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Aims Diabetes mellitus (DM) is associated with the development of cardiovascular disease (CVD). Morphological
changes in the left atrium (LA) may appear before symptoms. We aimed to investigate the association between
cardiac magnetic resonance imaging (CMR) measured LA structure and function and incident CVD in asymptomatic
individuals with DM.

Methods Tissue tracking CMR was used to measure LA size and phasic function (emptying fractions and strain) on all 536

and results

Multi-Ethnic Study of Atherosclerosis (MESA) participants with DM and available CMR at baseline in 2000-2002.
At the time of enrolment, all participants were free of clinically recognized CVD, which was defined as MI, resusci-
tated cardiac arrest, angina, stroke, heart failure, and atrial fibrillation. Cox regression was used to assess the asso-
ciation of LA parameters with incident CVD adjusted for traditional cardiovascular risk factors, LV mass, NT Pro-
BNP and maximum LA volume. Kaplan—Meier curves, adjusted for traditional risk factors, were generated for each
LA measurement for the 25% of participants with the most abnormal values versus the remaining 75%. After a
mean follow up of 11.4 £ 3.4 years, 141 individuals developed CVD. Individuals with incident CVD (mean age 66
years, 66% male vs. mean age 64 years, 50% male) had larger maximum and minimum LA volume index (LAVI)
(32.1 vs. 26.8 mm>/m?% 194 vs. 142 mm>®/m? respectively, P<0.001 for both), and lower total, passive, and active
EF than those without CVD (P <0.01 for all). In the fully adjusted model, there was a significant association of min-
imum LAVI, LA total EF, LA passive EF and LA active EF with incident CVD (HR 1.12 per mm®m? P<0.001; HR
0.95 per %, P<0.001; HR 0.97 per %, P=0.021; HR 0.98 per %, P <0.027, respectively).

Conclusions CMR measured LA minimum volume and LA function as measured by emptying fraction are predictive of CVD in a
diabetic multi-ethnic population free of any clinically recognized CVD at baseline.
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Introduction

Diabetes mellitus is increasingly prevalent in the United States with
current estimates suggesting that greater than 11% of adults meet
diagnostic criteria. Projected trends are even more concerning; the
Center for Disease Control estimates that 1 in 3 American adults will
have diabetes in 2050 if the current incidence continues.’
Cardiovascular disease is the most important cause of mortality in
diabetics®® and adults with diabetes have age-specific mortality rates
that are four-fold greater than the general population.” It is important
to examine this population for identifiable predictors of cardiovascu-
lar disease.

Early cardiac remodelling such as LA enlargement has been shown
to occur in patients with diabetes.*> LA dilation is thought to reflect
either coexisting volume overload or LV pressure abnormalities in
the absence of valvular or rhythm abnormalities.® Likely due to these
associations, LA enlargement is a predictor of outcomes including Ml
and heart failure, and additionally provides prognostic information
for asymptomatic patients.7’10 Not surprisingly, LV diastolic dysfunc-
tion and, recently, LA volume have been shown to independently
predict all-cause mortality in patients with diabetes>'" Little is
known, however, about the association of function with incident car-
diovascular disease (CVD) in this population.'

Cardiac MRI (CMR) is the most accurate non-invasive method to
assess LA size and function, though it has lower temporal resolution
compared to echocardiogram.”? It offers the ability to both confirm
earlier findings and identify additional LA features that are associated
with adverse cardiovascular outcomes of DM."? Studies in the Multi-
Ethnic Study of Atherosclerosis (MESA) investigating the association
of CMR measured LA function and cardiovascular outcomes have
been promising, with key parameters explored including LA volumes,
function, and strain.'>*

In this study, we aimed to evaluate the association of LA structure
and function measured with CMR and cardiovascular outcomes in
diabetic participants of MESA. We hypothesized that increased LA
size and impaired LA function are associated with the subsequent de-
velopment of cardiovascular disease in this population.

