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Abstract

Background: Routine cine cardiovascular magnetic resonance (CMR) allows for the measurement of left atrial (LA)
volumes. Normal reference values for LA volumes have been published based on a group of European individuals
without known cardiovascular disease (CVD) but not on one of similar United States (US) based volunteers.
Furthermore, the association between grades of LA dilatation by CMR and outcomes has not been established. We
aimed to assess the relationship between grades of LA dilatation measured on CMR based on US volunteers
without known CVD and all-cause mortality in a large, multicenter cohort of patients referred for a clinically
indicated CMR scan.

Method: We identified 85 healthy US subjects to determine normal reference LA volumes using the biplane area-length
method and indexed for body surface area (LAVi). Clinical CMR reports of patients with LA volume measures (n= 11,613)
were obtained. Data analysis was performed on a cloud-based system for consecutive CMR exams performed at three
geographically distinct US medical centers from August 2008 through August 2017. We identified 10,890 eligible cases. We
categorized patients into 4 groups based on LAVi partitions derived from US normal reference values: Normal (21–52ml/m2),
Mild (52–62ml/m2), Moderate (63–73ml/m2) and Severe (> 73ml/m2). Mortality data were ascertained for the patient group
using electronic health records and social security death index. Cox proportional hazard risk models were used to derive
hazard ratios for measuring association of LA enlargement and all-cause mortality.

Results: The distribution of LAVi from healthy subjects without known CVD was 36.3 ± 7.8 mL/m2. In clinical
patients, enlarged LA was associated with older age, atrial fibrillation, hypertension, heart failure, inpatient
status and biventricular dilatation. The median follow-up duration was 48.9 (IQR 32.1–71.2) months. On
univariate analyses, mild [Hazard Ratio (HR) 1.35 (95% Confidence Interval [CI] 1.11 to 1.65], moderate [HR 1.51
(95% CI 1.22 to 1.88)] and severe LA enlargement [HR 2.14 (95% CI 1.81 to 2.53)] were significant predictors
of death. After adjustment for significant covariates, moderate [HR 1.45 (95% CI 1.1 to 1.89)] and severe LA
enlargement [HR 1.64 (95% CI 1.29 to 2.08)] remained independent predictors of death.

Conclusion: LAVi determined on routine cine-CMR is independently associated with all-cause mortality in
patients undergoing a clinically indicated CMR.
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Background
Left atrial (LA) dilation is associated with various cardiac
disorders, such as valvular heart diseases [1, 2], left ven-
tricular (LV) systolic [3] or diastolic dysfunction [4], ob-
structive sleep apnea [5, 6], and atrial fibrillation [7–9].
LA enlargement is a risk marker for the future develop-
ment of atrial fibrillation [8, 10], and is associated with
heart failure hospitalizations, stroke [11, 12], and death
[13–15].
Cardiovascular magnetic resonance imaging (CMR) is

the gold standard for measuring cardiac chamber vol-
umes due to its superior accuracy and precision com-
pared to other imaging modalities [16–18]. Although
reference LA chamber size values have been defined
from multiple studies, the process requires tomographic
slices through the atrial chambers that is not routinely
used in clinical practice, as it can be time-consuming
and challenging for clinical patients with dyspnea. Add-
itionally, these reference values are based off of studies
using European subjects and there have been no known
studies comprising healthy subjects without known car-
diovascular diseases (CVD) from the United States that
may vary in body habitus and ethnicity. While there are
limited data exploring the association of CMR-derived
LA volume with patient outcomes in selected cohorts
[19–22], there is a lack of data on the association of LA
volumes by CMR, categorized by worsening grades of
LA enlargement, with all-cause mortality in a large gen-
eral patient cohort. We aimed to measure the associ-
ation of all-cause mortality with different severity grades
LA enlargement, derived from using routine clinically
available CMR images using the area-length method in a
large patient population referred for CMR.
Our first objective was to define normal LA vol-

umes for healthy US subjects by CMR based upon
routinely acquired cardiac imaging planes using the
biplane area-length method. In our second objective,
we explored the association of LA size with all-cause
mortality in a large cohort of patients referred for
clinical CMR. We further assessed for the persistence
of such an association after adjusting for clinically
relevant variables, bi-ventricular ejection fraction (EF),
and LV myocardial scar.

