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Abstract

Aims—Impact of weight loss on cardiac structure has not been extensively investigated in large, 

multi-ethnic, community-based populations. We investigated the longitudinal impact of weight 

loss on cardiac structure by cardiac magnetic resonance (CMR).

Methods and results—2351 participants in the Multi-Ethnic Study of Atherosclerosis (MESA) 

who underwent CMR at Exam 1 (2002) and Exam 5 (2011) were included. Primary outcomes 

were percentage change in LV mass (indexed to height) and LV mass-to-volume ratio (concentric 

LV remodelling). Multivariable linear regression was used to measure the association between 

outcomes and weight change. At median 9.4 years' follow-up, 639 individuals (27%) experienced 

>5% weight loss (median 6.9 kg) and 511 (22%) had >5% weight gain (median 6.4 kg). A >5% 

weight gain was associated with the greatest increase in LV mass (+5.4% median) and LV mass-

to-volume ratio (+12.2% median). Adjusting for medications, hypertension/diabetes (and change 
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in these risk factors), age, race and other risk factors, every 5% weight loss was associated with a 

1.3% decrease in height-indexed LV mass and 1.3% decrease in LV mass-to-volume ratio (p 

<0.0001). There was no effect modification/confounding by age, race, gender or baseline BMI. 

Change in LV mass-to-volume ratio was roughly linear, specifically for modest degrees of weight 

loss (−10% to +10%). Change in LV mass was linear with weight loss, suggesting no threshold of 

weight loss is needed for LV mass regression.

Conclusions—In a large multi-ethnic population, weight loss is associated with beneficial 

effects on cardiac structure, independent of age, race, gender, BMI and obesity-related 

cardiometabolic risk. There is no threshold of weight loss required to produce these effects.
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Introduction

Obesity (body mass index BMI >30 kg/m2) is an independent risk factor for incident heart 

failure (HF).1 In cross-sectional studies of asymptomatic adults, obesity is associated with 

subclinical alterations in left and right ventricular structure and function that are harbingers 

of incident HF, independent of hypertension, coronary artery disease, obstructive sleep 

apnoea, and type 2 diabetes.2,3 However, investigations of the reversibility of this 

subclinical ‘obesity cardiomyopathy’ phenotype with weight loss (or worsening with weight 

gain) have been limited to small studies of nutritional interventions or bariatric surgery.4–8 

In addition, these studies have generally focused on individuals with significant obesity 

(grades 2–3) with a large degree of surgically or dietary-induced weight loss. Therefore, 

whether these findings apply in a large, community-based population with a range of obesity 

phenotypes or to individuals with a more modest degree of weight loss remains relatively 

unexplored.

To investigate the effects of longitudinal weight change on cardiometabolic risk and left 

ventricular (LV) remodeling, we investigated 2351 patients in the Multi-Ethnic Study of 

Atherosclerosis (MESA) who underwent two serial cardiac magnetic resonance imaging 

(CMR) examinations at initial enrolment (2002) and at follow-up (2011). In light of prior 

evidence suggesting the cross-sectional impact of obesity on LV remodeling,9 we 

hypothesized that changes in LV mass and LV mass-to-volume ratio (a marker of adverse 

concentric LV remodelling) over long-term follow-up would be associated with weight 

changes, independent of body mass index, age, gender, race or other metabolic risk factors 

(e.g. hypertension or diabetes). We also hypothesized that there would be no threshold effect 

for weight change required to achieve a change in LV mass or concentric LV remodelling. 