Methods

Data

Subjects

MESA was initiated to investigate prevalence, correlates, and progression
of subclinical cardiovascular disease. Between July 2000 and August 2002,
6814 men and women who were 45 to 84 years old and free of clinically
apparent cardiovascular disease were recruited from 6 US communities:
Baltimore City and Baltimore County, MD; Chicago, IL; Forsyth County,
NC; Los Angeles County, CA; Northern Manhattan and the Bronx,
NY; and St. Paul, MN."® Approval was received from Institutional Review
Boards at each participating university before the start of the study
and protocol modifications were reviewed and approved each year. All
participants of MESA with a diagnosis of type 2 DM, defined by a fasting
glucose >126 mg/dL or current treatment with insulin or oral agents,
who also had a baseline CMR, were included in this analysis (n =585,
Figure 1).

Data collection

Covariates

The follow covariates were analysed: age, gender, race, cigarette smoking
status, systolic and diastolic blood pressure, heart rate, HDL, total choles-
terol, hypertension medication use, body mass index (BMI), left ventricu-
lar mass by CMR, and N-terminal pro-brain natriuretic peptide (NT-Pro
BNP)."® Demographic information was collected by standardized ques-
tionnaire. Laboratory studies were drawn at the time of baseline imaging
and blood pressure was measured using an automated oscillometric cuff
on three consecutive readings with the final two being averaged for
analysis.

MRI protocol

The details of CMR protocol has been described previously."” Images
were acquired by 1.5-T MR scanners (SIGNA LX and CVi, GE Electric
Medical Systems, and Somatom Vision and Sonata, Siemens Medical
Solutions). Dedicated phase-array coils were used for signal reception.
After the standard protocol was completed, 3 tagged short-axis slices
were obtained. All images were obtained by ECG-triggered segmented k-
space fast gradient-echo (SPGR or FLASH) pulse sequence during breath
holds (12 to 18s). All CMR studies were submitted to the core MESA
MRI Reading Center at Johns Hopkins Hospital where all the analyses
were performed.

Assessment of LA structure and function

The method of LA functional and structural analysis has been described
previously with excellent reproducibility.'® Multimodality Tissue Tracking
software (MTT; version 6.0, Toshiba, Japan) was used to obtain LA vol-
ume and global longitudinal strain from baseline 4-chamber and 2-cham-
ber cine CMR images.

LA volume measurement

An experienced operator, who was blinded to the CVD outcomes of the
participants, marked points along the endocardial and epicardial borders
in the LA. Using the marked points, the software searched for the most
closely matching borders in the subsequent frames. The operator then
followed endocardial and epicardial contours generated by the software
during the cardiac cycle for quality control. Based on the biplane area—
length method from apical 4-and 2-chamber views, the software gener-
ated a volume/time curve during the cardiac cycle. The maximum, min-
imum and pre-atrial contraction LA volumes were extracted from the
volumer/time curves.'® We have previously demonstrated excellent inter-
observer and intra-observer reliability."’

Maximum LA volume (LAV,,) is defined as the volume at end-
systole, before the mitral valve opens. Minimum LA volume (LAV,;,) is
defined as volume at end-diastole, after the mitral value closes. Pre-atrial
contraction LA volume (LAVp.a) is defined as volume before the initi-
ation of atrial contraction. LA volume index (LAVI) is indexed by body
surface area.

Total LA emptying fraction (LAEF) was calculated as 100 X (LAVja—
LAV in) LAV . Passive LAEF as 100 X (LAV L AVpre.a) LAV o, and
the active LAEF as 100 X (LAVpre.a LAV min) LAV prea

Strain measurement

By averaging longitudinal strain in all LA segments in 4 and 2 chamber cine
images, the software generated global longitudinal strain curves during
the cardiac cycle. Global peak longitudinal atrial strain (PLAS) and longitu-
dinal strain before atrial contraction (PreA-S) were measured from the
global longitudinal strain curve.?
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Figure | Flow chart of MESA participants who were included in this study.