Methods
Part A: Healthy subjects
Healthy volunteer subjects (n = 85) without any known
CVD were recruited from Houston Methodist between
October 2008–July 2017 to undergo CMR for assess-
ment of LA volumes. LA volumes were calculated using
the biplane area-length method. Height, weight, blood
pressure and heart rate were obtained from each subject
at the time of the scan. Body surface area (BSA) was cal-
culated using the Mosteller formula [23] for indexing of

CMR parameters to body size. The mean LA volume
indexed to BSA (LAVi) with the standard deviation was
calculated for healthy volunteer subjects. Normal refer-
ence range was defined as 2 standard deviations above
and below the mean LAVi.

Part B: Clinical patient cohort
We acquired patient data from our data coordinating
center, which uses a cloud-based database (CloudCMR,
www.cloudCMR.com) containing de-identified search-
able data from consecutive patients with full DICOM
datasets from three geographically distinct medical cen-
ters in the United States. All data fields were derived
from CMR reports that had been analyzed and elec-
tronically signed by board-certified physicians with
Level III CMR training. LA volumes in all patients were
also measured using the biplane area-length method in
the same fashion used in the healthy volunteer subject
group. We acquired 11,613 unique patient cases from
August 2008 through August 2017 for review. We ex-
cluded patients with age less than 18 years (n = 171)
and missing BSA (n = 177).
Patients were classified into “Normal”, “Mild”, “Moder-

ate” or “Severe” LAVi groups based upon the severity of
LA enlargement. Patients in the “Normal” group had
LAVi that fell within the normal reference range which
was derived using data from the healthy subject cohort.
Using the receiver operating characteristics (ROC) ana-
lysis for risk of death in patients with LAVi greater than
the upper limit of “Normal”, an optimal cutoff value for
LAVi was generated. Patients with LAVi greater than
this cutoff value were categorized in the “Severe” group.
A midpoint was then identified between the upper limit
of “Normal” and the lower limit of “Severe” (ROC gener-
ated cutoff value). Patients with LAVi between the upper
limit of “Normal” and the midpoint were categorized in
the “Mild” group, while patients with LAVi between the
midpoint and the lower limit of “Severe” were catego-
rized in the “Moderate” group. The method we used to
categorize severity of LA enlargement has previously
been published [24].
Due to concerns of foreshortening, instances with cal-

culated LAVi more than 2 standard deviations below the
normal reference mean were excluded (n = 375). Our
final study population consisted of 10,890 patients.

Clinical data
We acquired demographic, basic anthropometric, clinical
and CMR measured parameters through CloudCMR.
Demographic information and relevant medical history
were collected from the patients prior to the scan. A regis-
tered nurse assigned to the CMR lab measured height,
weight, heart rate, and blood pressure of each patient.
History of medication use and CVD risk factors such as
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diabetes mellitus, hypertension, dyslipidemia, family his-
tory of coronary artery disease, and history of smoking
were self-reported by patients. A plasma creatinine level
was measured using the i-STAT® analyzer or through the
respective institution’s laboratory for patients scheduled to
receive gadolinium. Estimated glomerular filtration rate
(eGFR) was calculated through “The Modification of Diet
in Renal Disease” study equation [25]. The cardiac rhythm
for each patient was noted during the scan.

CMR parameters
Participants were scanned on either 1.5 Tesla or 3.0
Tesla magnetic resonance CMR scanners (Avanto and
Verio scanners respectively, Siemens Healthineers, Er-
langen, Germany). We used balanced steady-state free
precession (bSSFP) cine images to acquire standard
4-chamber and 2-chamber views of the left heart. Ven-
tricular volumes were determined by manually tracing
endocardial borders in serial short-axis images from the
base of the heart to the apex in end-systole and
end-diastole. Image acquisition parameters using bSSFP
were: slice thickness of 6.0 mm with a 4-mm gap; in
plane resolution of ~ 1.5 × 1.5 × 2.1 mm. Repetition time
and echo time was tailored for each patient to achieve
25 to 30 cardiac phases per cardiac cycle. In patients
undergoing contrast CMR, late gadolinium enhancement
(LGE) images were obtained 5–15 min after the adminis-
tration of an intravenous contrast agent at a dose of 0.15
to 0.20 mmol/kg.