Ultimately, our aim was to justify and extend current recommendations for weight loss by 

providing evidence for (1) the impact of weight changes on LV structure independent of 

potentially confounding clinical risk factors and (2) a lack of a threshold for weight change, 

implicating any degree of weight change as beneficial on cardiac structure.
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Methods

Participant population

The overall design of the MESA study has been described previously.10 In brief, the MESA 

cohort consists of 6814 men and women of different ethnicities (white, African American, 

Chinese American and Hispanic) enrolled from six different national sites; all in the cohort 

were free of clinical cardiovascular disease (history of myocardial infarction, angina 

pectoris, prior revascularization, heart failure, atrial fibrillation, stroke or peripheral arterial 

disease) at the time of enrolment. Baseline demographics, medical history (including cardiac 

risk factors), medications (for hypertension, dyslipidaemia and diabetes) and physical 

examination were assessed at the index examination (Exam 1: July 2000–August 2002 

cycle), the most recent follow-up examination (Exam 5: 2011), and at three additional 

examinations (Exams 2–4) at two-year intervals. At every MESA clinic visit, body mass 

index (in kg/m2), resting systolic blood pressure, fasting blood glucose and dysglycaemia 

status were assessed at every visit as has been described.11 Dysglycaemia status was defined 

at each visit as normal glucose (<100mg/dl), impaired fasting glucose (100–125 mg/dl) or 

diabetes. CMR exams at baseline and follow-up were performed during MESA clinic visits 

1 and 5, respectively.

From the initial 6814 MESA participants enrolled in Exam 1, we excluded patients with (1) 

missing CMR data at Exam 1 or Exam 5 for LV ejection fraction (LVEF), LV end-diastolic 

or end-systolic volumes (LVEDV, LVESV) or LV mass; (2) missing weight data; (3) 

missing dysglycaemia status at Exam 1 or Exam 5. To limit confounding by development of 

sub-clinical/clinical cardiovascular disease, we excluded patients with LV dysfunction 

(defined by Exam 1 or Exam 5 CMR LVEF <50%) or evidence of prior myocardial 

infarction (by Q waves or late gadolinium enhancement by CMR at Exam 5, performed in a 

subgroup of patients undergoing CMR at Exam 5). In addition, to limit confounding by 

frailty and unintentional weight loss, we excluded patients with body mass index < 18.5 

kg/m2 in Exam 1 or Exam 5, use of weight loss medications at Exam 1 or Exam 5, or self-

reported history of cancer, cirrhosis or renal disease at Exam 1. Protocols were approved by 

the Institutional Review Board at each participating institution. All participants provided 

written informed consent.

Cardiac magnetic resonance assessment of left ventricular structure and function

In Exam 1, CMR was performed at 1.5 T as previously described12,13 to assess ventricular 

function using electrocardiographically gated fast gradient echo cine images (repetition time 

6 ms, minimal echo time, flip angle 20°, 8 mm slice thickness with 2mm gap, matrix 

256×160, field of view adjusted to body size, receiver bandwidth 32 kHz). LV volumes and 

mass were determined by short-axis volumetric coverage. Papillary muscles were included 

in the LV volumes and excluded from LV mass. Given advances in CMR technology 

between Exam 1 and Exam 5, steady-state free precession CMR was used to measure LV 

structure and function in Exam 5. Exam 1 CMR data were analysed with MASS software 

(Medis, The Netherlands), and Exam 5 CMR data were analysed with CIM 6.0 software 

(UniServices, Auckland, New Zealand), in both cases at the MESA CMR reading centre 

(Johns Hopkins University, Baltimore, MD) by readers blinded to clinical data. Changes in 
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CMR pulse sequence technology and software that occurred between Exams 1 and 5 by the 

MESA CMR Core Laboratory were used to adjust Exam 1 to compare with Exam 5. The 

adjustment was based on the application of calibration curves, obtained by scanning a subset 

of participants in Exam 5 (N = 498) using both the gradient echo and steady state free 

precession technique and reading with different software.

Statistical analysis

Based on evidence outlining a cardiometabolic benefit with modest weight loss (e.g. 

between 5% and 10% of initial weight),14,15 we stratified MESA participants into three 

categories of weight change (defined as the percentage net change in weight between Exam 

1 and Exam 5): ≥5% weight loss (‘loss’), ≥5% weight gain (‘gain’), and <5% weight change 

(i.e. 0–5% weight loss or gain – ‘stable’). Demographic, clinical and selected biochemical 

measures were compared by non-parametric tests (Kruskal Wallis for continuous covariates) 

or Chi-square testing (for categorical covariates). For the purposes of modelling, we indexed 

LV mass to the height raised to the power of 2.7, as has been described previously.16 For the 

purposes of the remainder of this work, ‘LV mass’ is height2.7 -indexed LV mass as 

specified above, unless otherwise specified.

