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Background: The relationship between long-term obesity and left atrial (LA) structure and function is not
entirely understood. We examined the association of cumulative body mass index (cBMI) with LA remodeling
using three-dimensional (3D) speckle-tracking echocardiography (STE).
Methods: The Coronary Artery Risk Development in Young Adults (CARDIA) study is a community-based cohort
of black and white, men and women, ages 18-30 years at baseline in 1985-86 from four U.S. centers. This study
included 2,144 participants who had satisfactory image quality and body mass index measurements during the
entire follow-up period. The 3D STE-derived LA parameters were maximum, minimum, and pretrial contraction
volumes; total, passive, and active emptying fraction;maximumsystolic longitudinal strain; and early and late dia-
stolic longitudinal strain rates. Multivariable linear regression analyses stratified by sex assessed the relationship
between cBMI and 3D STE-derived LA parameters, adjusting for demographics and traditional cardiovascular.
Results: Themean age of the cohort was 556 3.6 years; 54.8%were women, and 46.5%were black. There were
statistically significant additive sex interactions for the association between cBMI and LA minimum contraction
value,maximumsystolic longitudinal strain, and early and late diastolic longitudinal strain rates. In the fully adjusted
model, greater cBMI was associated with lower magnitude LA longitudinal deformation (maximum systolic longi-
tudinal strain and early and late diastolic longitudinal strain rates) in men and with higher LA emptying fraction in
women. In addition, greater cBMI was associated with higher LA phasic volumes indices in bothmen andwomen.
Conclusions: This study showed that while greater cBMI from early adulthood throughout middle age was asso-
ciatedwithhigherLAvolumes inbothgenders,differenceswere found forLA function,with lower longitudinaldefor-
mation in men and higher reservoir and active LA function in women. (J Am Soc Echocardiogr 2020;33:878-87.)
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Abbreviations

3D = Three-dimensional

AF = Atrial fibrillation

BMI = Body mass index

CARDIA = Coronary Artery

Risk Development in Young

Adults

cBMI = Cumulative body

mass index

CV = Cardiovascular

EF = Emptying fraction

HDL = High-density

lipoprotein

LA = Left atrial

LASmax = Left atrial global

longitudinal strain

LASra = Left atrial late

diastolic strain rate peak

LASre = Left atrial early

diastolic strain rate peak

LAVmax = Maximum left
atrial volume at end systole

LAVmin = Minimum left atrial
volume at end diastole

LAVpreA = Preatrial
contraction left atrial volume at

the onset of the P wave on

electrocardiogram

LDL = Low-density

lipoprotein

LV = Left ventricular, ventricle

MESA =Multi-Ethnic Study of

Atherosclerosis

STE = Speckle-tracking

echocardiography
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The prevalence of obesity has
been increasing in recent de-
cades, reaching pandemic pro-
portions.1 In the United States,
it is a major public health prob-
lem, with nearly two-thirds of
the adult population classified
as overweight or obese.2

Recently, nationally representa-
tive data for U.S. adults from
2001 to 2016 presented signifi-
cant sex differences in the trend
in body mass index (BMI) levels,
showing that BMI increase was
greater in women compared
with men.3 Moreover, obesity is
associated with numerous co-
morbidities such as obstructive
sleep apnea, nonalcoholic steato-
hepatosis, dyslipidemia, hyper-
tension, diabetes mellitus type
2, and cardiovascular (CV) dis-
ease including atrial fibrillation
(AF).4,5

Three-dimensional (3D)
speckle-tracking echocardiogra-
phy (STE) allows a reproducible
and accurate evaluation of left
atrial (LA) structure and func-
tion, overcoming the limitations
of two-dimensional echocardiog-
raphy such as image foreshorten-
ing and geometric inferences.6

Furthermore, 3D STE supports
evaluation of LA phasic volumes,
emptying fractions (EFs), and
longitudinal strain and strain
rates parameters that have
shown prognostic information
beyond assessments of LA size
alone.7

Several studies have shown an

independent association between central adiposity, long-standing
obesity, and steeper trajectories of BMI increase with cardiac systolic
and diastolic dysfunction.8,9 In addition, many investigations have
brought a heightened awareness of gender differences in obesity-
related cardiac remodeling, showing an increased prevalence of heart
failure with preserved ejection fraction in women.10 Nevertheless, sex
differences in the relationship of obesity with LA structure and func-
tion are not entirely understood.

