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Abstract: Background: To validate the automated quantification of cardiac chamber volumes and
myocardial mass on non-contrast chest CT using cardiac MR (CMR) as a reference. Methods: We
retrospectively included 53 consecutive patients who received non-contrast chest CT and CMR within
three weeks. A deep learning model created cardiac segmentations on axial soft-tissue reconstructions
from CT, covering all four cardiac chambers and the left ventricular myocardium. Segmentations on
CMR cine short-axis and long-axis images served as a reference. Standard estimates of diagnostic

check for

updates accuracy were calculated for ventricular volumes at end-diastole and end-systole (LVEDV, LVESV,

RVEDYV, RVESV), left ventricular mass (LVM), and atrial volumes (LA, RA) at ventricular end-diastole.
A qualitative assessment noted segmentation issues. Results: The deep learning model generated CT
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measurements for 52 of the 53 patients (98%). Based on CMR measurements, the average LVEDV was
166 + 64 mL, RVEDV was 144 & 51 mL, and LVM was 115 + 39 g. The CT measurements correlated
well with CMR measurements for LVEDV, LVESV, and LVM (ICC = 0.85, ICC = 0.84, and ICC = 0.91;
all p <0.001) and RVEDV and RVESV (ICC = 0.79 and ICC= 0.78; both p < 0.001), and moderately well
with LA and RA (ICC = 0.74 and ICC = 0.61; both p < 0.001). Absolute agreements likewise favored
LVEDV, LVM, and RVEDV. ECG-gating did not relevantly influence the results. The CT results
correctly identified 7/15 LV and 1/1 RV as dilated (one and six false positives, respectively). Major
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https://doi.org/10.3390/ qualitative issues were found in three cases (6%). Conclusions: Automated cardiac chamber volume
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and myocardial mass quantification on non-contrast chest CT produced viable measurements in
this retrospective sample. Relevance Statement: An automated cardiac assessment on non-contrast
chest CT provides quantitative morphological data on the heart, enabling a preliminary organ
evaluation that aids in incidentally identifying at-risk patients who may benefit from a more targeted
diagnostic workup.
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1. Background

Non-contrast chest computed tomography (CT) has a well-established usage spectrum
in clinical imaging. It is centered around the assessment of the airways and the lung
parenchyma, complemented by an evaluation of the mediastinal lymph nodes to the extent
Attribution (CC BY) license (https://  they can be differentiated without intravenous contrast media. A cardiac assessment on
creativecommons.org/licenses/by/  non-contrast chest CT, however, is difficult to perform visually and is generally limited to
40/). gross organ enlargement, pericardial effusion, and signs of pulmonary congestion.
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Automated cardiac segmentation algorithms can support readers by providing ad-
ditional quantitative information and thus offer an opportunity for incidental cardiac
evaluation. Depending on the accuracy of these data, it may help readers to identify cardiac
abnormalities on non-contrast chest CT. Such an automated cardiac assessment could also
be used as an opportunistic screening tool to identify asymptomatic patients potentially
requiring further cardiac evaluation early. This may be especially beneficial for patients at
risk for heart failure since they commonly develop symptoms only when cardiac function is
already relevantly and irreversibly impaired. The prevalence of heart failure underlines the
importance of this issue; in Europe, it is reported to be 1-2% in the general population [1-3],
increasing to above 10% in the age group above 70 years [4,5].

Implementations of automated cardiac segmentation algorithms were long restricted
in scope and precision: the assessment of single chambers, delineation along the epicardial
contours, and a lack of myocardial mass quantification limited their diagnostic value [6-8].
A recently proposed method addresses these limitations by enabling segmentation of all
four cardiac chambers along the endocardial border, complemented by a segmentation
of the left-ventricular myocardium via delineation of the epicardial border [9]. In the
technical report, segmentation results from non-contrast cardiac CT scans in the mid-
diastolic phase were validated against those from paired and phase-matched contrast
cardiac CT scans. Although the authors reported good agreement and correlation in
this intramodal comparison, the method has not yet been validated through intermodal
comparison with the clinical gold standard—cardiac MR (CMR)—for quantifying chamber
volumes and myocardial mass, which is essential to confirm its clinical applicability.

Therefore, our objective was to assess the accuracy of an existing deep learning model
for the fully automated quantification of cardiac chamber volumes and myocardial mass
on non-contrast chest CT by comparing its results to clinical CMR as a reference standard.

2. Methods
2.1. Study Sample

We queried the local picture archiving and communication system for all CMR,
and non-contrast chest CTs performed as clinical examinations between April 2020 and
April 2023. The results were matched at a patient level and pairs with an intermodal
time difference of three weeks or less were kept. If a CMR or CT appeared in multiple
examination pairs, the pair with the smallest intermodal time difference was selected to
minimize temporal discrepancies. A general exclusion criterion was the presence of situs
inversus. Exclusion criteria specific to CMR were non-assessment of the ventricles due to
unavailability or incompleteness of short-axis cine sequences and severe image artifacts.
Exclusion criteria specific to CT were examinations performed in other than the supine
position and scan length not covering the full chest in the craniocaudal direction. The final
study sample comprised 53 patients (Figure 1).

2.2. Patient Characteristics

The study sample comprised 19 female and 34 male patients. The mean patient age
was 64 years. The mean BMI was 25.8 & 5.3 kg/m?. The full patient characteristics are
compiled in Table 1.

Table 1. Patient characteristics and selected CT scan parameters for the study sample.

Parameter Value
Gender (female) 19 (36%)
Age (years) 64+ 16
Height (cm) 171 £ 10
Weight (kg) 76 +£19
BMI (kg/m?) 257 £5.3

BSA (m?) 1.94+03
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Table 1. Cont.