Percentage change in LV mass and mass-to-volume ratio between Exam 1 and Exam 5 were 

our primary outcome measures of LV remodelling. Two generalized additive models (GAM 

using package ‘mgcv’ in R) for percentage LV mass change and percentage LV mass-to-

volume change were used to assess their relationship with percentage body weight change 

between Exam 1 and Exam 5. GAM models are a flexible modelling framework that allow 

for linear and non-linear relationships between independent and dependent variables. This 

modelling framework was selected specifically for this study since it was not known a priori 

how weight change (the primary independent variable of interest) would be associated 

linearly with cardiac remodelling. In addition to a smoothing spline for percentage body 

weight change, the GAM models included gender, race and smoothing splines of age, body 

mass index and systolic blood pressure at baseline as additional covariates for simultaneous 

adjustment.

When a linear relationship between percentage change in LV mass and weight change 

appeared a reasonable approximation, a multivariable linear regression model was used to 

estimate the effect size of body weight change on percentage change in LV mass. To adjust 

for confounders involved in the pathogenesis of LV hypertrophy the following predictors 

were simultaneously included in the multi-variable linear models: (1) glycaemic status at 

Exam 1 (classified as normal, impaired fasting glucose and treated/ untreated diabetes); (2) 

change in glycaemic status between Exam 1 and 5 (where a ‘+’ value represents a worsening 

of glycaemic status); (3) hypertension stage at Exam 1 (as defined by JNC 7); (4) change in 

hypertension stage between Exam 1 and 5 (where a ‘+’ value represents a worsening of 

hypertension status); (5) change in the number of antihypertensive medication classes from 

Exam 1 to 5; (6) inflammation (CRP at Exam 1, log-transformed); (7) waist circumference 

at Exam 1; (7) initial BMI (log-transformed). These covariates were chosen based on prior 

published literature in large cohorts.17,18 In addition, the multivariable linear models were 

adjusted for age, gender, race, income, educational status, smoking, Exam 1 BMI and LV 
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mass at Exam 1 (to account for regression to the mean effects). The coefficient for weight 

change, entered as continuous variable, was scaled so that it corresponded to the percentage 

change in LV mass for 5% of weight change. In addition, we performed general linear 

models for LV mass-to-volume change in a similar manner. Effect modification by age, 

gender, race and BMI was examined in each regression model. We did not find evidence for 

significant multicollinearity in either LV mass or LV mass-to-volume regressions by 

variance inflation factor statistics.

Examining overall weight changes between Exam 1 and Exam 5 does not account for the 

influence of patterns of weight change between Exam 1 and Exam 5 (e.g. sustained weight 

loss versus weight loss then regain) on LV structure and geometry. To address this 

potentially important aspect, we computed the change in weight at each interval Exam 

between 1 and 5 (e.g. between Exam 1 and 2, then 2 and 3, then 3 and 4, and finally 4 and 5) 

relative to Exam 1. Using the trapezoid rule, we integrated the total area under the weight 

versus time (in years) curve. When normalized to the total follow-up time and the baseline 

weight, this value represents a time-averaged weight change over the entire MESA study 

follow-up. We used this value as an alternative predictor to account for duration and extent 

of weight changes in multivariable regression.

Finally, in order to further explore the role of changes in adiposity distribution on LV 

remodelling, we used methods previously published in MESA to estimate fat mass.9,19 Fat 

mass was estimated as the difference of total weight and lean body mass, which was 

estimated using the methods of Kuch et al.,19 derived from bioelectrical impedance studies. 

In this study, lean body mass was estimated as 5.1 × [height (m)1.14] × [weight (kg)0.41] 

(males) and 5.34 × [height (m)1.47] × [weight (kg)0.33] (females).

All analyses were carried out in SAS 9.4 (SAS, Cary, NC) and R (version 2.15.1, R 

Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org/). A two-

tailed p value less than 0.05 was considered statistically significant.

