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ARTICLE INFO ABSTRACT

Article history: Background: Left atrial volume (LAV) is an independent prognosticator of cardiovascular events. We investigated
Received 20 January 2019 whether LAV could be accurately and reliably measured using coronary calcium score (CAC) scan.

Received in revised form 18 March 2019 Methods: We retrospectively selected consecutive patients that underwent coronary CT angiography (CCTA) and
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CAC scans. A standardized approach to calculate LAV on images was implemented. The measurements of the LAV
on CAC scans and CCTA were performed one to three weeks apart in a random fashion by two readers blinded to
the results of each other. The LAV measurements from CAC scan were compared to those from CCTA using correla-
tion analysis. Inter-observer and intra-observer agreement of LAV measurement using CAC scan was evaluated.
Results: Final analysis included one hundred subjects, mean age 52 4 12 years, 48% male. There was a trend of a mar-
ginally larger, albeit not clinically significant, mean LAV calculated using CAC scan compared to that using CCTA: 74.3
vs.71.0 mL: p < 0.001; for reader 1, and 71.7 vs. 71.2 mL p = 0.06 for reader 2, respectively. LAV using CAC scan and
CCTA were highly correlated (R = 0.954, p < 0.001 for reader1 and R = 0.945, p < 0.001 for reader 2). There was high
reproducibility within each reader with ICC of 0.951 and 0.989 for readers 1 and 2, respectively (p < 0.001). Finally,
there was high inter-observer agreement as indicated by R of 0.97 and ICC of 0.96 (p < 0.001 for both).
Conclusions: Quantification of LAV from CAC scan using the proposed standardized approach is feasible, highly reli-
able and reproducible as compared to CCTA.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Available online 30 March 2019

1. Introduction

Left atrial (LA) volume is an independent predictor of adverse car-
diovascular (CV) outcomes [1]. Increased LA volume (LAV) is associated
with higher risk of atrial fibrillation [2-5], incident heart failure [4,6,7]
and CV mortality [8-10]. Further, LAV has become an essential compo-
nent for evaluation of diastolic function [11]. LAV is most commonly
measured during transthoracic echocardiograms (TTE) using equations
that adopt certain geometric shapes and assumptions about the LA [12].
LAV as measured by TTE is highly dependent on image quality. Addi-
tionally, TTE based LAV measurement underestimates the LAV when
compared to LAV as measured by contrast-enhanced computed tomog-
raphy (CT) or cardiac magnetic resonance (CMR) imaging [13-18].
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Coronary CT angiography (CCTA) is a rapidly evolving imaging mo-
dality to evaluate coronary artery disease in symptomatic patients
[19]. CCTA provides excellent spatial resolution and superb endocardial
border definition due to high contrast to noise ratio from the use of io-
dinated contrast. Additionally, CCTA provides full volumetric data of
the whole cardiac chambers including the LA, which makes measure-
ment of the LAV possible without the need for any geometric assump-
tion of the LA shape. LAV measurements using CCTA has been shown
to be very accurate when compared to LAV by CMR [13].

Similarly, coronary artery calcium (CAC) scan is used to obtain
CAC score which is becoming widely used to improve CV risk predic-
tion [20-23]. CAC scan is obtained using ECG-gated, non-enhanced
cardiac CT scanning. The use of ECG-gating significantly reduces
the motion artifact from cardiac motion enabling the definition of
the LA borders with high confidence on CAC scan even without the
use of iodinated contrast. Additionally, like CCTA, CAC scan provides
full volumetric data of the whole cardiac chambers enabling the
measurement of the true LAV without the need for any geometric as-
sumption. However, the accuracy of LAV measurement from CAC
scan has not been evaluated before.

2352-9067/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The objective of our study was to investigate the accuracy of LAV
measurement from CAC scan using a standardized approach as com-
pared to that obtained from CCTA. Additionally, we sought to evaluate
the intra-observer and inter-observer agreement of LAV measurement
on CAC scan.