Post processing
Determination of end-systolic and end-diastolic phases
was assessed visually with the frames having maximum
and minimum LV cavity area as end-diastole and

end-systole, respectively. After tracing the epicardial LV
borders, LV myocardial mass was assessed by measuring
the area in each of the short-axis slices between the
endocardial and epicardial tracing, multiplied by 1.04
ml/g. LV papillary muscles were traced and therefore
counted towards the LV mass and not LV volume. Max-
imal LA volume was determined using the biplane
area-length method in 4- and 2-chamber LV long axis
views at LV end-systole (referenced by the time frame
prior to opening of the mitral valve). We excluded the
LA appendage and pulmonary veins from the LA tracing
in 4- and 2- chamber LV views due to anatomic variabil-
ity between patients and to preserve reproducibility as it
is not always captured in a standard 2- and 4- chamber
LV views (Fig. 1).
The formula for calculating the LA volume using

Biplane area-length method is given as follows:

8
3π

� A4c� A2c
L

� �

where A4c and A2c corresponds to LA areas in 4- and 2-
chamber views respectively, and L corresponds to the
shortest long-axis length measured in either views [26].
The LA volume was then divided by BSA to index for

body size; LAVi.

Intra-observer and inter-observer reproducibility
For intra-observer reproducibility, observer A (MAK)
measured LA volumes of all the healthy subjects. Obser-
ver A then re-measured the LA volumes 3 months later
blinded to previous measurements. For inter-observer
reproducibility, observer B (YZ) measured the LA vol-
umes in all CMR studies of healthy subjects

Fig. 1 Two (a) and four (b) chamber CMR left ventricular view tracing of left atrium (LA). The LA appendage and pulmonary veins are excluded
from area planimetry. Length is drawn as a perpendicular line from mid-point of the straight line connecting the mitral annulus
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independently. For inter-site reproducibility, observer A
re-measured LA volumes of 30 randomly selected cases
from the patient cohort, from each site (n = 90). To
demonstrate reproducibility of measuring LAVi, all ana-
lyses were conducted using volumes indexed to BSA.

Outcome measures
The outcome was defined as all-cause mortality for our
cohort. Mortality was ascertained in the patient cohort
on September 2017, by accessing electronic health re-
cords of patients and by matching patients to the social
security death index (SSDI) database prior to anonymi-
zation and upload to CloudCMR. The median duration
for the patient cohort from date of scan to ascertain-
ment for an event was 48.9 (interquartile range 32.1–
71.2) months.

Statistical analysis
Statistical analyses were performed using Stata 14.2 (Sta-
taCorp LP, College Station, Texas, USA). A P-value of <
0.05 was considered significant. We compared baseline
characteristics, clinical data, and CMR data between
groups with increasing severity of LA volume enlarge-
ment. Continuous variables were described as medians
(interquartile ranges). All relevant continuous variables
were found not to be normally distributed by a statisti-
cally significant Shapiro-Wilk test result; hence the
Kruskal-Wallis test was used for comparison testing
among multiple groups. The categorical variables were
reported as proportions, which were compared among
groups using the Chi squared (χ2) test. The sensitivity
and specificity of LAVi for determining the risk of death
in patients with LAVi greater than the upper limit of
“Normal” was confirmed by ROC analysis. The optimal
cutoff value for LAVi was generated using the Youden’s J
statistic.
To assess the association of mortality with categor-

ical grade of LA enlargement severity and using LAVi
as a continuous variable, univariate and multivariate
Cox proportional hazard risk models were used to de-
rive hazard risk ratios. The multivariate models in-
cluded the categorical grade of LA enlargement
severity or continuous LAVi as an independent pre-
dictor variable, along with other predictors of mortal-
ity that showed statistical significance on univariate
analyses. Separately, continuous LAVi was examined
as a predictor of mortality using restricted cubic
spline regression model to understand the hazard risk
ratio at any given LAVi value. The benefit of using
restricted cubic spline allows us to demonstrate a po-
tentially non-linear relationship between LAVi and
all-cause mortality. The restricted cubic spline curve
was made with 4 knots based on LAVi quantiles.