Results

Baseline characteristics of the study population

The final cohort consisted of 2351 MESA participants with LV volumes, mass and ejection 

fraction at both Exam 1 and 5 (Figure 1). Baseline clinical, demographic, and biochemical 

characteristics at Exam 1 are shown in Table 1. The median time between Exam 1 and Exam 

5 was 9.4 years (interquartile range 9.2–9.7 years). Of the 2351 MESA participants, 639 

individuals (27%) experienced >5% weight loss (median weight change −6.9 kg), 1201 

individuals (51%) had an Exam 5 weight within 5% of Exam 1 (classified as ‘weight stable’ 

in Table 1), and 511 individuals (22%) gained >5% weight between Exam 1 and 5 (median 

weight change +6.4 kg). Relative to stable or weight gain, individuals who experienced >5% 

weight loss were more likely to be older with a higher BMI and more prevalent metabolic 

syndrome.
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Weight loss is associated with decreases in LV mass and concentric LV remodeling over 
long-term follow-up

The aggregate baseline and percentage change between initial (Exam 1) and follow-up CMR 

(Exam 5) for our primary outcome of LV mass and LV mass-to-volume is shown in Figure 2 

and Table 2. Overall, while LV ejection fraction was stable with weight changes, weight loss 

was associated with a decrease in both raw (un-indexed) and indexed LV mass and less 

concentric LV remodelling (p < 0.05 for both mass and mass-to-volume ratio compared to 

weight stable and weight gain, with Bonferroni adjustment), without a significant change in 

indexed LV volumes. Individuals who gained >5% weight between Exam 1 and 5 had the 

greatest increase in un-indexed LV mass (+4.1%) and greatest progression in concentric LV 

remodelling (+12.2%), with similar findings when LV mass was indexed to height2.7.

The association of weight changes with LV mass and LV concentricity is linear across 
weight change

The relationship between the percentage change in LV mass and LV mass-to-volume ratio 

versus body weight change predicted by the GAM models is shown in Figure 3. In the case 

of LV mass change, the relationship with body weight change was linear. The terms for 

systolic blood pressure (p = 0.04) and BMI at baseline (p<0.001) and the parametric terms 

for gender (p<0.001) and African-American race (p = 0.04) were also significant in the 

GAM model for percentage change in LV mass. Overall, these results from the GAM model 

for percentage LV mass change indicated a constant incremental effect on LV mass with 

change in weight (e.g. no ‘threshold’ weight loss required to impact LV mass). Similarly, 

the GAM model for LV mass-to-volume demonstrated linearity with percentage body 

weight change, primarily between −10% and +10% weight change between Exam 1 and 5 

(Figure 3). In addition, the terms for BMI at baseline (p < 0.001) and the parametric term for 

gender (p = 0.002) were significant in this GAM.

Weight change is associated with changes in LV mass and LV concentricity, regardless of 
race, gender, age or body mass index

We subsequently constructed multivariable linear models for percent change in LV mass 

and in LV mass-to-volume (Table 3). Female gender (p < 0.0001), baseline BMI (p < 

0.0001), baseline hypertension stage and change in hypertension stage (P < 0.0001), and 

baseline LV mass (P < 0.0001) were independently associated with percentage change in 

LV mass. After further adjustment for obesity-related metabolic confounders that may 

impact LV remodelling and hypertrophy (hypertension, dysglycaemia, age, race, gender) 

and initial LV mass (regression to the mean), every 5% decrease in weight was still 

independently associated with a near 1.3% additional decline in height-indexed LV mass (p 

< 0.0001). Importantly, the effect size for every 5% weight loss on LV mass in multivariable 

models was similar to that in the univariable linear regression (β = 1.4, p < 0.0001; where 

percentage weight change was used as the only independent variable), suggesting little 

confounding by addition of the additional covariates in the multivariable model. When LV 

mass was indexed to height (as opposed to height2.7), we obtained a similar association 

between LV mass and changes in weight.
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Similarly, in linear regression models for change in LV mass-to-volume ratio, weight 

change was associated with LV geometry (1.1% decline in concentricity per 5% decrease in 

weight). In addition, given that LV mass-to-volume ratio observed most linearity between 