Clinical follow-up
Study participants were contacted every 9-12 months during follow-up
to identify clinically detected CVD events. Medical records, including dis-
charge diagnoses, were obtained for each hospitalization. The participants
were followed for a mean of 11.4 + 3.4 years and the development of the
primary endpoint, incident cardiovascular disease, was identified. Incident
cardiovascular disease was defined as the MESA CVD outcome with
heart failure and atrial fibrillation added.™'® Medical records were re-
viewed and the occurrence of CVD events, except for atrial fibrillation,
were adjudicated by the MESA Morbidity and Mortality Committee.
Myocardial infarction was classified based on a combination of symp-
toms, ECG changes, and cardiac biomarker levels (>2 times upper limits
of normal). Definite angina required objective evidence of reversible
myocardial ischemia or obstructive coronary artery disease. Stroke was
classified as present with documented rapid onset focal neurologic deficit
lasting>24h, or, if <24 h, when there was a clinically relevant lesion on
brain imaging. Deficits secondary to brain trauma, tumour, infection, or
other non-vascular cause were excluded. Atrial fibrillation was identified
based on ICD-9 hospital discharge diagnosis codes for atrial fibrillation
and atrial flutter (427.31 and 427.32, respectively) ascertained by MESA
events detection protocol or from Medicare inpatient claims data, and
from a study ECG conducted about 10 years after baseline. ‘Probable’
heart failure was defined by symptoms, such as shortness of breath or oe-
dema plus a physician diagnosis of heart failure. ‘Definite’ heart failure also
included objective evidence such as pulmonary oedema, dilated ven-
tricles, or reduced ejection fraction on imaging.

Statistical analysis

Continuous variables are presented as mean + standard deviation.
Categorical variables are presented as numbers and percentages. The
Student t-test was used to test for between-group differences in inde-
pendent continuous variables. The chi® test was used to test for differ-
ences between categorical variables.

The association between LA parameters and incidence of cardiovascu-
lar events was assessed using Cox proportional hazards. Failure time in
the individuals with incident CVD was the time between the baseline
CMR and the time of the diagnosis. For participants without cardiovascu-
lar events, the failure time was the time between baseline examination
and the latest follow-up, death, or loss to follow-up.

The association of each LA parameter with combined cardiovascular
events was assessed in separate Cox models. Spline curve analysis was
performed for each parameter to justify the use of linear Cox models.*
In the first model (model 1), the analysis was adjusted for traditional car-
diovascular risk factors including age (coefficient*standard error;
0.01 £ 0.005), gender (0.25 £ 0.10), race (0.02 + 0.04), cigarette smoking
status(0.16 £ 0.06), BMI (0.004 £ 0.009), resting heart rate(0.002 + 0.004),
diastolic blood pressure (0.007 £ 0.005), hypertension medication use
(0.12£0.09), total cholesterol(0.001+0.001), and HDL cholesterol
(0.007 +0.003).2" In model 2, we additionally adjusted for LV mass and
NT-proBNP. Logarithmic transformation was applied to NT-proBNP be-
fore entry into the models because of its skewed distribution. In the third
model, we also adjusted for maximum LAV. Hazard Ratios were calcu-
lated with associated 95% confidence intervals (Cl) and reported for one-
unit increase in continuous variables.

Overall event rates were presented in adjusted Kaplan—Meier curves
based on 25th percentile cut offs (Figure 2). Receiver-operating character-
istic curves were generated to assess the overall performance of these 3
models and LA parameters in predicting CVD events.

Results

Participants
Of the 585 participants with DM and a baseline CMR, it was feasible
to measure LA parameters in a total of 536 (91.6%) subjects. After a
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Figure 2 Traditional risk factor adjusted Kaplan—Meier survival functions of incident cardiovascular disease for (A) minimum LAV, (B) total empty-

ing fraction, (C) passive emptying fraction, (D) active emptying fraction.

mean follow up of 11.4 + 3.4 years, 141 of the 536 enrolled partici-
pants (26%) experienced incident CVD. Baseline demographics
of participants are summarized in Table 1. Though not meeting
significance, diastolic blood pressure was lower and HDL was
higher among those without incident CVD (71.6 %100 vs
733 = 11.6mmHg, P=0.056; 46.7 =13.0 vs. 44.7 = 12.8pmoliL,
P=0.077). Of the 141 individuals who developed CVD, 43 developed
congestive heart failure, 25 had a myocardial infarction, 41 had defin-
ite or probable angina, 27 had a stroke, and 60 developed atrial fibril-
lation. Some participants developed more than one event with 12 of
25 with myocardial infarction also having angina. A total of 32 partici-
pants died from a CVD related cause.

Individuals who developed cardiovascular disease were older
(66 £ 9 vs. 64 £ 9 years, P=0.004), had higher systolic blood pressure
(137 £25 vs. 131£21mmHg, P=0.004), were more likely to be
male (66 vs. 50%, P <0.001), and had larger LV mass (179.3 + 48.6 vs.
152.3£39.6g,P<0.001).