2. Material and methods

We retrospectively selected consecutive patients that underwent clin-
ically indicated CCTA and CAC scans between November 2017 and Febru-
ary 2018. CCTA acquisition was performed using contrast enhanced and,
depending on patient heart rate, either prospective or retrospective
ECG-gating (field of view [FOV] 200 x 200 mm, slice thickness 0.63 c¢m,
120 kV). Images of CCTA were analyzed at cardiac phase of 70 + 2%.
CAC scans were obtained using ECG-prospective gating at 70% phase
(FOV 200 x 200 mm, slice thickness 2.5 mm, 120 kV). All images were ob-
tained using a 64-slice Discovery CT750 HD (GE Healthcare, Chicago,
Illinois). Beta blockers were used to achieve target HR 60-70 bpm. Sublin-
gual nitroglycerin was administered prior to CCTA scan. Relevant demo-
graphic and clinical information were also recorded.

We developed the following standardized approach to calculate LAV
from both CAC scans and CCTA. The LA/LV separation plane (mitral
valve annular plane) was identified by connecting mitral valve leaflet
insertion points in 2 orthogonal planes. In CAC scan, when uncertainty
limited visualization of the MV leaflet insertion, then mitral annular
plane was defined by a plane that was created to connect the anterior
and posterior borders of the AV groove in 4- and 2-chamber views. Af-
terward, the neck of the LA appendage was identified using a recon-
structed 2-chamber view. Following identification of the mitral
annular plane and LAA neck, the LAV was calculated by manually tracing
the contours of the LA on the axial plane, excluding the LAA at its neck
and the pulmonary veins at their ostia (Fig. 1A and B). The volume of
the LA was calculated as the true volume using the image processing
software.

Two expert readers performed all the measurements: reader 1
(TTH) and reader 2 (AC) with 5 and 3 years of experience, respectively.

Using the above described method, each reader performed measure-
ments of LAV on CAC scan and CCTA 1-3 weeks apart (described as
time 1 and time 2), in a random fashion. To assess intra-observer vari-
ability of readers, each reader repeated LAV measurements on both
CAC and CCTA scans on a randomly selected subset of the total study
population. Readers were blinded to the results of each other and to
their own results. All image analysis was done using Aquarius iNtuition
software (Version 4.4.7, TeraRecon, Inc., San Mateo, CA, USA). LAV quan-
tified by CCTA (LAV-CCTA) was used as the reference standard to which
LAV measured on CAC scan (LAV-CAC) was compared. Image quality
was assessed as “poor” if LA border delineation was not possible, other-
wise, image quality was considered “good”.

Data are presented as mean + standard deviation (SD) for continu-
ous variables and as proportions for categorical variables. Paired t-test
was used to compare the mean values of continuous variables of re-
peated measurements. To determine accuracy and agreement of LAV-
CAC compared to LAV-CCTA, we compared LAV-CAC with LAV-CCTA
using Pearson correlation analysis, absolute agreement intra-class cor-
relation (ICC) analysis, and Bland-Altman plot for both reader 1 and
reader 2 (Fig. 2). To assess intra-observer reproducibility of LAV-CAC,
absolute agreement intra-class correlation analysis was performed for
both readers. Inter-observer reproducibility of LAV-CAC was tested
with two-way mixed effect intra-class correlation agreement analysis
on randomly selected readings (either time 1 or time 2 readings) of
CAC-CT by reader 1 (TH) and reader 2 (AC). Statistical significance
was set at two tailed p < 0.05. IBM SPSS Statistic 21.0 (Chicago, IL,
USA) was used for all statistical analyses. The study was approved by
the Institutional Review Board.

3. Results
3.1. Patient characteristics and feasibility
One-hundred eleven subjects were screened. Six subjects were ex-

cluded because of poor CAC scan image quality due to motion artifacts
or poor signal to noise ratio. Three subjects were excluded because

Fig. 1. (A) Standardized approach for LAV quantification on CAC scan. Note: Panels A-C: Identification of LA/LV separation plane (mitral valve annular plane) by connecting mitral valve
leaflet insertion points in 2 orthogonal planes. Panels D-F: Identification of the neck of the LA appendage using a reconstructed 2-chamber view. Panels G-I: Following the identification of
the mitral annular plane and LAA neck, the LA volume is calculated by manual tracing the endocardial contours of the LA on the axial plane (G) excluding the LAA at its neck and the
pulmonary veins at their ostia. The volume of the LA was calculated as the true LA volume using the image processing software. (B) Standardized approach for LAV quantification on
contrast CT scan. Note: Panels A-C: Identification of LA/LV separation plane (mitral valve annular plane) by connecting mitral valve leaflet insertion points in 2 orthogonal planes.
Panels D-F: Identification of the neck of the LA appendage using a reconstructed 2-chamber view. Panels G-I: Following the identification of the mitral annular plane and LAA neck,
the LA volume is calculated by manual tracing the endocardial contours of the LA on the axial plane (G) excluding the LAA at its neck and the pulmonary veins at their ostia. The