Parameter Value
ECG gating (n) 10 (19%)
Pitch Factor 1.5+£11
Peak Tube Voltage (kV)
80 1(2%)
90 16 (30%)
100 23 (43%)
110 6 (11%)
120 3 (6%)
150 4 (8%)
Tube Current-Time Product (mAs) 143 £+ 104
CTDI, (mGy) 3.1+1.6
Slice thickness (mm)
0.60 2 (4%)
0.75 13 (25%)
1.00 37 (70%)
3.00 1(2%)
Kernel
Bf36 9 (17%)
Bf39 1(2%)
Bf40 38 (72%)
Br40 2 (4%)
Bv36 3 (6%)

The data are presented as counts with percentages or as mean =+ standard deviation. BMI: body mass index,

BSA: body surface area, CTDI,: volumetric computed tomography dose index, ECG: electrocardiogram.

PACS Search
Period: 04/2020 to 04/2023

Cardiac MR

Non-Contrast Chest CT

63 Patients
with <3 weeks time difference between modalities

Exclusions based on MR:

Cine images not available
(n=1) or not assessable (n=7)

Exclusions based on CT:
Situs inversus (n=1)

Incomplete coverage (n=2)

53 Patients
in the final study sample

Figure 1. Flowchart of patient inclusion.

2.3. CMR: Imaging and Expert Segmentations as a Reference Standard

The CMR examinations included acquisitions on 1.5 T and 3 T scanners, specifically
the 1.5 T models MAGNETOM Aera (n = 4), Avanto Fit (n = 2), and Espree (n = 10), as
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well as the 3 T models MAGNETOM Skyra (n = 13) and Vida Fit (n = 24) (all Siemens
Healthineers, Erlangen, Germany).

The CMR image segmentations were performed in cvi42 (version 5.14, Circle Car-
diovascular Imaging Inc., Calgary, AB, Canada). The LV epicardial, LV endocardial, and
RV endocardial borders were automatically contoured in balanced steady-state free pre-
cession (bSSFP) technique short-axis cine sequences at end-diastole and end-systole. The
left atrial (LA) and right atrial (RA) endocardial borders were automatically contoured in
bSSEP long-axis cine sequences in four-chamber (both atria) and two-chamber (LA only)
views at end-diastole to perform biplane or monoplane volume calculations, respectively.
Two experts blinded to the diagnoses then assessed and, if necessary, manually corrected
all segmentations in consensus: one board-certified radiologist with six years and one
cardiology resident with three years of professional experience, including CMR. Severely
interfering susceptibility artifacts warranted the exclusion of the affected chamber. The
finally extracted parameters were LV and RV volumes at end-diastole and end-systole
(MRLVEDYV, MRLVESYV, MRRVEDV, MRRVESV) for 53 patients, LA and RA volumes at
ventricular end-diastole (MRLA, MRRA) for 52 and 49 patients, respectively, and LV mass
at ventricular end-diastole (MRLVM, assuming a myocardial density of 1.05 g/mL) for
53 patients. The left and right ventricles were additionally classified as normal or dilated
based on end-diastolic volumes normalized to the body surface area (BSA), following
the CMR reference ranges of the European Association of Cardiovascular Imaging [10]:
MRLVEDV < 96 mL/m? for females and <105 mL/m? for males, MRRVEDV < 112 mL/m?
for females and <121 mL/m? for males. The left myocardium was classified as normal
or hypertrophic with cutoff values of MRLVM < 81 g/m? for females and <85 g/m? for
males [10]. BSA was calculated using height and weight from the CMR examinations and
the Mosteller formula [11].

2.4. Non-Contrast Chest CT: Imaging and Fully Automatic Cardiac Segmentations

The non-contrast chest CTs were acquired on two third-generation dual-source dual-
energy scanners (SOMATOM Force, Siemens Healthineers, Erlangen, Germany). The
scanning protocols included non-ECG-gated (1 = 43) and prospectively ECG-gated (1 = 10)
variants. In the ECG-gated series, the targeted phase was 65% of the R-R interval and the
measured phase ranged from 47% to 79%. The full scan parameters are listed alongside
patient characteristics in Table 1. The mean difference in examination dates between CT
and CMR was 3 & 4 days (range 0-16 days).

For all CT examinations, a non-contrast axial image series with a soft-tissue reconstruc-
tion kernel and a thin slice thickness was processed using a deep learning segmentation
model (Al-Rad Companion Research, Siemens Healthineers, Erlangen, Germany). The
segmentation algorithm was trained on coronary CT angiography scans from a multi-center
cohort of 2594 patients (mean age 60.2 £ 11.4 years, 45% female). Each scan comprised
paired, cardiac-phase matched non-contrast, and contrast-enhanced series. Segmenta-
tion masks for the contrast-enhanced series were obtained using an automated approach
and then registered to the non-contrast series through deformable registration to obtain
ground truth segmentations for the cardiac chambers and the left ventricular myocardium.
The quality of all ground truth segmentations on non-contrast scans was verified by hu-
man annotators before being used for model development. The deep learning model
utilizes an image-to-image segmentation network, combined with a conditional varia-
tional autoencoder. Further details on the model architecture have been published by
Jacob et al. [9]. In the present study, the model was used in combination with a heart
isolation model to segment the cardiac chambers in non-contrast chest CT. Schematics of
the training and inference pipelines are shown in Supplementary Figure S1. Algorithm
development was done independently from and finalized prior to the results presented in
this manuscript, and the training dataset did not include any data from the same institution
as this validation study.
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The algorithm output comprised the CT images (Figure 2) with a segmentation overlay
and a set of derived parameters: LV (CTLV), RV (CTRV), LA (CTLA), and RA (CTRA)
volumes, LV myocardial volume, and whole-heart volume. LV myocardial mass (CTLVM)
was then calculated assuming the same myocardial density as for CMR, and all values were
rounded to the nearest integer. All segmentations were visually assessed for plausibility
and rated on a 3-point Likert scale: 1—no issues, 2—minor issues (limited to the cardiac
structures and presumed not to induce a relevant volume error), 3—major issues (not
limited to the cardiac structures or presumed to induce a relevant volume error). The effects
of cardiac implants on the subjective segmentation accuracy were also noted. The density
delta of the ventricular septum and left-ventricular blood pool was determined through
two regions of interest at the basal to mid-ventricular level, sized as large as possible up to
100 mm? and placed as accurately as possible given the non-contrast images. Additionally,
the hematocrit from a blood sample close to the CT date (cutoff < 5 days) was extracted
from the clinical information system.