Intraclass correlation coefficients (ICC) were calcu-
lated to assess the intra-observer and inter-observer re-
producibility for LA volume measurements. ICC values
from 0.75 to 1.0 were considered excellent.

Results
In our healthy cohort we derived a mean LAVi of 36.3
(standard deviation [SD] 7.8) mL/m2 which was similar
between men (36.5 (SD 7.8) mL/m2) and women (36.1
(SD 7.7) mL/m2). Median age was 38 years (30, 46 Inter-
quartile range [IQR]) with 41% of the participants being
females. Males tended to have larger body surface area
and absolute LA volumes than females. The baseline
characteristics of our healthy subjects are described
(Table 1). Based on the ICC value of 0.90 for
intra-observer, and 0.82 for inter-observer; LAVi meas-
urement reproducibility was excellent (Fig. 2).
Inter-site reproducibility was also excellent between
the central reader (observer A) and the three different
sites (Overall [n = 90] ICC: 0.94 [95% confidence
interval (CI) 0.91, 0.96] and Bias: 1.84 [95% limits of
agreement (LOA) 16.45, − 12.8], Site 1 [n = 30] ICC: 0.95
[95% CI 0.9, 0.98] and Bias: 2.6 [95% LOA 16.8, − 11.6], Site
2 [n = 30] ICC: 0.94 [95% CI 0.78, 0.98] and Bias: 5.2 [95%
LOA 19.2, − 8.8], and Site 3 [n = 30] ICC: 0.92 [95% CI
0.83, 0.96] and Bias: -2.3 [95% LOA 9.6, − 14.1]).
We categorized our clinical patients into four groups

based on their LAVi cutoff values:

a) Normal – 21 to 52 mL/m2

b) Mild – 52 to 62 mL/m2

c) Moderate – 63 to 73 mL/m2

d) Severe – greater than 73mL/m2

Compared with healthy volunteer subjects, the clinical
patient cohort was older and had a slightly higher BSA.
Baseline characteristics of the patient population are de-
scribed (Table 2). We found that LA enlargement was asso-
ciated with older age, male gender, increasing prevalence of
atrial fibrillation, history of hypertension, diagnosis of heart
failure and increasing use of anticoagulants and antihyper-
tensive medications such as renin-angiotensin-aldosterone
inhibitors (e.g., angiotensin-converting enzyme inhibitors,
angiotensin II receptor blockers and aldosterone receptor
antagonists), beta blockers, nitrates, calcium channel
blockers, and diuretics. Imaging parameters associated
with increasing LA size included increasing preva-
lence of LGE (LV scar), dilated ventricles, and de-
creased LV and right ventricular (RV) EF. Asians were
found to have smaller LAVi (Median 42.5, Interquar-
tile Range [IQR] 34, 57.4) compared to Whites
(Median 47.6, IQR 36.6, 62.8) (Wilcoxon rank-sum
[WRS] Asian and White P < 0.001), Blacks (Median
46, IQR 35.7, 61.4) (WRS Asians and Black P = 0.014)
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or other races (Median 48.7, IQR 37.2, 64.2) (WRS
Asians and Others P < 0.001).

Clinical outcomes
There were 835 (7.7%) all-cause mortality events in the total
cohort. There was a significant increase in the prevalence of
mortality with increasing severity of LAVi enlargement (Nor-
mal: 6.1% [394/6471], Mild: 8.2% [133/1617], Moderate: 9%
[89/1142], Severe: 12.4% [241/1660]) (P < 0.001).
On univariate analysis, older age, BMI, lower systolic

and diastolic blood pressure, faster heart rate, lower
eGFR, inpatient hospitalization status, history of hyper-
tension, history of diabetes mellitus, history of dyslipid-
emia, prior myocardial infarction, decreased indexed LV
stroke volume, decreased LV EF, increased LV mass,
larger LV scar and decreased RV EF were significant
predictors of mortality. Mild (hazard ratio [HR] 1.35,
[95% CI 1.11, 1.65; P = 0.003), moderate (HR 1.51,
[95% CI 1.22, 1.88]; P < 0.001) and severe (HR 2.14,
[95% CI 1.81, 2.53]; P < 0.001) LA enlargement were
robust predictors of mortality (Fig. 3). Even after
adjusting for clinically relevant covariates (Model 2),