This study aimed to evaluate sex differences in the association of
cumulative BMI (cBMI), a marker of both severity and duration of
obesity, from young adulthood to middle age with LA structure
and function assessed by 3D STE in a large longitudinal population
study.
METHODS

Study Population

The Coronary Artery Risk Development in Young Adults
(CARDIA) study is a multicenter population-based observational
cohort study sponsored by the National Heart, Lung, and Blood
Institute, initiated between 1985 and 1986, that enrolled 5,115 black
and white men and women participants, ages 18-30 years at baseline
from four U.S. field centers.11 After the initial examination (year 0),
eight additional visits were performed at years 2, 5, 7, 10, 15, 20,
25, and 30. Written informed consent was obtained from all partici-
pants in each visit, and the institutional review boards from each field
center and the coordinating center approved the study annually. Of
the 3,358 participants presenting at the year 30 examination (2015-
16), 11 individuals hadmissing cBMI data, 162 participants did not un-
dergo echocardiography, and another 1,041 had unsatisfactory 3D
images or did not have 3D echo scan performed, leaving 2,144 par-
ticipants for analyses in this present study (Figure 1). Episodes of AF
during the echo scan or personal history of AF were not considered
as exclusion criteria for this study.

Echocardiographic Assessment

Echocardiography exams were accomplished using an Artida ultra-
sound system (ToshibaMedical System,Otawara, Japan) by expert so-
nographers following standardized protocols based on the American
Society of Echocardiography guidelines throughout all field centers.12

In brief, participants were examined in a left lateral decubitus position,
using parasternal long-axis, parasternal short-axis, apical four-
chamber, apical two-chamber, and apical three-chamber standard
views. Electrocardiogram tracing was recorded during all of the
exams. Recording and measurements were performed at the end
expiration, with a full three cardiac cycle capture, increasing to five
entire cardiac cycles if the heart rate was more than 90 beats per min-
ute or in the presence of arrhythmias.
Detailed quality control procedures were carried out during the

study period to ensure adequate reproducibility and accuracy of the
data.13 The echocardiograms were stored digitally and transferred
electronically from each field center to the Johns Hopkins Hospital
cloud server using a protected web-based technology, where experi-
enced readers analyzed the images using standard software (Digiview,
Digisonics Systems, Houston, TX).
Acquisition and Analysis of 3D Images

All 3D images were acquired with a matrix array PST-25SX 2.0-
4.0 MHz transducer in a single breath hold over four consecutive car-
diac cycles. The images were analyzed offline by trained and certified
readers using a wall motion tracking software package (UltraExtend,
ver. 3.0, ToshibaMedical System) following a standardized protocol.14

The analysis of LA 3D parameters was initiated at end-diastolic
frame using a multiplane display, including three cross-sectional slices
(basal, mid, and roof) and two longitudinal orthogonal planes (plane
A = four-chamber view; plane B = a plane orthogonal to the plane A;
Figure 2). The endocardial border was traced in a counterclockwise
direction, from the medial to the lateral mitral annulus, excluding
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� Greater cBMI is associated with LA adverse remodeling.

� Higher cBMI and LA impairment are more correlated in men

than in women.

� 3D echocardiography detects subclinical LA remodeling asso-

ciated with cBMI.
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the LA appendage and the ostium of the pulmonary veins. A semiau-
tomatic border contours detection was performed, with manual ad-
justments made when necessary. The LA wall thickness was fixed
to 3 mm. The 3D endocardial shell of the entire LAwas automatically
rendered throughout the entire cardiac cycle with quantification of
LA phasic volumes, emptying volumes, EF, strain, and strain rate pa-
rameters (Figure 2).
Left ventricular (LV) 3D analyses were also initiated at end diastole

and shown in multiple simultaneous views, including three cross-
sectional slices (base, mid, and apex; planes C1, C2, and C3, respec-
tively) and two longitudinal orthogonal planes (plane A = four-cham-
ber view; plane B = a plane orthogonal to the plane A). Anatomical
landmarks were identified in the longitudinal planes (mitral annulus
and apex), and a semiautomatic border contour detection was per-
formed, with manual adjustments made when was necessary
(Supplemental Figure 1). The 3D endocardial shell of the entire left
ventricle (LV) was automatically rendered with measurement of LV
volumes, mass, ejection fraction, and strain parameters.
The 3D image quality control score was composed of image quality

(poor, fair, good, and excellent), numbers of segments excluded due
to unsatisfactory tracking (16 segments model), and the presence of
artifacts (blurring, shadowing, stitching, and rib artifacts). Exams
with poor image quality, with more than seven segments with inade-
quate tracking, or having dense artifacts were excluded from the
study analysis.
The 3D LA STE inter- and intrareader reproducibility was

described elsewhere,14 with four expert readers making the assess-
ments in a random subset of 20 participants. Rereadings were per-
formed 30 days after the initial measurement, blinded to the
original analysis (Supplemental Table 1).
LA Parameters

