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Abstract

Background: The myocardial contraction fraction (MCF: stroke volume to myocardial volume)
is a volumetric measure of left ventricular myocardial shortening. We examined the relationship of
MCF, measured by cardiac magnetic resonance imaging (cMRI), to incident cardiovascular (CV)
events within the Multi-Ethnic Study of Atherosclerosis (MESA).

Methods: Participants (n=5,000, aged 45-84 years) underwent cMRI. Primary outcome: CVD
events (myocardial infarction, resuscitated cardiac arrest, stroke, coronary heart disease: CHD
death, and stroke death). Secondary outcomes: CHD and heart failure (HF) events. Cox
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proportional hazards regression was used to estimate the hazard ratio (HR) and 95% confidence
intervals (CI) for outcomes.

Results: There were 299 incident CVD, 188 CHD, and 151 HF events over 10.2 years. The
lowest MCF quartile was associated with an increased risk for incident CVD [HR 2.42, ClI:
1.58-3.72], CHD [HR 2.32, CI: 1.36-3.96] and HF events [HR 1.99, CI: 1.15-3.44]. In a model
adjusted for demographics, CV risk factors, antihypertensive and lipid-lowering medication use,
each standard deviation decrease in MCF was associated with incident CVD [HR 1.42, ClI:
1.23-1.64)], CHD [HR 1.40, CI: 1.17-1.67] and HF [HR 1.58, Cl: 1.30-1.94]. In a subgroup
analysis of participants with preserved ejection fraction and without left ventricular hypertrophy,
the lowest MCF quartile and each standard deviation decrease in MCF was also associated with an
increased risk for incident CVD in fully-adjusted analyses.

Conclusions: MCF is a novel measure that can be measured using cMRI. In this multi-ethnic
cohort, MCF is a measure that can be used to predict incident CVD events.
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Introduction

Left ventricular (LV) ejection fraction (EF) is a commonly used measure to assess LV
chamber function. Reduced LVEF is a strong predictor for cardiovascular (CV) morbidity
and mortality including incident heart failure (HF).1:2 Although LVEF does not need to be
indexed to body size, age or gender, it has numerous disadvantages. LVEF cannot
differentiate physiologic from pathologic hypertrophy, and is preserved in more than half of
patients with HF, thus it is unable to predict CV disease (CVD) outcomes? and incident HF
among individuals with preserved EF (HFpEF). 4 These limitations have led to an interest
in developing alternative measures that can provide a comprehensive assessment of LV
myocardial performance, integrating structure and function, and provide risk stratification
for individuals at highest risk for incident CVD events.5-10 Identification of those at highest
risk for incident CVD events is important as these individuals may benefit from early
therapeutic interventions which may delay or prevent substantial CV morbidity and
mortality.

Using 3D echocardiography, King et al.11 described a novel unitless volumetric index: “the
myocardial contraction fraction (MCF)”, defined as the ratio of stroke volume (SV) to
myocardial volume (MV), calculated as the left ventricular mass (LVM) divided by the
specific gravity of the myocardium. MCF has been evaluated as a prognostic marker in
individuals with amyloid and non-ischemic dilated cardiomyopathies.12‘14 It is unknown if
reduced MCF levels predict incident CVD events and HF events across different racial and
ethnic groups.

We investigated whether MCF, assessed using cardiac magnetic resonance imaging (cMRI),
predicts incident CVD outcomes and separately, HF events in participants from the Multi-
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Ethnic Study of Atherosclerosis (MESA), a large population-based multi-ethnic cohort.
Additionally, we assessed the factors associated with lower MCF levels.