Baseline LA parameters in participants with and without incident
CVD are presented in Table 2. Incident cases had a larger LA com-
pared with those who did not develop CVD (maximum LAVI:
321+ 125mm?m? vs. 26.8£9.6mm>/m? P<0.001 and minimum
LAVE: 194 9.7 mm>/m? vs. 14.2+6.0mm>m?, P<0.001). Lower
total, passive, and active LAEF were seen in those with incident CVD

(41.5£11.4% vs. 47.6£9.2%, P<0.001; 17.9£83 vs. 214£9.9,
P=0.002; 28.8+ 11.3% vs. 32.3 £ 10.6%, P=0.003, respectively). In
unadjusted analysis, peak global longitudinal strain was not signifi-
cantly different between individuals with and without incident CVD.

Association of LA volume and function
with incident CVYD

In the initial model, higher maximum and minimum LAVI, and a lower
total EF, passive EF, and active EF were all significantly associated with
incident CVD when adjusted for traditional risk factors. After add-
itionally adjusting for LV mass and NT-pro BNP (model 2), minimum
LA volume, total, passive, and active LAEF were significantly associ-
ated with incident CVD. In the final model (model 3), additionally ad-
justed for maximum LA volume, total, passive, and active LAEF (HR
for total LAEF=0.95 per unit, P <0.001; HR for passive LAEF=0.97,
P=0.021; HR for active LAEF=0.98, P=0.027) were all associated
with incident CVD. Global longitudinal LA strain was not significantly
associated with incident CVD in any of the three models. Details of
all three models are shown in Table 3.

In the area under the curve (AUC) analysis, maximum LA volume,
minimum LA volume, total, passive, and active LA EF (P<0.001 for
each) each improved the ROC curve compared with traditional risk
factors and NT-pro BNP (Table 4). AUC was derived from receiver
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Table I Participant demographic information

Total (n = 536) No cardiovascular disease (n = 395)  With cardiovascular disease (n = 141)  P-value

Age, years 64.1+9.2 63.6+9.5 664+7.5 0.004
Male 290 (54) 197 (50) 93 (66) <0.001
Caucasian 107 (20) 75 (19) 32(22) 0.330
BMI (kg/m?) 29.6+52 29.6£52 29.7+53 0.847
Systolic BP, mm Hg 131.9£22.0 130.6+21.2 1374246 0.004
Diastolic BP, mm Hg 71.9+10.2 71.6+10.0 733+11.6 0.056
Heart Rate, beats per min 66.9+10.3 66.9£10.1 67.4x13 0.666
Current Cigarette Smoking 70 (13) 43 (11) 27 (19) 0.332
Pack years 15.0=12.9 14.6+12.3 164153 0.184
Total cholesterol, pmol/L 188.4+379 188.9+37.0 186.4+41.7 0.271
HDL cholesterol, pmol/L 46.3+13.0 46.7+13.0 447+12.8 0.077
Antihypertensive use (%) 338 (63) 237 (60) 101 (72) 0.014
Statin use (%) 158 (29) 102 (26) 56 (40) 0.003
Left ventricular mass, g 157.3+42.7 152.3+39.6 179.3+48.6 <0.001
Fasting glucose (mg/dL) 159.9%57.0 159.6+55.1 162.0+68.0 0.724
Creatinine (mg/dL) 0.98+0.63 0.95+0.12 1.19+0.15 0.001

The Student t-test was used to test for between-group differences in independent continuous variables. The chi? test was used to test for differences between categorical
variables.

Table2 Comparing LA parameters between individuals with and without cardiovascular disease

LA parameter Total (n = 536) No cardiovascular disease (n = 395) With cardiovascular disease (n = 141) P-value
LA maximum volume index, mm*/m?  27.8+10.4 26.8+9.6 321%125 <0.001
LA minimum volume index, mm*m? ~ 15.1=7.1 14260 19.4%9.7 <0.001
Total LAEF, % 46.5£9.9 47.6£9.2 41.5£114 <0.001
Passive LAEF, % 20.7+9.7 21.4+9.9 17.9+83 0.002
Active LAEF, % 31.6£10.9 32.3%£10.6 28.8+11.3 0.003
LA maximum strain 285+11.7 28.8*+11.6 27.0+12.3 0.086

The association between LA parameters and incidence of cardiovascular events was assessed using Cox proportional hazards. Failure time in the individuals with incident CVD
was the time between the baseline CMR and the time of the diagnosis. For participants without cardiovascular events, the failure time was the time between baseline examin-
ation and the latest follow-up, death, or loss to follow-up. LA, Left Atrium; LAEF, Left Atrium Emptying Fraction.