LA enlargement remained significant predictor of
mortality. After the addition of CMR imaging vari-
ables to the model (Model 3), only moderate LA en-
largement (HR 1.45, [95% CI 1.1, 1.89]; P = 0.006) and
severe LA enlargement (HR 1.64, [95% CI 1.29, 2.08];
P < 0.001) remained significant predictors of mortality
(Table 3). Atrial fibrillation (HR 0.77, [95% CI 0.57,
1.03]; P = 0.08), history of hypertension (HR 1.003,
[95% CI 0.1, 1.24]; P = 0.98) and LV mass (HR 1.001,
[95% CI 0.999, 1.003]; P = 0.19) did not show signifi-
cance on the multivariate analysis (Model 3). Severe LA
enlargement remained an independent predictor of mortal-
ity in various subgroup analyses (Fig. 4). For the analysis of
LAVi as a continuous variable using restricted cubic spline
regression model, a baseline value of 38ml/m2 was selected.
This value was derived by calculating the mean value of
LAVi for the “Normal” group. As a continuous variable,
every 5ml increase in LAVi was associated with increasing
odds of mortality (Fig. 5) on the univariate (HR 1.01, [95%
CI 1.002, 1.01]; P < 0.001) and multivariate analysis (Model
2: HR 1.004 [95% CI 1.002, 1.01]; P = 0.001; Model 3: HR
1.004 [95% CI 1, 1.01]; P = 0.046).

Table 1 Baseline characteristics of healthy subject cohort

Variable a Total (n = 85) Females (n = 35) Males (n = 50)