Methods

Study Population

As previously described, 1216 MESA is a population-based cohort study initiated to further
the understanding of the pathogenesis of CVD, determine the predictors of subclinical CVD,
and to determine the factors associated with progression to clinical heart disease and CVD
outcomes among a racially/ethnically diverse population. The study included 6,814 adults
(aged 45-84 years) who were asymptomatic at time of enrollment during the baseline exam
(2000-2002). Participants who self-identified as White, African American, Hispanic, or
Chinese-American were recruited from 6 US sites (New York, New York; Baltimore,
Maryland; Forsyth County, North Carolina; Chicago, Illinois; St Paul, Minnesota; and Los
Angeles, California).1® Each field center recruited participants from =2 race/ethnic groups.
Multiple measures were collected at baseline exam including imaging tests such as cMRI.
cMRI was performed on 5,004 participants. Participants have been followed since 2000 and
follow up data is available for 5,000 participants. The current analysis was restricted to
5,004 participants with complete cMRI measures at baseline examination (Exam 1: July
2000 to August 2002). Participants with no follow-up data on CV outcomes (n=4) were
excluded, leaving a final sample size of 5,000 participants for the current analyses. In a
subgroup analysis, participants with no follow-up data on CV outcomes (n=4), an LVEF
<50% (n=85), and LV hypertrophy (LVH: LVM indexed to body surface area [BSA]:
n=522), were excluded, leaving a final sample size of 4,393 participants. To address the
effect of body size on LVVH, we also repeated the subgroup analysis using LVH indexed to
height27 instead of BSA. The final sample size for that subgroup analysis was 3,802. MESA
was approved by the institutional review boards of each study site and all participants
provided informed consent.

Data Collection & Clinical Covariates

Detailed description of data collection and processing procedures from Exam 1 can be found
in the eMethods (Supplement).1® Clinic blood pressure measurements, anthropometric,
laboratory data, and standardized questionnaires were obtained. Participants were invited to
complete cMRI after Exam 1.

Cardiac MRI

As previously described, cMRI was performed with 1.5-T magnets.1” Details of the cMRI
protocol can be found in the eMethods. eTable 1 provides the definitions of the cMRI
parameters used within the present analyses. For the present analyses, LVM was indexed
(LVMI) to BSA. BSA was calculated as 0.007184 x height (m) %725 x weight (kg)%425. LVH
was defined as LVM indexed to BSA (= 84.6 g/m? in females, > 106.2 g/m? in males) and
separately, defined as LVM indexed to indexed to height?7 (= 38 g/m27 in females, > 45.1
g/m27 in males) using previously published cut points for LVH in the MESA cohort.18 LV
end-diastolic volume (EDV) and LV end-systolic volume (ESV) were calculated using
Simpson’s rule (the summation of areas on each separate slice multiplied by the sum of slice
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thickness and image gap). LV SV was defined as LVEDV-LVESV. LVEF was defined as
[(SV/LVEDV) x 100], MV was calculated as (LVM / 1.05 g/ml). MCF was calculated as
(SV / MV). As previously described, interobserver variability was measured in 79 cardiac
MRI readings selected at random (3% of the entire cohort at the baseline exam) by
comparing the original MRI volumes and mass readings with results from a second review
performed between 3 and 6 months later. Intraobserver variability was also assessed at the
baseline exam in 75 MRI readings performed in the same manner. Reviewers were blinded
to the results of the initial reading at the time of the second and third readings. High
reproducibility was observed for each component of MCF (LVM and SV). Interobserver
variability: intraclass correlation coefficient 0.949 and 0.976 for LVM and SV, respectively.
Intraobserver variability: intraclass correlation coefficient 0.967 and 0.965 for LVM and SV,
respectively.

Cardiovascular Events

The primary outcome measure for this study was incident “hard CVD” events defined as
myocardial infarction: M, resuscitated cardiac arrest, stroke (not including transient
ischemic attack), coronary heart disease (CHD) death, and stroke death. As a secondary
outcome, we examined “hard CHD” events (MI, resuscitated cardiac arrest, and CHD death)
as well as incident HF. Event adjudication and follow-up procedures can be found in the
eMethods.1?