volume of the LA was measured as the true volume using the image processing software.
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Fig. 2. Correlation analysis of LAV-CAC vs. LAV-CCTA. Note: Correlation of the left atrial volume as measured from CCTA (y-axis) compared to LAV as measured from CAC scan (x-axis) for
reader 1 (left side of the figure) and reader 2 (right side of the figure). CCTA: coronary CT angiogram; CAC: coronary artery calcium: LA: left atrium.

CAC scan was not performed. Two more subjects were excluded as they
were considered outliers, being the LAV > 3SD (99.7%) of the mean
value for the entire cohort. A total of 100 subjects were included in
the final analysis, mean age 52.1 4- 12.2 years, 48% male. Cohort charac-
teristics are shown in Table 1. Measurement of the LAV from CAC scan
was feasible with minimal additional time. On average, it required 2-
3 min of additional time of tracing the LA border using the described
standardized protocol.

3.2. Left atrial volume quantification

There was a very small difference between the LAV as measured
from CAC scan compared to that measured from CCTA. The mean LAV
measured from CAC scan was marginally larger using CAC scan com-
pared to CCTA (74.3 mL vs. 71.0, p < 0.001, for reader 1 and 71.7 vs.
71.2; p < 0.062 for reader 2) respectively (Table 2). LAV-CAC was
strongly correlated with LAV-CCTA for both reader 1 (R = 0.95) and
reader 2 (R = 0.94), Table 2. The ICC agreement between LAV-CAC
and LAV-CCTA for reader 1 was 0.95 (95%CI 0.91-0.97, p < 0.001) and
0.94 (95%CI 0.90-0.97, p < 0.001) for reader 2 (Table 2). The Bland-
Altman analysis demonstrated good accuracy of LAV-CAC compared to
LAV-CCTA yielding an arithmetic mean difference between LAV-CCTA

Table 1
Characteristics of the study cohort.
Whole cohort
(N =100)
Demographic data
Age, years 52.1 £ 122
Male gender, N (%) 48 (48)
BMI, kg/m? 294+ 72
HTN, N (%) 55 (55%)
DM, N (%) 17 (17%)
History of CAD, N (%) 3 (3%)
Congestive heart failure 4(4%)
GFR, mL/min 83.4 + 23.8
LVEF, % 578 £ 7.1
Coronary CT findings

Mean Agatston CAC score 124 + 409
DLP, mGy-cm 464 + 294
No coronary artery disease 56 (56%)
Mild coronary artery disease (<50% stenosis) 33 (33%)
Moderate coronary artery disease (50-69% stenosis) 6 (6%)
Severe coronary artery disease (>70% stenosis) 5 (5%)

Notes: Data are presented as mean + SD, or N (%). BMI: body mass index; DM: diabetes
mellitus; HLP: hyperlipidemia; SBP: systolic blood pressure; DBP: diastolic blood pressure;
CAD: coronary artery disease; LVEF: left ventricular ejection fraction; CAC: coronary artery
calcium; HU: Hounsfield units; DLP: dose length product.

and LAV-CAC of —2.98 mL (95%CI —4.48 to —1.49 mL) for reader 1,
and —1.92 mL (95%Cl —3.94 to —0.10 mL) for reader 2 (Fig. 3).

LAV-CAC demonstrated excellent intra-observer reproducibility. The
ICC agreement based on 65, randomly selected, repeated readings of
LAV-CAC by reader 1 was 0.95 (95%CI 0.82-0.98, p < 0.001). The two
measurements of LAV-CAC at time 1 and time 2 were also highly corre-
lated (R = 0 0.97, p < 0.001, Table 2). Similarly, there was excellent
intra-observer reproducibility for reader 2 (Table 2).

LAV-CAC showed also excellent inter-observer reproducibility. The
ICC agreement performed on 100 randomly selected LAV-CAC readings
(either time 1 or time 2 readings) between reader 1 and reader 2 was
0.96 (95%CI 0.94-0.97, p < 0.001). LAV-CAC between readers was also
highly correlated (R = 0.97, p < 0.001) (Table 2, Fig. 4).