−10% and +10% body weight change (Figure 2), we repeated the multivariable linear 

regression analysis for the subset of MESA participants who experienced between −10% 

and +10% weight change between Exams 1 and 5. After full adjustment (with identical 

covariates as in our linear models), the association of weight loss with LV mass-to-volume 

ratio was more pronounced in those with moderate levels of weight loss (−1.72% per 5% 

weight loss; 95% CI −2.65 to −0.78g/ml; p = 0.0003). All associations were stable to 

exclusion of 2.5% of data from each tail of the distribution for LV mass in Exam 1 (to 

account for potential outliers). There was no effect modification in any model by age, 

gender, race, or initial BMI.

When we examined changes in fat mass (as defined in Methods), we found similar 

associations, with a 10% decrease in fat mass associated with a 1.25% decrease in indexed 

LV mass and 1.07% decrease in LV mass-to-volume ratio (both p < 0.0001; Supplementary 

Table 1).

Finally, to examine the influence of the pattern of weight changes (e.g. sustained weight loss 

or weight loss and regain) on LV remodelling, we constructed fully adjusted multivariable 

models for LV mass and LV mass-to-volume including time-averaged weight change. In 

these models, a 5% decrease in time-weighted average change in weight was independently 

associated with percentage change in LV mass (β = −1.40, 95% CI −1.97 to −0.82; p < 

0.0001) and percentage change in LV mass-to-volume ratio (β=−1.30, 95% CI −2.16 to 

−0.44, p=0.003).

Discussion

In a large community-based, multi-ethnic, prospective cohort of patients, we found that 

reduction in weight is associated with LV mass and concentricity regression over time, 

regardless of age, gender, race, waist circumference, baseline BMI or comorbid status. 

Furthermore, the relationship between weight change and LV mass change was 

approximately linear, suggesting the absence of a ‘threshold effect’ of weight change needed 

to experience a significant change in LV mass. The relationship between a change in weight 

and changes in LV geometry revealed a significant linear relationship between weight 

change and LV geometry over a more limited range of weight change (−10% to +10%). 

Finally, we found that average weight decrease over the entire study follow-up was also 

associated with decreased LV mass and LV concentricity, suggesting that temporal patterns 

of weight change (e.g. sustained loss) may be as important as net weight change in terms of 

LV remodelling. These results describe for the first time the impact of weight change on 

important, prognostic indices of LV structure regardless of age, gender, race or BMI in a 

large, community-based cohort free of cardiovascular disease or heart failure using cardiac 

magnetic resonance for precise assessment of ventricular structure.

Although the implication of weight change on cardiometabolic risk factors and incident 

diabetes in obesity has been previously demonstrated,20 the impact of weight changes on 
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cardiac structure independent of obesity-related comorbidities has not been extensively 

studied. Our results suggest that the benefits of weight change on LV mass is present 

independently of BMI and race and is seen even with small degrees of weight change. In 

contrast, we provide evidence that weight loss may differentially impact cardiac geometry 

(by LV mass-to-volume ratio) in normal vs overweight/obese individuals. These results 

justify current 2020 global strategic goals of the American Heart Association that intentional 

weight loss may directly impact cardiac structure across BMI, race and gender.21

Mechanistically, weight loss should have a favourable effect on LV remodelling: excess 

adiposity is associated with endothelial dysfunction,22 myocardial fibrosis,23 diastolic 

dysfunction24,25 and LV hypertrophy26 and may be reversible with significant weight 

loss.4,6,7 In a study of 1189 patients aged 23–35 in the Coronary Artery Risk Development 

in Young Adults (CARDIA) study, Gardin et al.27 measured LV mass using M-mode 

echocardiography and found a significant association between longitudinal changes in LV 

mass and BMI.18 Interestingly, they found no significant increase in LV mass over 10 years, 

except in a subgroup of young African-American women, where a 9.1 kg weight gain over 5 

years was associated with a 9–12% increase in LV mass. In general, we did not observe any 

race or gender-related heterogeneity in the effects of weight loss on LV remodelling. The 

discordance in findings between these studies may owe to a younger population in CARDIA 

free of long-standing exposure to comorbidity (e.g. ageing, hypertension, diabetes) as well 

as the use of a gold-standard CMR measurement of LV mass in this study.