Statistical Analyses

The study population was divided into quartiles based on the distribution of MCF, with the
highest quartile (Q4) serving as a referent group. Descriptive analyses of participant
characteristics for each MCF quartile were performed. Unadjusted cumulative incidence
rates for hard CVD events per 1,000 person-years were calculated as the total number of
incident hard CVD events in each MCF quartile divided by the total number of follow-up
time in each quartile. Cox proportional hazards regression was used to estimate the hazard
ratio (HR) and 95% confidence intervals (CI) for incident hard CVD events in each MCF
quartile versus the referent. Model 1 adjusted for age, sex, and race/ethnicity. Model 2
included the variables in Model 1 plus body mass index (BMI), education level, blood
pressure (systolic and diastolic), heart rate, low-density lipoprotein (LDL) cholesterol and
high-density lipoprotein (HDL) cholesterol, c-reactive protein (CRP), diabetes, smoking,
estimated glomerular filtration rate (¢GFR) < 60 ml/min/1.73m?, alcohol use, moderate and
vigorous physical activity, antihypertensive medication use, and lipid-lowering medication
use. Log-transformation was used for skewed variables including CRP. Linear trends across
quartiles were assessed by including quartile-specific median MCF values as a continuous
variable. Cox proportional hazards regression was used to estimate the HR and 95% Cls for
incident hard CVD events associated with each standard deviation decrease in MCF. Two
adjusted models were estimated using the covariables in Models 1 and 2. Subgroup analyses
were performed examining the interactions with age (<65 years vs. = 65 years), sex, race/
ethnicity, prevalent hypertension, and diabetes for incident hard CVD, hard CHD, and HF
events. The analyses were repeated separately using incident hard CHD events and incident
HF events as an outcome and EF quartiles as the predictor. In a separate subgroup analysis,
we repeated the analyses for the primary outcome of hard CVD events and limited the
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sample to participants with preserved LVEF (=50%) and without LVVH. In secondary
analyses, logistic regression was used to assess the associations of each covariable in Models
1 and 2 with the risk of being in the lowest MCF quartile (Q1). Each covariable was first
tested separately in a univariate model and thereafter, a multivariable model was used
adjusting for all variables simultaneously. Receiver operating characteristic curves (ROC)
were constructed to evaluate the area under the curve (AUC), sensitivity, and specificity of
MCEF for each outcome. A Youden index, the sum of sensitivity and specificity minus one,
was calculated for each ROC to determine the optimal cut-off threshold for MCF.

Statistical analyses were performed using SPSS v.23 (IBM SPSS Statistics for Windows,
Version 23.0; IBM, Armonk, NY) and MedCalc Statistical Software version 17.11.5
(MedCalc Software Bvba, Ostend, Belgium. P values of <0.05 were considered statistically
significant.

Participant Characteristics

The mean * SD age of participants in the current analysis was 61.5 + 10.1 years; 52.4%
were female, 39.1% were White, 25.7% were African American, 22.2% were Hispanic, and
13.1% were Chinese-American. MCF was symmetrically distributed within the sample
(eFigure 1). Mean + SD MCF was 0.65 £ 0.14. During a median follow-up of 10.2 £ 2.4
years, there were 299 incident cases of hard CVD events, 188 cases of hard CHD events, and
151 cases of HF.

Table 1 shows the baseline characteristics of the sample across MCF quartiles (lowest MCF
quartile, Q1: MCF <0.55; highest MCF quartile, Q4: MCF >0.74). The percentage of males,
African Americans, participants with diabetes, albuminuria, and hypertension decreased
from Q1 to Q4 (p<0.001). Age, BMI, systolic/diastolic blood pressure, and heart rate also
decreased significantly across MCF quartiles (p<0.001). There was a significant trend of
decreasing LVM, LVMI, and MV (p<0.001) and a significant trend for increasing SV and
LVEF (p<0.001) from Q1 to Q4.

Correlates of the lowest MCF quartile among participants

After full multivariable adjustment, older age, male sex, African-American race/ethnicity,
higher BMI (per 1 kg/m? increase), former and current smoking, albuminuria, higher
diastolic blood pressure (per 5mmHg increase), and increased heart rate (per 10 beats per
minute increase) were all associated with an increased odds of being in the lowest MCF
quartile (eTable 2). Asian race/ethnicity and higher HDL levels (per 10mg/dL increase) were
associated with a decreased odds of being in the lowest MCF quartile.