The 3D echocardiography LA volumes assessed were LAVmax:
maximum LA volume at end systole (just before the mitral valve
opens); LAVpreA: preatrial contraction LA volume at the onset of
the P wave on electrocardiogram; and LAVmin: minimum LA vol-
ume at end diastole (just after the mitral valve closes). Three EFs
were calculated based on those volumes: total EF = [(LAVmax –
LAVmin)/LAVmax] * 100, passive EF = (LAVmax – LAVpreA)/
LAVmax) * 100), and active EF = [(LAVpreA – LAVmin)/
LAVpreA] * 100). The LA phasic volumes were indexed by body sur-
face area. The LA global longitudinal strain (LASmax) was measured
at end systole. Early LA strain rate (LASre) was defined as the first
negative strain rate peak at early diastole, whereas late LA strain
rate (LASra) was determined as the second negative strain rate
peak at late diastole, after the onset of the P wave on electrocardio-
gram (Figure 3). In case of AF during the echocardiogram examina-
tion, the mean of three measures obtained in consecutive heart
beats was calculated.
Covariates

Assessments of CV risk factors were obtained through standard
protocols across all field centers and in each examination, as described
elsewhere.15 Body weight was measured with a calibrated balance
beam scale to the nearest 0.1 kg. Height was measured with a vertical
ruler to the nearest 0.5 cm. The BMI was calculated from these mea-
sures in units of kg/m2. Alcohol consumption, smoking status, and use
of medication were assessed by questionnaires. Hypertension was
defined as blood pressure $ 140/90 mm Hg or use of antihyperten-
sive medications. A physical activity score was obtained using the
CARDIA physical activity questionnaire.16 Diabetes mellitus was
defined as fasting glucose $ 126 mg/dL or a history of antidiabetic
medications. Total cholesterol and high-density lipoprotein (HDL)
cholesterol were determined using an enzymatic assay by
Northwest Lipids Research Laboratory (Seattle, WA). Low-density li-
poprotein (LDL) cholesterol was derived by the Friedewald equa-
tion.17
Cumulative BMI

The cBMI was defined as the BMI at a given study visit multiplied
by the time period measured in years until the next available BMI
measurement and summed across exams, over 30 years of follow-
up: cBMI = S (BMI at visit 1 * years between visit 1 and visit
2) + (BMI at visit 2 * years between visit 2 and visit 3) + . (BMI
at visit 8 * time between visit 8 and visit 9) + (BMI at visit 9). Each
participant was required to have a baseline BMI measurement.
Missing BMI values were treated using the last observation carried for-
ward method.
Statistical Analysis

Continuous variables are presented as means 6 SD or as medians
and interquartile ranges and compared using Student’s t test or
Wilcoxon rank-sum test (Mann-Whitney) as appropriate.
Categorical variables are presented as absolute values (percentage)
and compared using c2 statistics. Multivariable linear regression ana-
lyses were used to assess the relationship between cBMI with 3D
echocardiography LA structure/function parameters, assessed by
two analytic models: model 1 was adjusted for demographics at
year 30 examination (age and race); model 2 included model 1
with adjustment for traditional CVrisk factors at year 30 examination
(heart rate, education level, physical activity, systolic blood pressure,
smoking status, diabetes, alcohol intake, LDL cholesterol, and HDL
cholesterol). Effect modification by sex on the association of cBMI
with several LA parameters was observed; therefore, all assessments
were stratified by sex. All analyses were conducted using STATA
14.2 version for Windows (StataCorp LP, College Station, TX). A
two-tail P value < .05 was considered statistically significant.
RESULTS

Participant Characteristics

A total of 2,144 participants were included; their mean age was
55 6 3.6 years, 54.8% were women, and 46.6% were black.
Compared with men, women had lower weight (78.9 6 18.7 vs
89.6 6 16.1 kg), waist circumference (88.7 6 14.0 vs
96.9 6 11.9 cm), moderate-to-vigorous physical activity (246 [115,
432] vs 360 [192, 594] exercise units), alcohol intake (2.4 [0, 12.2]
vs 7.3 [0, 21.8] mL/day), and systolic (117.9 6 16.7 vs
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120.4613.8 mm Hg) and diastolic (71.86 11.2 vs 73.26 10.0 mm
Hg) blood pressure; a lower proportion of women were current
smokers (12.1% vs 16.4%) or diabetic (9.3% vs 12.5%). Compared
with men, women had higher BMI (29.2 6 6.7 vs 28.5 6 4.8 kg/
m2) and higher HDL cholesterol level (67.9 6 19.2 vs
53.4 6 15.4 mg/dL). Similarly, a greater proportion of women had
education beyond high school than men (60.2% vs 55.1%). The
cBMI was not significantly different between women
(799.2 6 175.1 BMI-years) and men (793.7 6 117.7 BMI-years;
Table 1). Only 22 (1.03%) study participants had personal history
of AF or had episodes of AF during the echocardiogram examination.
3D LA Echocardiography Variables