Finally, based on 65 repeated quantifications of LAV by reader 1 both
for LAV-CAC and LAV-CCTA (quantifications performed at time 1 and
time 2 for both methods), we found that the intra-observer variability
of LAV quantification using CAC scans was not significantly different
from that using CCTA. The arithmetic mean difference between re-
peated LAV-CAC readings and between repeated LAV-CCTA readings
equal to 4.5 + 5.9 mL, and 4.1 4 5.7 mL, respectively (p = 0.712).

4. Discussion

Our study shows that, using a standardized protocol, quantification
of LAV using CAC scan is feasible and highly accurate when compared
to CCTA. Additionally, LAV quantification using CAC scan demonstrated
excellent interobserver and intra-observer reproducibility.

There are 3 major findings of our study. First, it was possible to mea-
sure LAV using CAC scan in the vast majority of cases. Only 5.4% (about
1/20) of CAC scans were deemed unsuitable for analysis mainly because
of significant motion artifacts. Second, the LAV measured from CAC scan
had excellent correlation with that measured from CCTA. The small dif-
ference in LAV as measured from CAC scans of 3.3 mL compared to that
of CCTA, although statistically significant, has no meaningful clinical im-
plication as it represents only 4% of the average volume of the calculated
LAV. Third, the near perfect interobserver and intra-observer reproduc-
ibility provided further assurance of the robustness of the measurement
of LAV by CAC.

The ability to measure LAV from non-contrast-enhanced cardiac im-
ages such as those of CAC scan is attributed to several factors. The ECG-
gated nature of CAC scan significantly improves the image quality by re-
ducing motion artifact resulting in improved visualization of the left atrial
borders. Additionally, the LA is naturally bordered by structures that are
easily identifiable on non-contrast CT images. The LA is bounded by the
mitral annulus which can be identified by the atrio-ventricular “wasting”
and the fatty tissue of the atrioventricular groove where the left circum-
flex and coronary sinus course. Moreover, the interatrial septum can be



Table 2
Left atrial volumes with intra-observer and inter-observer reproducibility of LAV-CAC.

A. Cardona et al. / IJC Heart & Vasculature 23 (2019) 100351

Left atrial volumes”

LAV CAC LAV CCTA Correlation coefficient ICC; 95%CI
(mL) (mL)
0.954 0.947; 0.909-0.968
Reader 1 (TH) 743 + 242 71.0 + 246 (p<0.001) (p<0.001)
0.944 0.941; 0.895-0.967
Reader 2 (AC) 71.7 £22.2 71.2 + 208 (p<0.001) (p<0.001)
Intra-observer reproducibility®
LAV CAC (mL) LAV CAC (mL) Correlation coefficient ICC; 95%Cl1
Time 1 Time 2
0.968 0.951; 0.818-0.980
Reader 1 (TH) 75.5 + 233 712 £ 239 (p<0.001) (p<0.001)
0.989 0.989; 0.980-0.994
Reader 2 (AC) 71.7 £22.2 73.1 £ 211 (p<0.001) (p<0.001)
Inter-observer reproducibility”
Reader 1, LAV CAC, mL Reader 2, LAV CAC, mL Correlation coefficient ICC; 95%Cl1

LAV CAC 72.9 + 24.5

71.6 +22.1

097
(p<0.001)

0.958; 0.937-0.972
(p<0.001)

Reader 2 (AC) performed 100 LAV-CAC measurements and 50 LAV-CCTA measurements (at time 1, one to three weeks apart). For this table, only values for the 50 matched subjects are

shown for reader 2.

* Descriptive statistics is based on readings (performed at time 1, one-three week apart) of 100 measurements by reader 1 (TTH) both for LAV-CAC and LAV-CCTA.