Primary Outcome: Association of MCF with hard CVD events

Participants in Q1 had the highest incidence rate of hard CVD events (Table 2). When
compared to Q4 (referent), Q1, Q2, and Q3 were each associated with an increased risk of
hard CVD events in unadjusted models (Table 2). Participants in Q1 had a 5-fold increased
risk of hard CVD events (HR 4.98, 95% CI 3.37-7.36, Table 2). In a model adjusting for age,
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sex, race, and CV risk factors, the HRs of incident CVD events from the highest to lowest
MCF quartile were 1.00 (referent); 1.43 (95% CI 0.91-2.23); 1.70 (95% ClI 1.10-2.62); and
2.42 (95% CI 1.58-3.72) (p-trend <0.001, Model 2, Table 2). When expressed as a
continuous variable, MCF (per 0.14 decrease) was associated with an increased hazard of
incident hard CVD events in univariate and multivariable-adjusted models (p<0.001, Table
2). When the sample size was restricted to individuals with preserved LVEF and without
LVH, the lowest MCF quartiles and each standard deviation decrease in MCF was also
associated with an increased hazard of incident hard CVD events in univariate and
multivariable-adjusted models (Table 3). The association was similar when LVH was
indexed to BSA and height27.

Secondary Outcomes: Association of MCF with hard CHD events and HF

The incidence rates for hard CHD events decreased with increasing MCF quartiles (eTable
3). After full adjustment for all covariates, Q1 was associated with a 2.3-fold increased risk
of hard CHD events when compared to Q4 (HR 2.32, 95% CI 1.36-3.96, Model 2, eTable 3).
Similar results were observed with MCF modeled as a continuous variable (HR 1.40, 95%
Cl 1.17-1.67, per 0.14 decrease).

The incidence rate for HF events was 7.73/1000 person-years for participants in Q1
compared to 1.63/1000 person-years for participants in Q4 (eTable 4). In a model adjusting
for CV risk factors, Q1 was associated with a 2-fold increased risk for HF events (HR1.99,
95% CI 1.15-3.44, Model 2, eTable 4). When expressed as a continuous variable, MCF was
associated with HF in multivariable models adjusting for all covariates (HR 1.58, 95% CI
1.30-1.94, per 0.14 decrease).

There were no significant interactions by age, sex, race, prevalent hypertension status, or
diabetes status for incident hard CVD or incident hard CHD events. However, age modified
the association of MCF with incident HF. For any decrease in MCF level, there was a greater
risk of HF among participants < 65 years old (HR 1.94, 95% CI 1.35-2.71 compared to
participants = 65 years old (HR 1.43, 95% CI 1.13-1.80, Pinteraction: 0-026).

Association of EF with hard CVD, hard CHD, and HF events

LVEF was not associated with an increased risk of incident hard CVD or hard CHD events
in unadjusted and fully adjusted models (eTables 5 and 6). In contrast, the lowest LVEF
quartile had a 2-fold increased risk for HF in both unadjusted and multivariable-adjusted
models (linear trend p<0.001, eTable 7). LVEF as a continuous variable was significantly
associated with HF in multivariable models (HR 1.61, 95% CI 1.42-1.84, per 7.40 decrease).

AUC and cut-off threshold for MCF associated with hard CVD, hard CHD, and HF events

Figure 1 and eTable 8 depict the AUC and optimal cut-off thresholds for MCF associated
with hard CVD, hard CHD, and HF events. The AUC for hard CVD, hard CHD, and HF
events was 0.663 (95% CI 0.649-0.676, p<0.0001), 0.665 (95% CI 0.652-0.678, p<0.0001),
and 0.695 (95% CI 0.682-0.708, p<0.0001), respectively. The optimal cut-off threshold for
MCEF in predicting hard CVD and CHD events was 0.60 (sensitivity/specificity: 62.8%/
62.3% for hard CVD events and sensitivity/specificity: 63.3%/61.7% for hard CHD events,
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respectively). The optimal cut-off threshold for predicting HF events was 0.52 (sensitivity/
specificity: 51,7%/81.6% respectively).