The 3D LA frame rate achieved in our study was 25.261.7 volume/
second. Compared with men, women had better LA function as
demonstrated by higher LA passive EF (20.2 6 11.7 vs
19.8 6 10.5%), higher LA global longitudinal strain (28.7% 6 7.3%
vs 26.3% 6 7.1%), higher magnitude LA early strain rate
(–1.3 6 0.6 vs –1.2 6 0.5 sec�1), and lower LA active EF
(30.4% 6 10.4% vs 31.6% 6 9.3%). However, women and men
had similar LA index volumes: LAVmax (24.6 6 7.0 vs
24.7 6 7.0 mL/m2), LAVmin (13.5 6 4.3 vs 13.5 6 4.2 mL/m2),
and LAVpreA (19.6 6 5.9 vs 19.8 6 5.6 mL/m2; Table 2).
3D LV Echocardiography Variables

Compared with men, women had lower LV index volumes: end-
diastolic volume (47.7611.1 vs 51.1612.7 mL/m2), end-systolic vol-
ume (19.4 6 6.4 vs 21.7 6 7.5 mL/m2), SV (28.3 6 6.8 vs
CARDIA Participants at Year 30 

examination (n=3,358)

Participants with cumulative BMI 

(n=3,347)

Participants with 2D echocardiography 

and cumulative BMI 

(n=3,185)

Final Study Population

(n=2,144)

Figure 1 Study enrol
29.4 6 7.5 mL/m2), lower LV index mass (62.6 6 20.6 vs
68.2 6 22.3 g/m2), higher LV ejection fraction (59.6% 6 0.5% vs
57.9% 6 7.4%), and higher magnitude LV deformation: global longi-
tudinal (–17.0% 6 3.1% vs –15.9% 6 2.8%), global circumferential
(–29.3% 6 6.4% vs –28.4% 6 5.8%), and global area change strain
(–41.7% 6 6.6% vs –40.2% 6 6.3%; Supplemental Table 2).
Association of cBMI and 3D LA Parameters

In the fully adjusted model, there were statistically significant additive
sex interactions for the association between cBMI and LAVmin
(P = .033), LSmax (P = .001), LASre (P = .029), and LASra
(P = .008). Among the LA functional parameters that had significant
sex interaction, the associations with cBMI were only significant for
men in deformation variables (LASmax: Pm = .002 vs Pw = .941,
LASre: Pm = .015 vs Pw = .823, LASra: Pm = .047 vs Pw = .174).
Also, for the LA volumetric parameter with effect modification by
sex, men had a higher beta coefficient and lower P value than women
(LAVmin: bm = 0.20, P < .001 vs bw = 0.09, P = .006; Table 3,
Figure 4). Also, in the fully adjusted model, cBMI was associated
with higher LA total EF (bm = 0.08, P = .029) and higher LA active
EF (bm = 0.09, P = .009) in women.

Furthermore, in the fully adjusted model, greater cBMI was inde-
pendently associated with higher 3D LA volume indices in men:
Vmax (bm = 0.18, P < .001), Vmin (bm = 0.20, P < .001), and
VpreA (bm = 0.23, P < .001); and in women: Vmax (bw = 0.15,
P < .001), Vmin (bw = 0.09, P = .006), and VpreA (bw = 0.15,
P < .001; Table 3).

In a sensitivity analysis, excluding study participants with AF, the re-
sults did not change significantly.
Participants without 3D 

echocardiography assessment 

(n=389) or with 

unsatisfactory imaging 

quality (n=652)

Participants without 2D 

echocardiography assessment

(n=162)

Participants with missing 

cumulative BMI data

(n=11)

lment flow chart.



Figure 2 Multiplane display of the LA 3D full volume showing five plane views composed of three cross-section slices ([C7], [C5], and
[C3]), and two longitudinal orthogonal planes (four-chamber [A] and two-chamber [B] views).
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Association of cBMI and 3D LV Parameters

In the fully adjusted model, greater cBMI was associated with lower
absolute 3D global LV longitudinal strain in men (b = 0.07,
P = .047). On the other hand, greater cBMI was associated with
high absolute values of 3D global longitudinal strain in women
(b = –0.08, P = .012; Supplemental Table 3).



Table 1 Clinical characteristics of the CARDIA study
participants by gender at year 30 follow-up examination
(N = 2,144)

Clinical characteristics Men (n = 965)

Woman

(n = 1,168) P value*

Age, years 54.9 (3.6) 55.1 (3.7) .362

Weight, kg 89.6 (16.1) 78.9 (18.7) <.001

Waist circumference, cm 96.9 (11.9) 88.7 (14.0) <.001

BMI, kg/m2 28.5 (4.8) 29.2 (6.7) .003

cBMI, BMI-years 793.7 (117.7) 799.2 (175.1) .403

Resting heart rate, bpm 65.0 (9.9) 65.7 (10.0) .084

Education > high

school, n (%)

527 (55.1) 702 (60.2) .018

Physical activity,

exercise units

360 (192, 594) 246 (115, 432) <.001

Current smokers, n (%) 155 (16.4) 140 (12.1) .001

Alcohol intake, mL/day 7.3 (0, 21.8) 2.4 (0, 12.2) <.001

Hypertension, n (%) 118 (35.2) 161 (39.5) .235

Systolic blood

pressure, mm Hg

120.4 (13.8) 117.9 (16.7) <.001

Diastolic blood

pressure, mm Hg

73.2 (10.0) 71.8 (11.2) .002

Diabetes mellitus, n (%) 120 (12.5) 107 (9.3) .016

LDL cholesterol, mg/dL 110.6 (33.1) 111.1 (31.9) .499

HDL cholesterol, mg/dL 53.4 (15.4) 67.9 (19.2) <.001

Data are presented as mean (SD) or median (interquartile range) un-

less otherwise indicated.