# To assess intra-observer reproducibility of LAV-CAC, absolute agreement intra-class correlation analysis was performed on 65 and 48 randomly selected repeated readings of LAV-CAC
by reader 1 (TTH) and reader 2 (AC), respectively. To assess inter-observer reproducibility of LAV-CAC, two-way mixed intra-class correlation agreement analysis was performed on 100
randomly selected readings (either time 1 or time 2 readings) of LAV-CAC by reader 1 (TTH) and reader 2 (AC).

identified by its fatty tissue that has characteristic CT density that is differ-
ent from that of the blood and myocardial tissue. Inferiorly, the LA border
is identified by the coronary sinus which can be seen running in the infe-
rior AV groove separated from the LA by fatty tissue. Identification of the
mitral annulus and the LA/LAA junction are known challenges in measur-
ing the LAV in any cardiac imaging modalities and are major sources of
measurement variation in calculating the LAV. The real 3D nature of the
CAC scan data makes it possible to identify these anatomical landmarks
with relative ease using multiplanar reformatting images. Our protocol
clearly defined the method of identifying the mitral annulus and LA/LAA
junction. Prior methods of LAV measurements using contrast enhanced
CT scan included tracing the LA endocardial border on axial slices without
clear definition of the mitral annular plane or LAA neck [13,17]. Our pro-
tocol dictated that these two areas are identified before the full, manual
tracing of the LA borders (Fig. 1A and B). Once mitral annulus and LA/
LAA junction are defined further tracking of the LA border on multiple
axial slices becomes a straightforward process and less liable to individual
variation or visual guessing. Worth noting that the posterior border of the

LA frequently comes in direct contact with the esophagus. This makes it
challenging to identify the LA wall from the esophageal tissue on CAC
scans especially when there is no air in the esophagus. It is possible that
the inclusion of part of the esophageal tissue in LAV measurement on
CAC scans could have led to the slight overestimation of the LAV on CAC
scan compared to CCTA. Additionally, the lower spatial resolution of
CAC images from using thicker image slices than CCTA (2.5 mm for CAC
scan vs. 0.64 mm for CCTA) could have also contributed to the small dif-
ference in LAV estimation. Finally, lack of contrast use on CAC scan
makes it impossible to separate the endocardial from the pericardial bor-
ders of the LA. Therefore, the inclusion of the LA wall in LAV measurement
on CAC scan could have also contributed to the higher LAV compared to
CCTA.

This is the first report to describe a systematic method to calculate
the LAV from CAC scan images with high accuracy and reproducibility
compared to CCTA. The LAV is a known independent risk factor for ad-
verse CV outcomes such as heart failure, atrial fibrillation, stroke and
CV mortality. Despite that, the LAV has not been used to improve CV
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risk prediction in asymptomatic individuals likely because all currently
available methods of LAV measurements including transthoracic echo,
CMR or contrast enhanced CT, are not indicated for asymptomatic pop-
ulation. The ability to accurately measure the LAV from CAC scan images
open the possibility of the inclusion of such robust marker of CV health
to improve CV risk prediction in asymptomatic individuals. CAC scan is
indicated to improve risk prediction in selected groups of asymptomatic
individuals [20]. The 2018 guideline on the management of blood cho-
lesterol has given class Ila recommendation for the use of CAC scanning
for primary prevention in adults 40 to 75 years of age where LDL-c levels
70 to 198 mg/dL and where risk benefit of statin therapy is uncertain
[22]. Such recommendation will likely lead to even wider use of CAC
scanning. The findings of our study open the door for further studies
to evaluate the effectiveness of using LAV to improve risk prediction of
relevant CV outcomes. Pending such studies, including the LAV on CAC
scan reports might become routine and essential component in risk
stratification especially when such information does not require any ad-
ditional radiation or protocol modification on the CAC scan acquisition
protocol.

Our study has several strengths including the relatively large sample
size, the simultaneous acquisition of the CAC scan and CCTA and the
blinded nature of the readers to their own and each other's measure-
ments. Furthermore, the LAV from CAC scan did not require any modifi-
cation to the CAC scan acquisition protocol.

One limitation of our study is that the LAV measured from CAC scans
and CCTA is obtained in mid diastole and does not reflect the maximum
left atrial size frequently used in published literature. However, end sys-
tolic acquisition is commonly used in multiple cardiac CT laboratories
and is routine in pre-atrial fibrillation ablation cardiac CT. Such acquisi-
tion could be adopted easily for CAC scan acquisition protocol to capture
the maximum LAV.

5. Conclusion

Measurement of the LAV with CAC scan using the proposed stan-
dardized approach is feasible, accurate and highly reproducible when
compared to LAV measured from contrast-enhanced coronary CT
angiography.
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