Discussion

In this large multi-ethnic population-based cohort of individuals, MCF was associated with
an increased risk of incident hard CVD, hard CHD, and HF events. Over a median follow-up
of 10.2 years, participants within the lowest MCF quartile had a 2.4 increased risk of
incident hard CVD events, a 2.3 increased risk of hard CHD events, and a 2-fold increased
risk of HF events compared to those within the highest MCF quartile in models adjusting for
CV risk factors. Lower levels of MCF were also significantly associated with incident CVD,
CHD, and HF events when adjusted for CV risk factors.

Few data have evaluated the association of reduced MCF and CVD outcomes. 3:12-14.20 oy
results are consistent with data from the Framingham Heart Study Offspring cohort.3 Among
White participants without clinical CVD in the Framingham Heart Study Offspring cohort,
the lowest MCF quartile was associated with a seven-fold increased risk for CVD events
(HR: 7.11, 95% CI 1.60-31.59, p=0.010) when compared to the highest MCF quartile, in a
model adjusting for gender and the Framingham Risk Score. This study was limited by small
sample size (n=304), lack of minority representation, and was underpowered to examine
different types of CV endpoints. Arenja et al.13 also demonstrated that a depressed MCF
level was associated with a higher risk of the combined outcome of cardiac death, heart
transplantation, sudden cardiac death aborted by appropriate implantable cardioverter
defibrillator discharge due to ventricular tachycardia or fibrillation, and hospitalization due
to congestive heart failure among individuals with non-ischemic dilated cardiomyopathy.
Our study extends both of these findings and further suggests that within a large multi-ethnic
cohort, MCF is an independent predictor of several types of CVD events. Among 66
individuals with cardiac amyloid and preserved LVEF, 14 MCF <30, as assessed by 2D
echocardiography, was associated with an approximately three-fold increased risk of death
(HR 2.841, 95% CI 1.214-6.648). Similarly, Maurer et al.20 demonstrated that reduced MCF
(per 10% decrease, assessed by 2D echocardiography) was associated with a higher
incidence of a composite of atherosclerotic cardiovascular disease, HF, and all-cause
mortality among elderly participants in the Cardiovascular Health Study. Limitations of both
studies include the inability to examine subtypes of CVD events and the use of 2D
echocardiography M-mode dimensions for estimating LVM and LV volume. Assessment of
LVM and LV volume by cMRI is a gold standard and has been shown to be more
reproducible when compared to 2D echocardiography. 21-24 Whether the estimation of MCF
by 2D echocardiography is similar to that estimated by cMRI is currently unknown.

Although LVEF is the most common tool used to identify abnormal LV function, it can
remain preserved in many disease states, cannot distinguish pathologic from physiologic
remodeling or hypertrophy, and can mask significant underlying regional dysfunction.10
Additionally, results from prior population-based studies 38 demonstrate that with the
exception of incident HF, preserved LVEF is not predictive of incident CVD events, a
finding which our study also confirms. Similarly, other studies have also explored the utility
of myocardial strain imaging.2:10:25-28 Although tagged MRI is a common cMRI method to
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assess regional strain,10 very few studies have examined the predictive power of tagged MRI
with incident CVD events.2129 |n a recent study, regional LV diastolic strain, as quantified
by tagged cMRI, was related to incident HF over an 8-year follow up period among
participants within the MESA cohort (HR 2.25, 95% CI 1.30-3.89).2° Although tagged MRI
is a promising new measure, it is expensive, requires additional imaging and processing, and
is currently limited to only research settings.2> In contrast, MCF does not require additional
imaging, is simple to calculate from routine cMRI measures, and is sensitive to changes in
myocardial dysfunction.

