally, the po-
tential impact of reclassification based on calcium quantification 
using VNC images on outcome predictions was not evaluated.

In conclusion, VNC images from cardiac PCD-CT enabled 
accurate calcium quantification and risk stratification of aortic, 
mitral annular, and coronary artery calcifications. Future studies 
should evaluate the prognostic value of calcium quantification 
using VNC images.
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Figure 5:  Diagram illustrates the concordance and discordance of (A) aortic valve calcium and (B) coronary artery 
calcium categories using scores determined on virtual noncontrast (VNC) images compared with true noncontrast images. 
Severe aortic stenosis likelihood categories (A) on VNC images at 80 keV with QIR 2 or 3 showed excellent agreement (κ 
= 0.974; concordance of 93% in 80 of 86 patients) with categories determined using true noncontrast images. Likelihood 
categories were overestimated in four of 86 (5%) and underestimated in two of 86 reclassified patients (2%). CAC risk 
categories (B) on VNC images at 70 keV with QIR 4 showed excellent agreement (κ = 0.967) with categories determined 
using true noncontrast images. Concordance of CAC risk categories was 97% (59 of 61 patients), while two patients were 
reclassified to lower risk categories. QIR = quantum iterative reconstruction. 
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