Figure 2. Examples of automatic cardiac chamber and myocardium segmentations on images from
non-contrast chest CT scans. (a) Shows twelve axial slices from cranial to caudal for one example
patient. (b,c) Show multiplanar reconstructions from another patient along the cardiac short-axis
(ventricular base to apex, contours not displayed at the level of the annulus fibrosus due to the
overlap of all four chambers) and long-axis in the 4-chamber view, respectively.

2.5. Statistics

Statistical analysis was conducted using SAS (version 9.4, SAS Institute Inc., Cary,
NC, USA). Descriptive statistics were determined by means and standard deviations for
continuous variables with normally distributed data or as percentages for categorical
variables. Absolute differences between the CT-based assessment and the CMR reference
were calculated as ‘CT minus CMR’. For the ventricles, the CMR reference included end-
diastolic and end-systolic volumes, and the differences were calculated for both timepoints.
For the subset of cases where CTLV or CTRYV fell outside the respective reference range,
the absolute differences to the nearest MR measurements were additionally calculated.
Agreements between paired measurements were evaluated using Bland—-Altman analyt-
ics and their differences were tested using the Wilcoxon signed-rank test or the paired
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t-test, depending on data distribution. Additionally, the within-subject coefficients of
variance were calculated. The differences between independent measurements (esp. the
influence of ECG-gated and non-ECG-gated acquisition techniques on measurement agree-
ments) were tested using the Mann-Whitney U test or the unpaired ¢-test. Correlations
between CMR and CT measurements were calculated using the intraclass correlation coeffi-
cient (ICC). ICC values were classified as “poor” (<0.50), “moderate” (0.50-0.74), “good”
(0.75-0.90), or “excellent” (>0.90) [12]. Agreement between CMR and CT assessments for
the categorical classification of ventricular volumes as normal or dilated was determined
using percentages and binary confusion matrices in combination with the corresponding
evaluation metrics. Univariable linear regression models were used to identify factors
associated with the myocardial volume error between CMR and CT assessments. The level
of statistical significance was set at p < 0.05.

3. Results
3.1. Availability of CT Measurements

The deep learning model generated CT measurements for 52 of the 53 patients (98%)
included in the final study sample. These data, along with CMR measurements and selected
statistical analysis results, are presented in Table 2.

Table 2. Results from cardiac chamber volume and myocardial mass quantification on cardiac MR
and non-contrast chest CT.

Bland-Altman

Parameter n CMR CT 4 . Limits of WCV (%) ICC
Difference
Agreement

166 - 64 (ED) <0.001 —22 435 —90; 47 189 0.85

LVvolume (mL) 52 g/ ¢ gg) 144+ 61 <0.001 514 34 —16; 118 404 0.84
LV mass (g) 52 115+ 39 (ED) 142 + 42 <0.001 30 4 32 —33;93 18.7 091
144 + 51 (ED) 0.001 18 £37 —55;91 189 0.79

RVvolume (ml) 52 g 4 44 (kg 161+ 64 <0.001 82 +36 11;154 53.7 0.78
LA volume (mL) 51 48+ 31 (ED) 96 + 42 <0.001 48 + 26 —4;100 56.5 0.74
RAvolume (mL) 48 48 + 27 (ED) 86 + 43 <0.001 38 4+ 32 —24;100 472 0.61

The data are presented as counts (n), mean =+ standard deviation for CMR and CT measurements, p values,
Bland-Altman analytics (including differences and lower/upper limits of agreement), within-subject coefficients
of variation (WCV), and intraclass correlation coefficients (ICC). CMR: cardiac magnetic resonance imaging,
CT: computed tomography, ED: end-diastole, ES: end-systole, LA: left atrium, LV: left ventricle, RA: right atrium,
RV: right ventricle.

3.2. Non-Contrast CT for the Assessment of Left Ventricular Volume and Myocardial Mass

In the overall sample, CTLV fell within the range of MRLVEDV and MRLVESV in
37 of 52 cases (71%) (Figure 3). The outlier measurements tended to overestimate, with
a mean difference of 10 = 33 mL (p = 0.22) between CT and CMR, equivalent to a mean
relative volume error of +6.2%. There was no significant difference in adherence to the
MRLVEDV-MRLVESV range between the ECG-gated and non-ECG-gated subsamples
(ECG-gated: 70% of cases; non-ECG-gated: 71%, p = 0.15). The mean difference between
CTLV and MRLVEDV was —22 mL (95% CI: =90 mL, 47 mL), and this tendency to underesti-
mate did not differ with statistical significance between the subsamples (p = 0.31) (Figure 4).
The agreement between CTLV and MRLVESV was inferior compared to MRLVEDYV, with
a mean difference of 51 mL (95% CI: —16 mL, 118 mL; p < 0.001). The correlations be-
tween CTLV with both MRLVEDV and MRLVESV were good (ICC = 0.85, p < 0.001 and
ICC =0.84, p < 0.001, respectively) and similar across subsamples for LVEDV (ECG-gated:
ICC = 0.84, p = 0.003; non-ECG-gated: ICC = 0.85, p < 0.001) and LVSEV (ECG-gated:
ICC =0.79, p = 0.002; non-ECG-gated: ICC = 0.85, p < 0.001) (Figure 5). At the categorical
level for classifying normal and dilated LV, the classification ability of the CT results was
moderate: of the 15 patients with a dilated LV, seven (47%) were correctly identified, while
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LV Volume (ml)

RV Volume (ml)

eight were falsely classified as negative. One patient was falsely identified as positive
(Supplementary Figure S2, Supplementary Table S1).
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Figure 3. Range-based agreement for MR and CT segmentations. The MR segmentations (bars)
included end-diastolic as well as end-systolic volumes for the left (a) and right (b) ventricles, thus
providing a volume range within which the results from the automatic CT segmentation (dots) using
non-phase-matched images were expected to lie. Asterisks: Cases with major CT segmentation
failures in the visual quality assessment. LV: left ventricle, RV: right ventricle.