The possible mechanisms by which MCF is predictive of incident CVD and HF events may
be understood from a pathophysiological perspective. MV and myocardial muscle mass
remain constant throughout the cardiac cycle. 1130 However during systole, the ventricular
myocardium simultaneously shortens longitudinally and circumferentially and thickens
radially 2 and reduces its contained volume by the amount of the SV. Therefore, SV is a
measure of the amount by which the myocardium contracts (i.e. shortens) during systole
relative to the total MV. 11 Thus, MCF (defined as SV/MV) represents an index of the
fractional shortening of the myocardium in volumetric terms.11 Consequently, a decrease in
MCF, which is highly correlated with global longitudinal strain on echocardiography,20:31
indicates abnormal myocardial shortening and is reflective of abnormalities in myocardial
properties induced by hypertrophy, inflammation, microvascular dysfunction, and alterations
of the interstitium. These abnormalities can lead to regional myocardial dysfunction and
may reflect underlying fibrosis or ischemia due to macro or microvascular disease.3?
Because MCF is a ratio of SV to MV, it can also be interpreted as a measure that
incorporates information on both LV structure and function. LV parameters that combine
information on structure and function are sensitive to varying physiologic and pathologic
conditions.® Moreover, they have recently emerged as a promising new investigative area of
research.5:8

In our study, older age, male sex, higher BMI, smoking, albuminuria, higher diastolic blood
pressure, and elevated heart rate were all significant predictors of reduced MCF. These
correlates have been previously shown to be associated with alterations in SV or LVM, the 2
main parameters within MCF.33-38 Additionally, African American race/ethnicity was also
associated with reduced MCF levels. Although the underlying pathophysiological
mechanism underlying this observation is unclear and may be related to differences in the
prevalence and control of comorbid conditions such as hypertension and diabetes, some
studies have demonstrated that African Americans have higher LVM39 and worse baseline
contractile function when compared to other racial groups. 4941 Conversely, Asian race/
ethnicity was associated with a decreased risk of reduced MCF levels. Lastly, while our
study demonstrated that an optimal cut-off threshold of 0.6 is associated with hard CVD and
CHD events, this finding needs to be investigated further in future studies.

There are some strengths and limitations of our study. We used data from a prospective and
large multi-ethnic population-based cohort of participants. The long duration of follow-up
provided sufficient statistical power to examine the association of MCF across subtypes of
CVD events. Additionally, cMRI is an accurate and reproducible technique for assessing LV
morphology and function 42 and thus our results may be less susceptible to significant
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measurement error. However, although the MESA cohort attempted to primarily recruit
participants who were asymptomatic at baseline, our main results did include individuals
with systolic dysfunction and LVVH. To address this, we conducted subgroup analyses to
exclude participants with an LVEF <50% and without LVH however our study may still be
affected by selection and survival biases. Additionally, given the small number of
participants with reduced LVEF, we did not have sufficient power to determine whether
MCEF is predictive of incident CVD events among participants with reduced LVEF at
baseline exam. Echocardiography was not performed at baseline exam among participants
included in our study. As such, we could not correlate MCF with diastolic function. Further,
data using left atrial size calculations, feature tracking cMRI, and late gadolinium
enhancement are not available from the baseline MESA study and we could not include
these parameters in our risk models.

Conclusions

MCEF is a volumetric measure of myocardial shortening that can assess chamber
performance and is associated with incident hard CVD, hard CHD, and HF events after full
multivariable adjustment for CV risk factors. In contrast LVEF did not have predictive power
for incident hard CVD and hard CHD events. The results of our study suggest that MCF
may be used among a multi-ethnic population to identify those at highest risk for incident
CVD events.
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Highlights

Myocardial contraction fraction (MCF) is a measure of left ventricular myocardial
shortening.

MCEF (stroke volume to myocardial volume) can be measured using cardiac magnetic
resonance imaging.

Lower MCF levels are associated with a 2-fold increased risk for incident cardiovascular
disease.
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c) Receiver operatine characteristic curves of
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