Table 3 Association of left atrial parameters and incident cardiovascular disease

LA parameter Model 1 Model 2 Model 3

LA maximum volume index, mm?>/m? 1.03 (1.04, 1.14) <0.001 1.01 (1.00, 1.03) 0.083 - -

LA minimum volume index, mm>/m? 1.07 (1.05, 1.10) <0.001 1.06 (1.03, 1.08) <0.001 1.12 (1.06, 1.19) <0.001
LA passive EF, %LA total EF, % 0.95 (0.93,0.97) <0.001 0.95 (0.93,0.97) <0.001 0.95 (0.93,0.97) <0.001
LA passive EF, % 0.97 (0.95, 1.00) 0.022 0.97 (0.94, 1.00) 0.020 0.97 (0.95, 1.00) 0.021
LA active EF, % 0.98 (0.96,0.99) 0.007 0.97 (0.95, 1.00) 0.009 0.98 (0.96, 1.00) 0.027
LA maximum strain 0.99 (0.97, 1.00) 0.159 0.99 (0.97, 1.00) 0.162 0.99 (0.97, 1.00) 0.300

Model 1: adjusted for traditional risk factors: age, race, gender, cigarette smoking status, diastolic blood pressure, heart rate, HDL, total cholesterol,
hypertension medication use, BMI.

Model 2: adjusted for traditional risk factors, LV mass, and NT-pro BNP level.

Model 3: adjusted for traditional risk factors, LV mass, NT-pro BNP level, and LA maximum volume index.

*Hazard Ratio (HR) calculated per unit change in LA parameter.

LA, Left Atrium; EF, Emptying Fraction.
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Table4 Areaunder the curve

Parameter analysed AUC (SE) P-value
TRF 0.67 (0.03) —
TRF + NT-ProBNP 0.73 (0.03) P<0.01
TRF + NT-ProBNP + Vmaxi 0.74 (0.03) P <0.001
TRF + NT-ProBNP + Vmini 0.77 (0.03) P <0.001
TRF + NT-ProBNP + LA Total EF 0.77 (0.03) P <0.001
TRF + NT-ProBNP + LA Passive EF 0.75 (0.03) P <0.001
TRF -+ NT-ProBNP + LA Active EF 0.75 (0.03) P <0.001

The first row represents traditional risk factors with each subsequent row dem-
onstrating the improved predictive value of models that consider the listed par-
ameters relative to the model with only traditional risk factors. AUC, Area under
the curve; SE,Standard Error; TRF, Traditional Risk Factors; LA, Left Atrium;
EF, Emptying Fraction.

operating characteristic curve analysis (ROC), which were obtained
by cox regression and compared using a previously described
method by Delong et al.*?

Discussion

Our study cohort demonstrates that in diabetics free of symptomatic
cardiovascular disease, increased LA size, especially LA minimum vol-
ume, and decreased LA function, as assessed by CMR, are associated
with increased incident CVD.

Left atrium in patients with diabetes
mellitus-what is known?
Both LA volume and LA function reflect LV diastolic and systolic
function and have been implicated as predictive of cardiovascular dis-
ease in a range of patient populations.”®

LA volume is increased in diabetic patients, although this finding de-
pends upon the imaging modality; echocardiography studies have often
failed to identify such an link while those using CT or CMR more con-
sistently demonstrate significant associations.”*’ The prognostic
value of increased LA volume was examined in a small echocardiog-
raphy based study of 305 individuals. In this study, Poulsen et al. dem-
onstrated increased maximum LAV to be a predictor of cardiovascular
morbidity and mortality over approximately 5 years of clinical follow-
up."" Our study expands on this with CMR by additionally examining
LA function parameters and showing decreased active, passive, and
total emptying fraction to be associated with incident CVD.