For the myocardial mass, CTLVM showed a tendency to overestimate, with a mean dif-
ference to MRLVM of 30 g (95% CI: =33 g, 93 g, p < 0.001). It did not improve with
statistical significance in the ECG-gated compared to the non-ECG-gated subsample
(p = 0.36) (Figure 4). The overall correlation coefficient was excellent at ICC = 0.91
(p < 0.001). The ECG-gated and non-ECG-gated subsamples showed disparate corre-
lation coefficients (ICC = 0.62, p = 0.009 and ICC = 0.79, p < 0.001, respectively). At the
categorical level for classifying normal and hypertrophic myocardium, the classification
ability of the CT results was moderate: of the five patients with a hypertrophic LV, one
(20%) was correctly identified, while four were falsely classified as negative. No patient
was falsely identified as positive (Supplementary Table S1).

The individual LV components in terms of endocardial volume and myocardial volume
showed inferior agreements and lower correlations than their combined total, represented
by LV size, with a mean difference of 4.9 mL (95% CI: =74 mL, 84 mL) and a correlation
coefficient of ICC = 0.92 (p < 0.001), using measurements at MR end-diastole. In univariate
linear regression, none of the following predictors had an effect on the differentiation
accuracy between LV cavity and myocardium: density difference (p = 0.87), hematocrit
(p = 0.21), BMI (p = 0.45), tube current-time product (p = 0.66, volumetric computed
tomography dose index (p = 0.44), ECG-gating (p = 0.85).
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Figure 4. Bland-Altman plots for MR-based and CT-based measurements. (a) Left ventricular
volumes and mass, (b) right ventricular volumes, (c) left atrial and right atrial volumes at ventricular
end-diastole. LA: left atrium, LV: left ventricle, RA: right atrium, RV: right ventricle. Blue dots:
Cardiac MR paired with non-ECG-gated chest CT. Green dots: Cardiac MR paired with ECG-gated
chest CT.
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Figure 5. Scatter plots and correlation coefficients for MR-based and CT-based measurements. (a) left
ventricular volumes and mass, (b) right ventricular volumes, (c) left atrial and right atrial volumes
at ventricular end-diastole. LA: left atrium, LV: left ventricle, RA: right atrium, RV: right ventricle.
Blue dots: Cardiac MR paired with non-ECG-gated chest CT. Green dots: Cardiac MR paired with
ECG-gated chest CT.

3.3. Non-Contrast CT for the Assessment of Right Ventricular Volume

In the overall sample, CTRV fell within the range of MRRVEDV and MRRVESV in
31% of cases (Figure 3). The outlier measurements all overestimated the RV volume, with
a mean difference of 36 & 29 mL between CT and CMR (p < 0.001), equivalent to a mean
relative volume error of +27.5%. There was no significant difference in adherence to the
MRRVEDV-MRRVESYV range between the ECG-gated and non-ECG-gated subsamples
(ECG-gated: 50%, non-ECG-gated: 26%, p = 0.98). The mean difference between CTRV
and MRLVEDV was 18 mL (95% CI: —55 mL, 91 mL), and this tendency to overestimate
did not differ with statistical significance between the subsamples (p = 0.21) (Figure 4).
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The agreement between CTRV and MRRVESV was significantly inferior compared to
MRRVEDYV, with a mean difference of 82 mL (95% CI: 11 mL, 154 mL; p < 0.001). The
correlations between CTRV with both MRRVEDV and MRRVESV were good (ICC = 0.79,
p <0.001 and ICC = 0.78, p < 0.001, respectively) and similar across subsamples for RVEDV
(ECG-gated: ICC = 0.77, p = 0.004; non-ECG-gated: ICC = 0.80, p < 0.001) and RVSEV
(ECG-gated: ICC =0.76, p < 0.001; non-ECG-gated: ICC = 0.79, p < 0.001) (Figure 5). At the
categorical level for classifying normal and dilated RV, the single patient with a dilated
ventricle was correctly identified, while six patients were falsely classified as positive
(Supplementary Figure S2, Supplementary Table S1).

3.4. Non-Contrast CT for the Assessment of Atrial Volumes

In the overall sample, CTLA and CTRA were predominantly higher than MRLA and
MRRA, with mean differences of 48 mL (95% CI: —4 mL, 100 mL, p < 0.001) for the LA and
38 mL (95% CI: —24 mL, 100 mL, p < 0.001) for the RA (Figure 4). The agreements between
the ECG-gated and non-ECG-gated subsamples did not differ with statistical significance
for either the LA (p = 0.83) or the RA (p = 0.14). The CTLA and CTRA measurements
showed moderate correlations with MRLA and MRRA via coefficients of ICC = 0.74
(p < 0.001) and ICC = 0.61 (p < 0.001), respectively (Figure 5). For LA volumes, the
correlation was stronger in the non-gated subsample (ECG-gated: ICC = 0.63, p = 0.003;
non-ECG-gated: ICC = 0.75, p < 0.001), whereas for the RA volumes, it was stronger in the
gated subsample (ECG-gated: ICC = 0.74, p = 0.005; non-ECG-gated: ICC = 0.61, p < 0.001).