Age (years) 39 ± 12 39 ± 14 39 ± 10

Race

White (%) 51% 56% 47%

Black (%) 9% 17% 4%

Asian (%) 26% 23% 29%

Other (%) 14% 5% 20%

Anthropometric Indices

Height (cm) 171 ± 10.2 162 ± 6.4 177 ± 8.5

Weight (kg) 75.8 ± 21 63.8 ± 16.2 84.7 ± 19.4

Body Surface Area (m2) 1.87 ± 0.28 1.67 ± 0.18 2.01 ± 0.25

Heart Rate (bpm) 74 ± 11 75 ± 13 74 ± 11

Systolic Blood Pressure (mmHg) 123 ± 13 123 ± 14 123 ± 13

Diastolic Blood Pressure (mmHg) 78 ± 12 75 ± 14 79 ± 12

Left Atrial Indices

Diameter (cm) 3.2 ± 0.5 2.9 ± 0.5 3.4 ± 0.5

Area 4 Chamber (cm2) 19.7 ± 4.0 18.1 ± 2.7 20.8 ± 4.4

Area 4 Chamber Indexed (cm2/m2) 10.6 ± 1.7 10.9 ± 1.6 10.4 ± 1.7

Length 4 Chamber (cm) 4.9 ± 0.7 4.6 ± 0.6 5 ± 0.7

Area 2 Chamber (cm2) 18.1 ± 4.2 16.6 ± 3.8 19.1 ± 4.3

Area 2 Chamber Indexed (cm2/m2) 9.7 ± 1.9 10 ± 2.0 9.5 ± 1.8

Length 2 Chamber (cm) 4.5 ± 0.8 4.3 ± 0.8 4.7 ± 0.8

Volume (mL) 68.1 ± 19 60.3 ± 14 73.3 ± 20

Volume Indexed (mL/m2) 36.3 ± 7.8 36.1 ± 7.7 36.5 ± 7.8
a All values are mean and standard deviation or proportions
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Discussion
Prior normal LA reference values calculated by CMR
used the 3D mapping technique requiring a stack of
short-axis stack cines through the LA, or a biplane
area-length method which included the LA appendage.
Our study derived the LA reference range using biplane
area-length method excluding the appendage in a U.S.
based cohort of healthy volunteer subjects without
known CVD. This method allowed us to use values that
were acquired using standard clinical 4- and 2-chamber
LV views, without the need of extra acquisitions that
would necessitate a longer study duration and extra
breath-holds, which can be challenging for some clinical
patients. Our normal values did not significantly differ
from LA volumes measured by 3D techniques [20]. For
our second objective, we measured the association of LA
enlargement with all-cause mortality in our multicenter
clinical patient cohort. Our study cohort included pa-
tients referred for CMR from 3 different geographic
sites. We categorized our patients into groups with

increasing LA size using the risk of all-cause mortality
derived from ROC analyses. We demonstrate a robust
association of increasing LA size and all-cause mortality,
even after adjustment for other dominant predictors of
mortality such as age, history of hypertension, history of
diabetes mellitus, history of myocardial infarction, LVEF,
RVEF, and LV scar.
There is a well-known association between LA en-

largement and all-cause mortality in both the general
population and high risk patient cohorts (those with
heart failure and stroke) [14, 15, 27–29]. However, all
prior studies have been based on echocardiographic
data, which have different reference values compared to
CMR [30, 31]. Our study is consistent with the results of
prior echocardiographic studies showing the association be-
tween LAVi and mortality. We used a patient population
referred for CMR without excluding any co-morbidities like
valvular heart disease, depressed LVEF, or malignancy. This
allowed us to assess the significance of LA enlargement in a
very large, heterogeneous clinical patient cohort.

Fig. 2 Bland-Altman and unity plots for intra-observer and inter-observer reproducibility analysis of LA volume index (LAVi) measurement
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The numerous mechanisms and pathways of LA en-
largement have not been completely understood.
Some of the most common causes of an enlarged LA
are mitral and aortic valve disorders [1, 2], hyperten-
sive heart disease [32], depressed LV systolic [3] and
diastolic function [4]. The mechanism of LA enlarge-
ment in these pathologies could be attributed to
chronically maintained volume overload or elevated
left atrial pressure, resulting in LA remodeling. Al-
though LA size is often considered a surrogate
marker of chronically elevated LV filling pressure, LA
volumes in patients on optimal medical therapy, in-
cluding diuretics; may reflect effective medical therapy
and mask the severity of impaired LV performance.
When assessing the association of LA enlargement
and all-cause mortality, the mechanism accounting for
outcomes is not fully understood. This effect may be
a representation of the underlying pathologies causing

elevated LV filling pressure, or may be attributed to
arrhythmias, most often atrial fibrillation which is
often a result of left atrial enlargement [7]. This could
explain the higher incidence of embolic events, heart
failure hospitalizations and all-cause mortality in pa-
tients with large left atria. It is, nevertheless, difficult
to evaluate whether the atrial fibrillation is caused by
an enlarged left atria or vice versa [33].

Limitations
Our study had limitations. The patient population se-
lected for the study had at least 1 clinical indication
for CMR. This introduces a selection bias of having a
relatively symptomatic group of people as the study
cohort, in comparison to a general population. The
data we gathered through CloudCMR may not have
included all clinically relevant variables. Hence not all
significant variables, such as biomarkers of increased

Fig. 3 Time to event Kaplan-Meier curve presenting the association of all-cause mortality with increasing LAVi. Normal = left atrial volume
indexed: 21 to 52ml/m2; Mild = 52 to 62 ml/m2; Moderate = 63 to 73 ml/m2; Severe = greater than 73 ml/m2

Table 3 Association of severity of LA enlargement and all-cause mortality

Variable Model 1 Model 2 Model 3

Hazards ratio (95% CI) P - value Hazards ratio (95% CI) P - value Hazards ratio (95% CI) P - value

Normal LA size 1.00 – 1.00 1.00 –

Mild LA enlargement 1.35 (1.11, 1.65) 0.003 1.27 (1.04, 1.55) 0.022 1.04 (0.78, 1.36) 0.76

Moderate LA enlargement 1.51 (1.22, 1.88) < 0.001 1.32 (1.05, 1.66) 0.017 1.45 (1.1, 1.89) 0.006