Cardiac magnetic resonance imaging
In one study to date that has used CMR, Graca et al. demonstrated
that CMR is able to detect LA dysfunction in asymptomatic patients
with DM. They additionally identified an association between the
diagnosis of DM and decreased LA total emptying fraction and pas-
sive emptying fraction, but not active emptying fraction.”® This cross
sectional study was limited by a small sample size of only 45 patients
with diabetes and lack of follow up for events.

CMR has important differences from echocardiography for the as-
sessment of the LA. CMR has higher image resolution given the ana-
tomic location of the LA, with associated limited availability,

increased cost, and lower temporal resolution. Echocardiography
relies on the quality of acoustic windows obtained, provides chal-
lenges in identification of the endocardial border, and less reliably
images all components of the chamber, especially the appendage, al-
though it is far more accessible than CMR %

The results of our study add to knowledge about LA structure and
function in patients with DM. Studies to date have suggested that
changes in LA size and function might be associated with DM and, fur-
thermore, with incident CVD. We therefore examined these param-
eters using the most precise imaging techniques available in a study
with long-term follow-up. We determined that LA size and function
are both associated with the development of CVD. The association
of LA function with CVD is independent of LA volume, and minimum
LA volume was more strongly related to incident CVD than max-
imum LA volume.

Minimum left atrium volume

A link between DM and diastolic dysfunction causing increased LV fill-
ing pressure with subsequent LA dilation has previously been
hypothesized to explain the association between maximum LA vol-
ume and increased cardiovascular risk."’ The present study suggests,
however, that even adjusting for measurable ventricular changes,
minimum LA volume and LA function may be important predictors
of incident CVD in people with DM.

There are several possible explanations of why these LA param-
eters are associated with long-term development of CVD. The first
and most prominent theory assumes that LA volume reflects diastolic
dysfunction. Our results suggest that there is a stronger association
between minimum LA volume with CVD compared with maximum
LAV. Other studies have shown that minimum LA volume has a
stronger association with diastolic dysfunction than maximal LA vol-
ume and may be present in earlier stages of progressive dysfunc-
tion."? This is consistent with our results, suggesting that minimal
LA volume may be a more sensitive predictor of significant subse-
quent cardiovascular dysfunction than maximum LA volume by re-
flecting subtle diastolic dysfunction.

Why the left atrium matters

The limitations of cardiac MR, including accessibility and cost, are im-
portant and highlighted in our paper. Though further research is ne-
cessary before any direct clinical applications, CMR analysis of the left
atrium may ultimately prove valuable for patients with diabetes melli-
tus. As reflected in the Kaplan—Meier curves. These left atrial param-
eters provide additional prognostic information for the development
of CVD over the next 10 years. In addition to reflecting diastolic dys-
function, other possible explanations for the strong association be-
tween LA parameters, especially LA function, and the development
of CVD involve systemic effects on the heart. These effects are likely
modulated through inflammation and microvascular changes (both
frequently associated with diabetes) that may be detected early in the
LA as subclinical markers of damage to the vascular system. Previous
studies have shown an association between markers of inflammation
and LA size and function, suggesting the inflammation may cause atrial
remodeling " Subendocardial fibrosis, which occurs in diabetes,
likely contributes to the increased blood pressure common in this
population and may be reflected in these measured parameters.*>
Further investigation is necessary into the aetiology of these changes.
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Conclusion

Our study shows that LA volume and function measured with CMR
are associated with the development of CVD in asymptomatic indi-
viduals with DM. Assessment of LA function may have additional
value in risk stratification for cardiovascular events in this population.

Study limitations

We examine a population consisting exclusively of diabetics, given
their increased rate of CVD, and therefore are unable to draw any
conclusions about the uniqueness of our findings to this population.
Follow-up data for such a prolonged study was inherently limited and
was collected from a variety of sources including public files, medical
records from hospitalizations, interviews from participants and their
physicians, and Centers for Medicare and Medicaid services (CMS)
claims data, which relies on billing paperwork submitted to CMS.
Four different 1.5 T MR scanners were used in the acquisition of
CMR images, though all images were reviewed at a single institution
by a single operator who was blinded to cardiovascular outcomes.
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