3.5. Visual Quality Assessment of the CT Segmentations

The CT segmentations were without quality issues in 38 of 52 cases (73%). Minor
issues were seen in 11 cases (21%) for one or two chambers in the form of small underseg-
mentations or oversegmentations into epicardial fat, pericardial effusion, and pericardial
fat, or slight segmentation irregularities along the interventricular septum. Major issues
were found in three cases (6%) and either involved the LV contours missing three caudal
slices, the LV epicardial contour extending into an adjacent rib, or the RA contour extending
significantly into the pericardial effusion. These cases included two ECG-gated and one
non-ECG-gated examination. The two major oversegmentations of the LV affected cases
with dilated LV cavities, one of which was incorrectly classified as normal by the CT-based
assessment. The presence of cardiac implants in two cases, comprising an LV patch and
leads from a cardiac resynchronization therapy device, did not appear to negatively affect
the segmentation quality.

4. Discussion

We assessed the accuracy of a fully automated algorithm for the quantification of
cardiac chamber volumes and myocardial mass in non-contrast chest CT. A quantitative
and qualitative analysis against a CMR reference demonstrated solid performance for
ventricular volumes and myocardial mass, albeit with statistically significant tendencies
towards overestimation for the RV volume and myocardial mass. A moderate perfor-
mance was observed for atrial volumes. A subgroup analysis stratified by ECG-gated
and non-ECG-gated acquisitions did not reveal statistically significant differences between
the groups.

Previously published studies demonstrated that the automated segmentation of car-
diac chamber volumes and other substructures is feasible in contrast-enhanced images from
cardiac CT or CT pulmonary angiography [13-16]. Other approaches capable of processing
non-contrast CT images, some with the ability to discriminate the myocardium, were
primarily designed for radiotherapy planning and have not been evaluated for accuracy
in volume and mass quantification [8,17-20]. A recent method demonstrated excellent
estimation of myocardial mass on non-contrast coronary calcium score CT scans [21]. The
algorithm used in the present paper permits a more comprehensive cardiac assessment on
non-contrast CT images that encompasses quantification of all cardiac chamber volumes
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and myocardial mass. A recent retrospective study validated its technical accuracy on
420 image series from non-contrast cardiac CT paired with contrast-enhanced coronary CT
angiography as a phase-matched ground truth [9]. The observed correlation coefficients for
ventricular and atrial volumes ranged between 0.92 and 0.98. The testing did not include
image series from non-ECG-gated CT. However, a validation against CMR, which is the
clinical gold standard for the assessment of cardiac function and structure, has not yet
been performed.

Based on the results of our study, there is a good linear correlation with measurements
from CMR. The observed trend towards overestimation of volumes and mass may be par-
tially compensated for by multiplying the results with different constants. The potential to
produce false positive results for dilatation may be favorable or unfavorable in a screening
tool, depending on the preference for higher sensitivity or specificity. Notably, there was
no significant volume error in the assessment of LV volumes. Moreover, no patient in this
study received a false negative classification for LV dilatation. The performance deficit in
assessing atrial volumes compared to ventricular volumes may partly stem from the one-
dimensional monoplane and two-dimensional biplane volume estimation methods used
in CMR, which can underestimate atrial volumes due to geometrical assumptions [22-24].
Consequently, it appears plausible that the three-dimensional CT-based assessment of atrial
volumes in this study was more accurate than the CMR-based reference.

Using a different model than the present study, Naghavi et al. extracted cardiac
chamber volumes and myocardial mass from non-contrast coronary artery calcium CT
scans acquired in the MESA trial and found that this additional information significantly
enhanced traditional calcium score-only risk prediction for cardiovascular events and
all-cause mortality [25]. The authors also demonstrated that automatic left atrial volumetry
from these non-contrast CT scans predicted incident atrial fibrillation and stroke over
15 years with performance comparable to manual left atrial volume measurements ob-
tained from CMR [26]. The current study used non-contrast chest CT, which is frequently
performed in clinical service and has a central role in the ongoing introduction of imaging-
based lung cancer screening programs. These datasets are continuously acquired in large
numbers; however, as is the case with non-contrast coronary artery calcium CT scans,
information on cardiac chamber volumes and mass is most often lost since it is not visu-
ally accessible. The potential value of filling this information gap by using an automated
quantification algorithm is underlined further by the high prevalence of subclinical cardiac
dysfunction or heart failure in the general population, which poses a major health burden.
The associated 5-year mortality rate is reported to be 67% [27]. A parallel screening for
signs of heart failure, although not providing an ejection fraction, may, therefore, benefit a
significant number of patients or screening participants. Miller et al. made progress in this
area through the automatic segmentation of cardiac structures on low-dose, non-contrast,
non-gated chest CT scans in the NLST trial [28]. The biomarker estimates were predictive
of all-cause and cardiovascular mortality.

Future prospective studies could expand upon these endpoints by assessing the
ability of these methods to opportunistically identify patients who may benefit from dedi-
cated cardiac evaluation. Possible applications lie in both routine and emergency settings.
Since cardiac dysfunction can be an adverse effect of cancer treatments like anthracycline
chemotherapy, an automated cardiac assessment could also be useful in CT performed
for oncologic staging. It would support heart failure screening via echocardiography and
complementary tests (e.g., NT-proBNP) conducted before, during, and after the application
of cancer treatments [29,30].