*P values were calculated by Student’s t test, Wilcoxon rank-sum
test, or c2 test.

Figure 3 Three-dimensional speckle-tracking volume analysis
(A, blue line), strain analysis (B, brown line), and strain rate anal-
ysis (C, green line).
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DISCUSSION

This study demonstrated that in a community-based black and white
population free of significant CV disease at the baseline examination,
greater cumulative BMI from early adulthood throughout middle age
was associated with LA remodeling, as evidenced by higher LA vol-
ume indices with greater cBMI in both men and women.
Furthermore, we found sex differences in the association of greater
cBMI and LA function, as demonstrated by the lower magnitude of
LA longitudinal deformation in men and higher reservoir and active
LA function in women. These associations were independent of
age, race, and other traditional CV risk factors.
LA Remodeling and BMI

Adverse LA remodeling is defined as an adaptive pathophysiologic
response to acute or chronic volume, pressure, and neurohumoral
stressors, attempting to maintain adequate LV filling.18 The prepon-
derant adaptive mechanism (change in the LA geometry, chamber
enlargement, or abnormal mechanical and electrical function) de-
pends on the onset, severity, and type of the baseline stressor.19

These LA compensatory adjustments have been classified into four
categories based on the principal histologic and pathophysiologic
characteristics (cardiomyocyte dependent, fibroblast dependent,
mixed cardiomyocyte-fibroblast dependent, and noncollagen
deposits-European Heart Rhythm Association class), and it is the
foundation of atrial cardiomyopathy.20

Traditionally, the LA remodeling assessment performed by echo-
cardiography, cardiac computed tomography, or cardiac magnetic
resonance imaging has been concentrated on the reservoir phase,
measuring LA maximum anterior-posterior linear diameter,
maximum area, or maximum volume.21 Speckle-tracking analysis is
a novel technology that could be applied to images derived from
those methods, allowing the evaluation of additional clinically rele-
vant LA parameters, such as phasic volumes, EF, and longitudinal
strain and strain rate. These measures have been shown to give robust
prognostic information for recurrence of AF, risk of stroke, severity of
diastolic dysfunction, myocardium fibrosis, and mortality, beyond the
assessment of LA size alone.22



Table 2 3D echocardiogram parameters of the CARDIA
study participants by gender at year 30 follow-up
examination (N = 2,144)*

3D echocardiogram LA

parameters Men (n = 965) Woman (n = 1,168) P value†

3D LAVmax

index, mL/m2
24.7 (7.0) 24.6 (7.0) .617

3D LAVmin

index, mL/m2
13.5 (4.2) 13.5 (4.3) .874

3D LAVpreA

index, mL/m2
19.8 (5.6) 19.6 (5.9) .624

3D LA total EF, % 45.1 (9.5) 44.4 (10.2) .132

3D LA passive EF, % 19.8 (10.5) 20.2 (11.7) .374

3D LA active EF, % 31.6 (9.3) 30.4 (10.4) .006

3D LASmax, % 26.3 (7.1) 28.7 (7.3) <.001

3D LASre, sec�1 –1.2 (0.5) –1.3 (0.6) <.001

3D LASra, sec�1 –0.9 (0.5) –0.9 (0.5) .728

*Data are presented as mean (SD).
†P values were calculated by Student’s t test.
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The pathophysiologic mechanisms of obesity-related cardiac re-
modeling are not entirely understood. Evidence suggests that
obesity-related inflammation and subsequent neurohormonal activa-
tion increases oxidative stress and adipokine concentrations, promot-
ing free fatty acid infiltration in cardiac myocytes.23 Obesity produces
an increase in the circulating blood volume, stroke volume, and car-
diac output, as well as a decrease in peripheral vascular resistance,
leading to LV enlargement, eccentric hypertrophy, and diastolic
dysfunction with preserved ejection fraction.24 However, more cur-
rent investigations show a predominance of LV concentric remodel-
ing pattern and small cavity size as a result of chronic exposure to
greater BMI.25

Previous CARDIA investigations are in agreement with thosemore
recent findings of LV remodeling, demonstrating the association of
Table 3 Association between cumulative BMI and LA structure an