Severe LA enlargement 2.14 (1.81, 2.53) < 0.001 1.9 (1.58, 2.28) < 0.001 1.64 (1.29, 2.08) < 0.001

LAVI (for every 5 ml increase) 1.01 (1.002, 1.01) < 0.001 1.004 (1.002, 1.01) 0.001 1.004 (1, 1.01) 0.046

Model 1 – Univariate analysis
Model 2 – Adjusted for clinical variables; age, gender, atrial fibrillation, history of hypertension, history of diabetes and history of myocardial infarction
Model 3 – Model 2 + adjusted for CMR variables; left ventricular ejection fraction, left ventricular mass, left ventricular scar, right ventricular ejection fraction
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mechanical load and wall stretch, were available on
all patients. However, such biomarkers are not rou-
tinely assessed in the outpatient setting. LA volumes
measured in the patient cohort was derived at the
time of clinical reporting by board certified physicians
from 3 geographically distinct institutes. This could
potentially be a source of discrepancy and bias in
LAVi measurement. LA volumes were measured using
the biplane area-length method, which is not the
gold-standard method of measuring LA volume.
There is the potential for foreshortening which could
have affected the LA volume calculation. However, we
feel that the cost of accuracy is compensated for by
practicality, as this method can be performed on es-
sentially all clinical cine-CMR studies. Approximately
9% of the patient population had atrial fibrillation at
the time of our scan, in which case prospective trig-
gering was commonly utilized to acquire cine images.
Although cine image quality can be affected in

patients with arrhythmias, the ventricular end systolic
phase was always captured and hence may not affect
the measurement of maximum LA volume signifi-
cantly. Our database was constructed from patients
from 3 different sites, with each site having multiple
CMR technologists and board-certified level 3 phys-
ician readers, which could introduce heterogeneity in
measuring techniques of LA volumes. Nevertheless, this
aspect of our study supports the external validity and
generalizability of our findings. The number of death
events recorded in CloudCMR was reliant on the elec-
tronic health records and SSDI. This could slightly under-
report the actual number of deaths in the cohort due to
an absence of direct patient contact and status verification.
Lastly, the CloudCMR database did not have the capability
to capture clinical outcomes other than death at the time
of our query. Therefore, we were unable to investigate the
association of LA size with heart failure events or other
cardiovascular endpoints.

Fig. 4 Risk of all-cause mortality in patients with severe LA enlargement in various sub-groups. Hazard ratios for each sub-group were calculated
using multivariate models. Age < 60 = adjusted for hypertension, LVEF, LV scar; Age > 60 = adjusted for hypertension, diabetes mellitus, atrial fibrillation,
LVEF, RVEF, LV mass, LV scar; Non-hypertensive = adjusted for age, diabetes mellitus; Hypertensive = adjusted for age, atrial fibrillation, diabetes
mellitus, myocardial infarction, LVEF, RVEF, LV mass, LV scar; Non-diabetic = adjusted for age, hypertension, atrial fibrillation, LVEF, RVEF, LV scar;
Diabetic = adjusted for age, hypertension, LVEF; Preserved LVEF (> 50%) and Reduced LVEF (< 50%) = adjusted for age, hypertension, diabetes mellitus,
RVEF, LV scar; No Left-sided Valvulopathy = adjusted for age, hypertension, diabetes mellitus, LVEF; Left-sided Valvulopathy = adjusted for age,
hypertension, LVEF; eGFR > 60ml/min = adjusted for age, hypertension, diabetes mellitus, LVEF, LV scar; eGFR < 60 ml/min = adjusted for age,
hypertension, diabetes mellitus, LVEF
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Conclusion
CMR is considered a gold standard technique at measuring
cardiac chamber volumes. We showed LA enlargement
measured by routinely performed 4- and 2- chamber
cine-CMR images demonstrates a strong independent asso-
ciation with all-cause mortality. We also established LA en-
largement classification by standard deviation method
correlated precisely with risk of mortality. Further studies
are needed to supplement the classification of LA enlarge-
ment severity using CMR, based off of data observing
mortality, heart failure admissions, and other cardiovascular
events.
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