Our results are also in line with a report from Monsuez et al.28 in 280 participants from a 

primary prevention study of antioxidant therapy, who underwent echocardiography for LV 

mass and diastolic function over 6 years, as well as anthropometric measures of body 

composition. In this study, a 1 kg/m2 increase in BMI was associated with an increase in 

indexed LV mass by 2.3 g/m2.7 (95% CI 1.3–3.3; p < 0.0001). In addition, there were 

parallel increases in left atrial area but these were not accompanied by changes in E-wave 

deceleration time (a marker of diastolic dysfunction). Our study extends these results in a 

multi-ethnic cohort with a fully tomographic CMR assessment of LV mass and geometry 

(LV mass-to-volume) over a range of weight change.

In a comprehensive report from the Framingham Heart Study, Lieb et al.17 studied 4217 

individuals with LV mass measured by M-mode echocardiography four times over 16 years 

to identify baseline correlates of longitudinal changes in LV mass. These investigators found 

that a progressive increase in LV mass was more prominent with male gender, older age, 

higher BMI at baseline, hypertension and smoking but not diabetes mellitus (after 

multivariable adjustment). More recent results from the Framingham study report similar 

secular trends in echocardiographic LV mass over a longer time frame (between 1987 and 

2008, with a modest increase in LV mass similar to results in this report.29 Our results 

extend these observations from Framingham by (1) using CMR as a three-dimensional 

volumetric approach to LV mass quantification; (2) demonstrating that longitudinal changes 

in weight are associated with regression in LV mass and changes in LV geometry; (3) 

generalizing the therapeutic benefits of weight loss on LV mass across BMI, race, gender 

and age. These associations do not vary by race, gender or age, suggesting that the benefits 

of weight loss (and the maladaptive effects of weight gain) are ubiquitous. In the context of 
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prior studies within MESA and in other cohorts demonstrating the prognostic import of LV 

mass and geometry on incident HF,30,31 our results provide mechanistic insight into the 

well-known association of weight on HF risk: weight changes impact LV remodelling, 

regardless of age, gender and ethnicity. Indeed, prior reports from MESA suggest that a 10% 

increase in body size-adjusted LV mass is associated with a 40% increased hazard of 

incident HF,30 suggesting the significant prognostic benefits of relatively modest changes in 

LV mass.

The results of this study need to be viewed in the context of its design. MESA is a 

prospective cohort study and weight changes within MESA may not necessarily be 

intentional. We did attempt to control for residual confounding by frailty and severe illness 

(as causes of unintentional weight loss or markers of advanced non-cardiac disease) by our 

exclusion of frail BMI (Exam 1 or 5 BMI <18.5 kg/m2), cancer, cirrhosis or renal disease. 

Moreover, only patients who survived until Exam 5 were included in our analysis. 

Therefore, despite some referral bias therefore inherent due to inclusion of a subset of the 

MESA cohort, associations between weight changes and LV remodelling were significant 

even after adjustment for covariates linked to LV remodelling. Although we did not have 

serial assessments of body composition, we found a significant association between changes 

in calculated fat mass (using formulae published in MESA previously)9 and LV remodelling 

(Supplementary Table 1). Although regression to the mean has been an issue in other 

studies,17 our analysis appears to be robust on this issue (see online Supplement for a 

detailed assessment of this aspect). Finally, given that MESA was a cohort study without 

specific intervention, potential aetiologies of weight change (e.g. diet–behavioural changes) 

that could not be addressed directly were assessed using survey measures of intentional 

exercise and not formal testing of fitness. More definitive analyses will require serial CMR 

studies at each time point (anticipated in the United Kingdom BioBank) and serial dietary 

and exercise assessments (potentially including formal physiological assessment of fitness). 