3D LA echo parameters

Model 1

Men Wo

b P value b

3D LAVmax index, mL/m2 0.15 <.001 0.16

3D LAVmin index*, mL/m2 0.13 <.001 0.09

3D LAVpreA index, mL/m2 0.18 <.001 0.15

3D LA total EF, % 0.17 .603 0.09

3D LA passive EF, % –0.02 .589 –0.02

3D LA active EF, % 0.03 .459 0.11

3D LSmax,* % -0.13 <.001 0.001

3D LASre,* sec�1 0.12 <.001 0.02

3D LASra,* sec�1 0.05 .142 –0.05

The multivariable linear regression model is showing coefficients per 117.7
BMI. Model 1 is adjusted for age and race at year 30 examination. Model 2

tivity, systolic blood pressure, smoking status, diabetes, alcohol intake, LD

*Statistically significant additive sex interactions (LAVmin [P = .033], LASm
long-standing obesity, greater degree of adiposity, and a steeper in-
crease in BMI with LV concentric remodeling, diastolic dysfunction,
and subclinical systolic dysfunction.26 Additionally, investigators using
long-term prospective data from community-based cohorts showed
associations between obesity and LA enlargement, LA dysfunction,
prevalence/recurrence of AF, and incidence of heart failure, indepen-
dent of CV comorbidities and obstructive sleep apnea.27 In agree-
ment with those prior studies, our research showed that greater
cBMI had a significant association with LA adverse remodeling, as re-
flected by higher LA volume indices in both sexes.
LA Remodeling, Cumulative BMI, and Sex

Strong evidence supports that sex steroids play an essential role not
only in the prevalence of obesity but also in adipose tissue location,
metabolism, proliferation, and function.28 Also, sex differences in
obesity-related cardiac adverse remodeling have been described.29

In the CARDIA year 25 examination, Kishi et al.30 showed that
BMI significantly attenuated the differences in conventional LV dia-
stolic parameters among sex and race. Furthermore, in those
CARDIA participants without hypertension, dyslipidemia, obesity,
former or current smoking, subclinical atherosclerosis, hyperthyroid-
ism, or HIV at the year 25 examination, Moreira et al.31 reported
that women had higher myocardial systolic and diastolic deformation
compared with men. Sex influences on the LV remodeling were also
observed in participants of the Multi-Ethnic Study of Atherosclerosis
(MESA) study, with women having higher LV circumferential short-
ening, torsion, and diastolic function compared with men.32

Additionally, Donekal et al.,33 studying myocardial fibrosis, LVremod-
eling, and myocardial mechanics, demonstrated that with greater
fibrosis, men developed lower LV torsion and ejection fraction
compared with women. In a prior investigation, Marques et al.34

had shown gender differences in the association of inflammation
and myocardial fibrosis in the MESA study cohort individuals. That
study demonstrated an independent association between higher IL-
6 and CRP levels with higher interstitial fibrosis just in men.34

Moreover, Karariga et al.35 demonstrated lower maladaptive LV re-
modeling over a pressure overload in women than in men, which
d function by gender

Model 2

men Men Women

P value b P value b P value

<.001 0.18 <.001 0.15 <.001

.007 0.20 <.001 0.09 .006

<.001 0.23 <.001 0.15 <.001

.005 –0.05 .237 0.08 .029

.631 –0.05 .220 0.03 .932

.001 –0.03 .390 0.09 .009

.977 –0.12 .002 –0.003 .941

.474 0.09 .015 0.01 .823

.144 0.08 .047 –0.05 .174

BMI-years in men and per 175.1 BMI-years in women for cumulative
is model 1 with adjustment for heart rate, education level, physical ac-

L cholesterol, and HDL cholesterol at year 30 examination.

ax [P = .001], LASre [P = .029], and LASra [P = .008]).



Figure 4 Plots showing linear regression fits for men and women with the 3D echo variables on the y-axis and cumulative BMI on the
x-axis. The shaded regions around the fitted value lines represent 95% CIs. BSA, Body surface area.
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was credited to inhibition of inflammatory pathways by gene suppres-
sion. Also, Novella et al.36 established that estrogen has a downregu-
lating effect in the aging-associated proinflammatory response,
protecting the myocardium from inflammation and fibrosis.
Furthermore, Treibel et al.37 described sex dimorphism in the cardiac
remodeling on patients with severe aortic valve stenosis, with a higher
prevalence of maladaptive patterns in men (LV decompensation,
myocardial fibrosis, high levels of N-terminal pro-BNP, and high sen-
sitive troponin) compared with women.37 Finally, other features such
as sex differences in lifestyle, external exposures, and CV risk factors
prevalence may affect the cardiac remodeling process.