The following limitations of our study deserve consideration: The limited sample
size of 53 retrospectively included patients restricts sample homogeneity and results in
the underrepresentation of pathologies, which constitutes the primary limitation of the
study. A larger sample size would have enabled more selective patient inclusion. As
known from an earlier analysis, segmentation of cardiac substructures on non-contrast
CT images is difficult primarily due to the lack of visibility of the endocardial border [7].
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In our sample, the relatively constant volume relation between LV myocardium and LV
blood pool meant the accuracy of the segmentation model when faced with a pathologically
thickened myocardium was not assessed. Nonetheless, the training dataset did include a
substantial share of patients with LV hypertrophy [9]. Depending on the population the
sample is drawn from, even a larger study may need an oversampling of cases with the
relevant cardiac pathologies. Given a larger sample size, it will additionally be feasible
to correlate the assessment precision with different severities of dilatation or hypertrophy.
Another limitation is that we did not phase-match the CMR and CT image series to increase
the precision of measurement comparisons. Nevertheless, this phase-matching would only
have been obtainable in the ECG-gated subgroup. While using phase-matched images
may have improved the correlations in our study, they likely would have stayed below
those observed in the aforementioned study by Jacob et al., which used contrast-enhanced
coronary CT angiography as a reference, as the intramodal comparison with another
three-dimensional dataset will reduce inaccuracies. Furthermore, although we tested
the model on images acquired with a variety of different scanning parameters, these all
originated from the same scanner model. Yet once more, the algorithm was trained on
a more comprehensive dataset [9]. Lastly, the density measurements of the ventricular
septum and left-ventricular blood pool may have suffered from partial volume effects
by unwillingly including portions of the adjacent right-ventricular and left-ventricular
blood pools or papillary muscles, given that these measurements could only be performed
approximately on the non-contrast CT images.

In conclusion, the evaluated model for automated cardiac chamber volume
and myocardial mass quantification on non-contrast chest CT produced viable measure-
ments in relation to the clinical gold standard of CMR in this retrospective sample. A
prospective cohort could fully confirm its suitability for opportunistic screening in tri-
als or routine clinical service to identify patients potentially benefiting from dedicated
cardiac evaluation.
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to body surface area) with 95% confidence limits; Table S1: Classifications of normal and dilated
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and cardiac MR, using reference ranges from the European Association of Cardiovascular Imaging.
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Abbreviations

BMI body mass index

BSA body surface area

CMR cardiac magnetic resonance imaging

CT computed tomography

CTLA CT-based measurement: left-atrial volume
CTLV CT-based measurement: left-ventricular volume
CTLVM CT-based measurement: left-ventricular mass
CTRA CT-based measurement: right-atrial volume
CTRV CT-based measurement: right-ventricular volume
ECG electrocardiogram

ICC intraclass correlation coefficient

LA left atrium

LV left ventricle

MR magnetic resonance (imaging)

MRLA MR-based measurement: left-atrial volume

MRLVEDV  MR-based measurement: left-ventricular end-diastolic volume
MRLVESV ~ MR-based measurement: left-ventricular end-systolic volume
MRLVM MR-based measurement: left-ventricular mass

MRRA MR-based measurement: right-atrial volume

MRRVEDV  MR-based measurement: right-ventricular end-diastolic volume
MRRVESV ~ MR-based measurement: right-ventricular end-systolic volume

RA right atrium
RV right ventricle
References
1. Virani, S.S.; Alonso, A.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.;

Delling, EN.; et al. Heart Disease and Stroke Statistics-2020 Update: A Report from the American Heart Association. Circulation
2020, 141, €139-e596. [CrossRef] [PubMed]

Disease, G.B.D.; Injury, I; Prevalence, C. Global, regional, and national incidence, prevalence, and years lived with disability for
354 diseases and injuries for 195 countries and territories, 1990-2017: A systematic analysis for the Global Burden of Disease
Study 2017. Lancet 2018, 392, 1789-1858. [CrossRef]

Conrad, N.; Judge, A.; Tran, J.; Mohseni, H.; Hedgecott, D.; Crespillo, A.P; Allison, M.; Hemingway, H.; Cleland, J.G.; McMurray,
J.J.V,; et al. Temporal trends and patterns in heart failure incidence: A population-based study of 4 million individuals. Lancet
2018, 391, 572-580. [CrossRef]

van Riet, E.E.; Hoes, A.W.; Wagenaar, K.P,; Limburg, A.; Landman, M.A.; Rutten, EH. Epidemiology of heart failure: The
prevalence of heart failure and ventricular dysfunction in older adults over time. A systematic review. Eur. |. Heart Fail. 2016, 18,
242-252. [CrossRef]

Bleumink, G.S.; Knetsch, A.M.; Sturkenboom, M.C.; Straus, S.M.; Hofman, A.; Deckers, ].W.; Witteman, J.C.; Stricker, B.H.
Quantifying the heart failure epidemic: Prevalence, incidence rate, lifetime risk and prognosis of heart failure The Rotterdam
Study. Eur. Heart ]. 2004, 25, 1614-1619. [CrossRef]


https://doi.org/10.1161/CIR.0000000000000757
https://www.ncbi.nlm.nih.gov/pubmed/31992061
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1016/S0140-6736(17)32520-5
https://doi.org/10.1002/ejhf.483
https://doi.org/10.1016/j.ehj.2004.06.038

Diagnostics 2024, 14, 2884 14 of 15

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Aquino, G.J.; Chamberlin, J.; Mercer, M.; Kocher, M.; Kabakus, I.; Akkaya, S.; Fiegel, M.; Brady, S.; Leaphart, N.; Dippre, A.; et al.
Deep learning model to quantify left atrium volume on routine non-contrast chest CT and predict adverse outcomes. J. Cardiovasc.
Comput. Tomogr. 2022, 16, 245-253. [CrossRef]

Shahzad, R.; Bos, D.; Budde, R.P; Pellikaan, K.; Niessen, W.]J.; van der Lugt, A.; van Walsum, T. Automatic segmentation and
quantification of the cardiac structures from non-contrast-enhanced cardiac CT scans. Phys. Med. Biol. 2017, 62, 3798-3813.
[CrossRef] [PubMed]