Further studies on cardiac structure/function and more intricate, cellular indices of cardiac 

remodelling (e.g. T1 mapping) in prospective cohort studies with weight loss/gain (e.g. 

United Kingdom BioBank) will be needed to address more subtle aspects of ventricular 

function and remodelling.

In summary, we demonstrate that weight loss of any degree is independently associated with 

LV mass and geometry, both prognostic indices of cardiac remodelling, regardless of age, 

gender, race, BMI or cardiometabolic risk factors. Fundamentally, there does not appear to 

be a threshold of weight loss necessary to alter global cardiovascular structure, as defined by 

LV mass or LV geometry. These results cement weight loss as a critical first-line preventive 

measure for myocardial remodelling that forecasts heart failure across the world.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Derivation of the study cohort.

CMR, cardiac magnetic resonance; LVSD, left ventricular systolic dysfunction; LVEF, left 

ventricular ejection fraction; BMI, body mass index; IFG, impaired fasting glucose; ECG, 

electrocardiogram; LGE, late gadolinium enhancement.
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Figure 2. 
Median percentage change in height-indexed LV mass (Figure 2a) and LV mass-to-volume 

ratio (Figure 2b), stratified by weight loss, stable or gain. The error bars represent 95% CI, 

obtained by bootstrap replications; p values refer to pairwise post hoc comparisons using the 

Wilcoxon testing with adjustment by the Holm method.
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Figure 3. 
Smoothing splines obtained from fit of MESA data to general additive models (GAM) for 

percent change in height-indexed LV mass (Figure 3a) and LV mass-to-volume ratio (Figure 

3b), with initial body mass index, age, gender, race and systolic blood pressure at baseline 

included as predictors for simultaneous adjustment. Weight loss and gain appear linearly 

associated with changes in LV mass (Figure 3a). LV mass-to-volume ratio changes linearly 

with body weight between −10% and +10% weight change, with significant non-linearity 

outside this regime. The density of hash marks on the x-axis represents the distribution of 

weight loss in the population studied. Grey bands represent 95% CI for the spline and p 

values refer to significance of the smooth term (spline) in the GAM that represents body 

weight change.
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Table 1

Baseline clinical, biochemical and anthropometric indices from initial MESA examination, stratified by 

weight change. Values presented at median and interquartile range or frequency, as appropriate; p values are 

for a Kruskal Wallis (continuous) or Chi-square test (categorical) comparison for equality across all three 

weight change strata (weight stable, loss or gain).

Variable

All patients (Exam 1)

Weight loss (N=639) Weight stable (N=1201) Weight gain (N=511) p-value

Age (years) 63 (54–69) 57 (51–65) 54 (49–61) <0.0001

Male gender, n (%) 268 (42) 581 (48) 207 (41) 0.002

Race

 White, n (%) 262 (41) 469 (39) 222 (44) 0.005

 Chinese, n (%) 67 (10) 188 (16) 62 (12)

 Black, n (%) 185 (29) 276 (23) 124 (24)

 Hispanic, n (%) 125 (20) 268 (22) 103 (20)

Weight (lb) 171 (149–199) 166 (144–190) 162 (142–194) 0.0003

Body-mass index (kg/m2) 28.0 (24.9–31.5) 26.9 (24.1–30.0) 26.6 (23.8–29.9) <0.0001

Systolic BP (mmHg) 125 (113–140) 119 (108–134) 116 (105–132) <0.0001

Glycemic control

 Normal, n (%) 476 (75) 990 (82) 428 (84) <0.0001

 Impaired, n (%) 92 (14) 131 (11) 30 (6)

 Diabetes, n (%) 71 (11) 80 (7) 53 (10)