Our study results are in line with those prior investigations and pro-
vide important novel information regarding sex differences in the as-
sociation of BMI with LA function. We observed that cBMI was
associated with lower LA longitudinal deformation in men, whereas
women had a higher reservoir and active LA function. In our view,
an interaction of genetic, hormonal, and environmental might be
responsible for sex differences in the LA remodeling associated
with higher cBMI. Given the cross-sectional design of our study, it is
not possible to distinguish a compensatory response from a lack of re-
modeling in women.
Potential Clinical Implications

Results from this study provide new insights into sex differences in the
long-term associations of weight gain and subclinical LA dysfunction.
These results suggest that women from young adulthood to middle
age may have a better compensatory adaptation to the burden of
weight gain compared with men, possibly leading to a lower inci-
dence of AF and associated stroke. Give the growing prevalence of
obesity and heart failure worldwide, further studies to understand
the underlying processes related to these pathophysiologic sex differ-
ences are needed, especially for elaborating sex-specific target inter-
ventions.

Strengths and Limitations

Themain strength of the current study is the assessment of LA remod-
eling associated with 30 years of cumulative BMI from early adult-
hood to middle age in a healthy community-based biracial cohort
following rigorous and stringent protocols. Moreover, the assessment
of the subclinical LA dysfunction was made using a novel 3D STE
method, which seems to be a more sensitive, reproducible, and accu-
rate technique when compared with the traditional two-dimensional
measurements.
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In term of limitations, 30% of the eligible participants were excluded
from our analysis due to unsatisfactory 3D image quality, which leads to
selection bias toward the normal range or overweight population.
Individuals with unsatisfactory 3D image quality had lower rest heart
rate, higher systolic and diastolic blood pressure, and lower HDL choles-
terol and were more likely to be obese and diabetic (Supplemental
Table 4). Therefore, this study’s results cannot be extrapolated to very
obese individuals. The proportion of participants excluded in the current
study is comparable to other cohort investigations using similar 3D tech-
nology, especially when LA assessment is implemented.38 This may be
due to the implicit tracking limitation determined by the LA thinner wall
and low temporal and spatial resolution for LA imaging. Because we
used the last observation carried forward method for handling missing
BMI data (7.6% of the total data points were imputed) and most of
the CARDIA participants had increases in BMI over 30 years, cBMI is
likely underestimated in those with missing BMI measurements.
However, in sensitivity analyses performed without imputation of
missing BMI values, the overall results did not change significantly.
The incidence/prevalence of AF and related stroke were relatively low
in this healthy middle-aged cohort, restricting the study’s ability to iden-
tify sex differences in the association between those entities. Lastly, due
to the observational nature of this study, it was not possible to infer cau-
sality between greater cBMI and LA adverse remodeling.
CONCLUSION

Greater cumulative BMI from early adulthood through middle age
was associated with higher LA volumes in men and women, lower
deformation in men, and higher reservoir and active function in
women. Men showed a stronger association of adverse cardiac re-
modeling with cBMI compared with women. Our results suggest
that evaluation of LA structure and function by 3D echocardiography
could be a valuable approach to detect subclinical LA remodeling
associated with cBMI, highlighting a potential new understanding of
the pathways relating BMI with cardiac diseases.
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SUPPLEMENTARY METHODS
Supplementary Results

Supplementary results describe in detail participants’ clinical charac-
teristics at CARDIA study year 30 exam, LA 3D STE reproducibility,
LV structure/function assessment by 3D STE, and association be-
tween cumulative BMI and LV structure and function by gender using
3D STE.
Supplemental Figure 1 3D full volume multiplane display of the LV showing five plane views composed of three cross-sectional sli-
ces ([C7], [C5], and [C3]), and two longitudinal orthogonal planes (four-chamber [A] and two-chamber [B] views).



Supplemental Table 1 Reproducibility of LA structure and
function by 3D STE echocardiography

3D echocardiogram parameter

Interreader Intrareader

ICC ICC

3D LAVmax, mL 0.91 (0.79-0.96) 0.95 (0.86-0.98)

3D LAVmin, mL 0.86 (0.68-0.94) 0.92 (0.81-0.97)

3D LAVpreA, mL 0.83 (0.65-0.93) 0.90 (0.76-0.96)

3D LASmax, % 0.69 (0.37-0.87) 0.89 (0.76-0.95)

3D LASre, sec�1 0.69 (0.36-0.86) 0.89 (0.76-0.95)

3D LALSra, sec�1 0.67 (0.34-0.86) 0.86 (0.69-0.94)

ICC, Interclass correlation.

ICC were estimated based on linear two-way mixed effects models.