Lartaud, PJ.; Halle, D.; Schleef, A.; Dessouky, R.; Vlachomitrou, A.S.; Douek, P; Rouet, ].M.; Nempont, O.; Boussel, L. Spectral
augmentation for heart chambers segmentation on conventional contrasted and unenhanced CT scans: An in-depth study. Int. J.
Comput. Assist. Radiol. Surg. 2021, 16, 1699-1709. [CrossRef] [PubMed]

Jacob, A.J.; Abdelkarim, O.; Zook, S.; Kragholm, K.H.; Gupta, P.; Cocker, M.; Giraldo, J.R.; Doherty, J.O.; Schoebinger, M.;
Schwemmer, C.; et al. Al-based, automated chamber volumetry from gated, non-contrast CT. J. Cardiovasc. Comput. Tomogr. 2023,
17, 336-340. [CrossRef]

Petersen, S.E.; Khanji, M.Y.; Plein, S.; Lancellotti, P.; Bucciarelli-Ducci, C. European Association of Cardiovascular Imaging expert
consensus paper: A comprehensive review of cardiovascular magnetic resonance normal values of cardiac chamber size and
aortic root in adults and recommendations for grading severity. Eur. Heart ]. Cardiovasc. Imaging 2019, 20, 1321-1331. [CrossRef]
[PubMed]

Mosteller, R.D. Simplified calculation of body-surface area. N. Engl. . Med. 1987, 317, 1098. [CrossRef] [PubMed]

Koo, TK.; Li, M.Y. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research. J. Chiropr.
Med. 2016, 15, 155-163. [CrossRef] [PubMed]

Abadi, S.; Roguin, A.; Engel, A.; Lessick, J. Feasibility of automatic assessment of four-chamber cardiac function with MDCT:
Initial clinical application and validation. Eur. ]. Radiol. 2010, 74, 175-181. [CrossRef]

Melzig, C.; Do, T.D.; Egenlauf, B.; Partovi, S.; Grunig, E.; Kauczor, H.U.; Heussel, C.P.; Rengier, F. Diagnostic accuracy of
automated 3D volumetry of cardiac chambers by CT pulmonary angiography for identification of pulmonary hypertension due
to left heart disease. Eur. Radiol. 2022, 32, 5222-5232. [CrossRef] [PubMed]

Bruns, S.; Wolterink, ].M.; van den Boogert, TP.W.; Runge, ].H.; Bouma, B.].; Henriques, ].P; Baan, ].; Viergever, M.A.; Planken,
R.N.; Isgum, I. Deep learning-based whole-heart segmentation in 4D contrast-enhanced cardiac CT. Comput. Biol. Med. 2022, 142,
105191. [CrossRef]

Sharkey, M.].; Taylor, J.C.; Alabed, S.; Dwivedi, K.; Karunasaagarar, K.; Johns, C.S.; Rajaram, S.; Garg, P.; Alkhanfar, D.; Metherall,
P; et al. Fully automatic cardiac four chamber and great vessel segmentation on CT pulmonary angiography using deep learning.
Front. Cardiovasc. Med. 2022, 9, 983859. [CrossRef]

Milo, M.L.H.; Nyeng, T.B.; Lorenzen, E.L.; Hoffmann, L.; Moller, D.S.; Offersen, B.V. Atlas-based auto-segmentation for delineating
the heart and cardiac substructures in breast cancer radiation therapy. Acta Oncol. 2022, 61, 247-254. [CrossRef]

Finnegan, R.; Dowling, J.; Koh, E.S.; Tang, S.; Otton, ].; Delaney, G.; Batumalai, V.; Luo, C.; Atluri, P,; Satchithanandha, A.; et al.
Feasibility of multi-atlas cardiac segmentation from thoracic planning CT in a probabilistic framework. Phys. Med. Biol. 2019, 64,
085006. [CrossRef] [PubMed]

Dormer, ].D.; Ma, L.; Halicek, M.; Reilly, C.M.; Schreibmann, E.; Fei, B. Heart Chamber Segmentation from CT Using Convolutional
Neural Networks. Proc. SPIE Int. Soc. Opt. Eng. 2018, 10578, 659-664. [CrossRef]

Chen, X.; Mumme, R.P; Corrigan, K.L.; Mukai-Sasaki, Y.; Koutroumpakis, E.; Palaskas, N.L.; Nguyen, C.M.; Zhao, Y.; Huang, K,;
Yu, C,; et al. Deep learning-based automatic segmentation of cardiac substructures for lung cancers. Radiother. Oncol. 2024, 191,
110061. [CrossRef]

Han, D.; Shanbhag, A.; Miller, R.].; Kwok, N.; Waechter, P; Builoff, V.; Newby, D.E.; Dey, D.; Berman, D.S.; Slomka, P. Al-Derived
Left Ventricular Mass From Noncontrast Cardiac CT: Correlation With Contrast CT Angiography and CMR. JACC Adv. 2024, 3,
101249. [CrossRef] [PubMed]

Maroun, A.; Baraboo, ].J.; Gunasekaran, S.; Hwang, ].M.; Liu, S.Z.; Passman, R.S.; Kim, D.; Allen, B.D.; Markl, M.; Pradella, M.
Comparison of Biplane Area-Length Method and 3D Volume Quantification by Using Cardiac MRI for Assessment of Left Atrial
Volume in Atrial Fibrillation. Radiol. Cardiothorac. Imaging 2023, 5, €220133. [CrossRef] [PubMed]

Kuusisto, ].K.; Poyhonen, P.A.K,; Pirinen, J.; Lehmonen, L.]J.; Raty, H.P.; Martinez-Majander, N.; Putaala, ].; Sinisalo, J.; Jarvinen, V.
Revisiting left atrial volumetry by magnetic resonance imaging: The role of atrial shape and 3D angle between left ventricular
and left atrial axis. BMIC Med. Imaging 2021, 21, 167. [CrossRef]