Hypertension, n (%) 285 (45) 414 (34) 160 (31) <0.0001

Total cholesterol (mg/dl) 194 (171–217) 194 (172–216) 191 (169–214) 0.24

LDL (mg/dl) 117 (97–139) 118 (97–138) 113 (94–133) 0.04

HDL (mg/dl) 49 (41–60) 48 (40–59) 51 (43–61) 0.03

Triglycerides (mg/dl) 115 (82–162) 113 (78–160) 102 (75–149) 0.04

Medications

 Anti-Lipid, n (%) 110 (17) 176 (15) 66 (13) 0.11

 Anti-HTN, n (%) 240 (38) 354 (29) 129 (25) <0.0001

 Insulin, n (%) 7 (1) 17 (1) 8 (2) 0.77

Waist circumference (cm) 97.5 (89.5–106.7) 95.0 (86.5–102.7) 92.9 (84.9–101.5) <0.0001

Waist-to-hip ratio 0.93 (0.88–0.97) 0.92 (0.87–0.97) 0.91 (0.85–0.96) <0.0001

Current/former smoking, n (%) 300 (47) 529 (44) 252 (49) 0.11

Total daily intentional exercise (MET-min) 840 (105–2089) 1050 (315–2205) 840 (210–2010) 0.03

C-reactive protein (mg/l) 1.99 (0.85–4.38) 1.61 (0.73–3.70) 1.68 (0.69–1.57) 0.004

Interleukin-6 (pg/ml) 1.15 (0.78–1.72) 1.02 (0.69–1.61) 1.01 (0.66–1.57) 0.0001

Metabolic syndrome, n (%) 229 (36) 321 (27) 116 (23) <0.0001
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Table 2

Cardiac magnetic resonance indices of left ventricular structure and function, stratified by obesity status and 

presence of weight loss from Exam 1 to Exam 5. Values presented at median and interquartile range.

Variable Weight loss (N=639) Weight stable (N=1201) Weight gain (N=511) P

LV ejection fraction (Exam 1) (%) 64.0 (60.1, 67.1) 63.4 (59.6, 66.7) 62.6 (58.8, 65.8) 0.0003

%ΔLV ejection fraction −0.7 (−8.1, 6.5) −0.9 (−7.4, 7.9) 0.6 (−6.5, 8.5) 0.04

Raw (un-indexed) LV parameters

LV mass (Exam 1) (g) 116.4 (100.2, 134.6) 113.5 (97.1, 134.7) 113.1 (96.2, 134.2) 0.07

Δ LV mass (Exam 1 to 5) −2.7 (−12.9, 7.8) 1.9 (−7.8, 12.4) 4.4 (−6.6, 15.3) <0.0001

%Δ LV mass (Exam 1 to 5) −2.3 (−11, 6) 1.8 (−7, 11) 4.1 (−5.9, 13.8) <0.0001

LV end-diastolic volume (Exam 1) (ml) 124.8 (108.8, 145.3) 125.8 (108.9, 147.6) 125.8 (107.8, 146.6) 0.51

%Δ LV end-diastolic volume (Exam 1 to 5) −9.9 (−19, 0.3) −8.6 (−18.7, 0.6) −7.2 (−16, 3) 0.05

Height-indexed LV parameters

Indexed LV mass (Exam 1) (g/m2.7) 29.9 (26.4, 33.7) 28.7 (25.6, 32.3) 28.9 (25.6, 32.3) <0.0001

%Δ LV mass index (Exam 1 to 5) 0.4 (−8.5, 10.5) 3.8 (−5.0, 13.6) 5.4 (−3.5, 16.0) <0.0001

LV end-diastolic volume (Exam 1) (ml/m2.7) 32.2 (28.3, 36.1) 32.1 (28.2, 35.6) 32.3 (28.8, 35.6) 0.76

%Δ LV end-diastolic volume (Exam 1 to 5) −7.3 (−16.2, 3.3) −6.6 (−16.4, 2.8) −5.3 (−14.5, 4.7) 0.37

LV mass to volume ratio (Exam 1) 0.94 (0.84, 1.05) 0.90 (0.81, 1.00) 0.89 (0.81, 0.99) <0.0001

%Δ LV mass to volume ratio (Exam 1 to 5) 7.4 (−4.1, 21.2) 11.0 (−0.4, 26.6) 12.2 (−0.4, 26.9) 0.0001
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