Supplemental Table 2 3D echocardiogram parameters of
the CARDIA study participants by gender at year 30 follow-
up examination

3D LV echocardiogram

parameters Men (n = 965) Woman (n = 1,168) P value*

EDV index, mL/m2 51.0 (12.7) 47.7 (11.1) <.001

ESV index, mL/m2 21.7 (7.5) 19.4 (6.4) <.001

SV index, mL/m2 29.4 (7.5) 28.3 (6.8) <.001

Mass index, g/m2 68.2 (22.3) 62.6 (20.6) <.001

Mass/volume ratio, g/mL 0.79 (0.2) 0.81 (0.2) .071

Ejection fraction, % 57.9 (7.4) 59.6 (7.5) <.001

GLS, % -15.9 (2.8) -17.0 (3.1) <.001

GCS, % -28.4 (5.8) -29.3 (6.4) .004

GAS, % -40.2 (6.3) -41.7 (6.6) <.001

EDV, LV end-diastolic volume; ESV, LV end-systolic volume; GAS,

LV global area-change strain; GCS, LV global circumferential strain;
GLS, LV global longitudinal strain; SV, LV stroke volume.

Data are presented as mean (SD).

*P values were calculated by Student’s t test.

Supplemental Table 3 Association between cumulative BMI
and LV structure and function by gender

3D LV echo

parameters

Model 1 Model 2

Men Women Men Women

b P value b P value b P value b

P

value

EDV index,
mL/m2

–0.08 .019 –0.02 .597 –0.02 .644 0.003 .682

ESV index,

mL/m2
–0.02 .662 0.01 .821 0.01 .841 0.02 .825

SV index,

mL/m2
–0.13 <.001 –0.04 .278 –0.05 .170 –0.01 .898

Mass index,
g/m2

–0.07 .040 –0.06 .098 –0.05 .167 –0.05 .186

Mass/volume

ratio, g/mL

–0.04 .281 –0.05 .148 –0.07 .061 –0.06 .073

Ejection

fraction, %

–0.10 .002 –0.05 .154 –0.07 .074 –0.03 .361

GLS, % 0.14 <.001 –0.06 .092 0.11 .005* –0.08 .016*

GCS, % 0.08 .015 0.11 .001 0.07 .070 –0.10 .003*

GAS, % 0.10 .003 0.08 .011 0.08 .033* 0.07 .058

EDV, LV end-diastolic volume; ESV, LV end-systolic volume; GAS,
LV global area-change strain; GCS, LV global circumferential strain;

GLS, LV global longitudinal strain; SV, LV stroke volume.

The multivariable linear regression model is showing coefficients per
117.7 BMI-years in men and per 175.1 BMI-years in women for cu-

mulative BMI. Model 1 is adjusted for age and race at year 30 exam-

ination. Model 2 is model 1 with further adjustment for heart rate,

education level, physical activity, systolic blood pressure, smoking
status, diabetes, alcohol intake, LDL cholesterol, and HDL choles-

terol at year 30 examination.

*P < .05.
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Supplemental Table 4 Clinical characteristics of CARDIA study participants at year 30 examination

Clinical characteristics

All cohort at

year 30 (N = 3,358)

Cohort without 3D LA echo

assessmemt at

year 30 (n = 1,203)

Cohort with 3D LA echo

assessmemt at

year 30 (n = 2,144) P value*

Age, years 55.1 (3.6) 55.3 (3.6) 55 (3.6) .017

African American, n (%) 1,605 (47.8) 608 (50) 997 (46.5) .051

Weight, kg 88 (21.9) 95.6 (25.4) 83.7 (18.3) <.001

Waist circumference, cm 96.2 (16.3) 102.8 (18.4) 92.4 (13.7) <.001

BMI, kg/m2 30.5 (7.2) 33.4 (8.4) 28.9 (5.9) <.001

cBMI, BMI-years 829 (176.3) 885.6 (200.4) 796.8 (151.8) <.001

Resting heart rate, bpm 66.3 (10.6) 68 (11.4) 65.4 (9.9) <.001

Education > high school, n (%) 2,124 (63.8) 620 (51.7) 1,237 (58) <.001

Physical activity, exercise units 258 (120, 426) 199 (78, 372) 297 (144, 501) <.001

Current smokers, n (%) 463 (14) 168 (14) 295 (14) .608

Alcohol intake, mL/day 2.4 (0, 14.6) 0 (0, 11.9) 4.8 (0, 16.7) <.001

Hypertension, n (%) 410 (12.2) 212 (34.5) 279 (37.4) .255

Systolic blood pressure, mm Hg 119.8 (16.1) 121 (17) 119 (15.5) <.001

Diastolic blood pressure, mm Hg 73.1 (10.9) 74.3 (11) 72.4 (10.7) <.001

Diabetes mellitus, n (%) 284 (8.6) 236 (19.7) 227 (10.7) <.001

LDL cholesterol, mg/dL 191.5 (40) 189.1 (39.5) 192.6 (37.3) .055

HDL cholesterol, mg/dL 59.9 (19) 57.1 (18.5) 61.4 (19) <.001

Data are presented as mean (SD) or median (interquartile range) unless otherwise indicated.
*P values comparing CARDIA study participants at year 30 examination with and without 3D LA assessment were calculated by Student’s t test,

Wilcoxon rank-sum test (Mann-Whitney), or c2 statistics, as appropriate.
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