Lang, RM.; Cameli, M; Sade, L.E.; Faletra, EFE,; Fortuni, F; Rossi, A.; Soulat-Dufour, L. Imaging assessment of the right atrium:
Anatomy and function. Eur. Heart ]. Cardiovasc. Imaging 2022, 23, 867-884. [CrossRef]

Naghavi, M.; Reeves, A.P; Atlas, K.; Zhang, C.; Atlas, T.; Henschke, C.I.; Yankelevitz, D.E; Budoff, M.].; Li, D.; Roy, S.K,; et al.
Artificial intelligence applied to coronary artery calcium scans (AI-CAC) significantly improves cardiovascular events prediction.
NPJ Digit. Med. 2024, 7, 309. [CrossRef] [PubMed]

Naghavi, M.; Reeves, A.P; Atlas, K.C.; Zhang, C.; Li, D.; Atlas, T.; Henschke, C.I.; Wong, N.D.; Roy, S.K.; Budoff, M.].; et al.
Al-Enabled CT Cardiac Chamber Volumetry Predicts Atrial Fibrillation and Stroke Comparable to MRI. JACC: Advances 2024, 3,
101300. [CrossRef]


https://doi.org/10.1016/j.jcct.2021.12.005
https://doi.org/10.1088/1361-6560/aa63cb
https://www.ncbi.nlm.nih.gov/pubmed/28248196
https://doi.org/10.1007/s11548-021-02468-0
https://www.ncbi.nlm.nih.gov/pubmed/34363582
https://doi.org/10.1016/j.jcct.2023.08.001
https://doi.org/10.1093/ehjci/jez232
https://www.ncbi.nlm.nih.gov/pubmed/31544926
https://doi.org/10.1056/NEJM198710223171717
https://www.ncbi.nlm.nih.gov/pubmed/3657876
https://doi.org/10.1016/j.jcm.2016.02.012
https://www.ncbi.nlm.nih.gov/pubmed/27330520
https://doi.org/10.1016/j.ejrad.2009.01.035
https://doi.org/10.1007/s00330-022-08663-0
https://www.ncbi.nlm.nih.gov/pubmed/35267088
https://doi.org/10.1016/j.compbiomed.2021.105191
https://doi.org/10.3389/fcvm.2022.983859
https://doi.org/10.1080/0284186X.2021.1967445
https://doi.org/10.1088/1361-6560/ab0ea6
https://www.ncbi.nlm.nih.gov/pubmed/30856618
https://doi.org/10.1117/12.2293554
https://doi.org/10.1016/j.radonc.2023.110061
https://doi.org/10.1016/j.jacadv.2024.101249
https://www.ncbi.nlm.nih.gov/pubmed/39309658
https://doi.org/10.1148/ryct.220133
https://www.ncbi.nlm.nih.gov/pubmed/37124639
https://doi.org/10.1186/s12880-021-00701-5
https://doi.org/10.1093/ehjci/jeac011
https://doi.org/10.1038/s41746-024-01308-0
https://www.ncbi.nlm.nih.gov/pubmed/39501071
https://doi.org/10.1016/j.jacadv.2024.101300

Diagnostics 2024, 14, 2884 15 of 15

27.

28.

29.

30.

Tsao, C.W.; Lyass, A.; Enserro, D.; Larson, M.G.; Ho, J.E.; Kizer, ].R.; Gottdiener, ].S.; Psaty, B.M.; Vasan, R.S. Temporal Trends in
the Incidence of and Mortality Associated With Heart Failure With Preserved and Reduced Ejection Fraction. JACC Heart Fail.
2018, 6, 678-685. [CrossRef] [PubMed]

Miller, R.J.H.; Killekar, A.; Shanbhag, A.; Bednarski, B.; Michalowska, A.M.; Ruddy, T.D.; Einstein, A.J.; Newby, D.E.; Lemley, M.;
Pieszko, K.; et al. Predicting mortality from Al cardiac volumes mass and coronary calcium on chest computed tomography. Nat.
Commun. 2024, 15, 2747. [CrossRef] [PubMed]

Lancellotti, P.; Suter, T.M.; Lopez-Fernandez, T.; Galderisi, M.; Lyon, A.R.; Van der Meer, P.; Cohen Solal, A.; Zamorano, J.L.;
Jerusalem, G.; Moonen, M; et al. Cardio-Oncology Services: Rationale, organization, and implementation. Eur. Heart ]. 2019, 40,
1756-1763. [CrossRef]

Lyon, A.R.; Lopez-Fernandez, T.; Couch, L.S.; Asteggiano, R.; Aznar, M.C.; Bergler-Klein, J.; Boriani, G.; Cardinale, D.; Cordoba, R.;
Cosyns, B.; et al. 2022 ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association
(EHA), the European Society for Therapeutic Radiology and Oncology (ESTRO) and the International Cardio-Oncology Society
(IC-OS). Eur. Heart J. 2022, 43, 4229-4361. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jchf.2018.03.006
https://www.ncbi.nlm.nih.gov/pubmed/30007560
https://doi.org/10.1038/s41467-024-46977-3
https://www.ncbi.nlm.nih.gov/pubmed/38553462
https://doi.org/10.1093/eurheartj/ehy453
https://doi.org/10.1093/eurheartj/ehac244

	Background 
	Methods 
	Study Sample 
	Patient Characteristics 
	CMR: Imaging and Expert Segmentations as a Reference Standard 
	Non-Contrast Chest CT: Imaging and Fully Automatic Cardiac Segmentations 
	Statistics 

	Results 
	Availability of CT Measurements 
	Non-Contrast CT for the Assessment of Left Ventricular Volume and Myocardial Mass 
	Non-Contrast CT for the Assessment of Right Ventricular Volume 
	Non-Contrast CT for the Assessment of Atrial Volumes 
	Visual Quality Assessment of the CT Segmentations 

	Discussion 
	References

