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Abstract

The association of longitudinal changes in LV structure and function with myocardial fibrosis is

unclear. We relate temporal changes in body-size indexed LV mass (LVMi) and end-diastolic

volume (EDVi), LV mass-to-volume ratio (MVR) and ejection fraction (LVEF) from cine CMR

over 10 years, with replacement scar assessed from late-gadolinium enhancement, and lower post-

contrast T1 times reflecting greater diffuse myocardial fibrosis measured at the end of the follow-

up period. All participants (n=1813) who underwent CMR twice as part of the Multi-Ethnic Study

of Atherosclerosis 10 years apart were included. Multivariable logistic and linear regression

models adjusted for cardiovascular risk factors measured the association of 10-year changes in LV

structure and function, with fibrosis measured at follow-up. The presence of LV scar at year-10

was cross-sectionally associated with higher LVMi (~10g/m2), higher MVR (0.1 – 0.2g/ml) but

lower LVEF (~4%); and longitudinally with 3% decrease in LVEF and 0.7% greater EDVi in men

over 10 years. Lower post-contrast T1 times at year-10 were associated cross-sectionally with

lower LVMi (r=0.33), EDVi (r=0.25), and LVEF (in men only: r=0.14); and longitudinally with a

decrease in LVMi (r=0.20) and reduction in LVEF (in men only: r=0.15). Sustained hypertension

over 10 years was associated with increased LVMi, and higher diffuse and replacement fibrosis at

follow-up. Over a 10-year period increased concentric hypertrophy in women and LV dilatation in

men was associated with replacement fibrosis; while decreasing LVMi was associated with diffuse

fibrosis. Hypertension induced remodeling was related to enhanced replacement and diffuse

fibrosis as well as hypertrophy.
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INTRODUCTION

Left ventricular (LV) structural and functional changes in response to, or in association with,

myocardial fibrosis are important components of cardiac disease. Indeed, myocardial

fibrosis is considered as one of the chief factors that influence the process of cardiac

remodeling1, 2, conceptualized as the structural and functional cardiac alterations that

accompany exposure to pathogenic processes and cardiovascular risk factors 3. Previous

studies have shown the association of myocardial fibrosis with alterations of myocardial

structure and function, as well as with indices of impaired myocardial tissue deformation in

varied cardiomyopathies4–7. Gender dependency of these alterations of structure and

function has also been demonstrated,8 reflecting different mechanisms of cardiac morbidity

and associated LV remodeling.

Cardiac Magnetic resonance (CMR) imaging can be used to accurately quantify LV mass

and volume throughout the cardiac cycle, and is considered as the standard of reference for

assessment of structure and function. CMR has also been used to characterize focal and

diffuse myocardial fibrosis through late gadolinium enhancement (LGE) and longitudinal

relaxation time (T1) mapping, respectively. In previous studies, T1 mapping times and

related parameters have been shown to correlate well with collagen content of the

myocardium as measured through biopsy9, 10, while LGE has long been used to measure

replacement myocardial fibrosis11.

The goals of this study were to understand how LV structure and function and its 10-year

change relate to diffuse and replacement myocardial fibrosis measured at the end of the

follow-up period in a multi-ethnic population. We relate CMR measures of structure – LV

mass, volume, and mass-to volume ratio, and function with measures of replacement fibrosis

detected by myocardial scar from LGE, and diffuse myocardial fibrosis indexed by T1

mapping. We also study the variation LV structure and function, and fibrosis in conjunction

with hypertension.

METHODS

Population characteristics

The design and population characteristics of the multi-ethnic study of atherosclerosis

(MESA) have been described previously 12. Briefly, MESA is a prospective, population-

based observational cohort study of 6814 men and women representing four racial/ethnic

groups, aged 45–84 years and free of clinical cardiovascular disease at enrolment. As part of

the baseline examination, between 2000 and 2002 (year 0), a total of 5004 (73%)

participants received cine CMR exams at six field centers. Of the 5004 individuals who

underwent CMR at baseline, 2981 participants underwent a follow-up CMR between 2010

and 2012 (year 10). The follow-up scan included LGE imaging and T1 mapping.

Participants undergoing CMR scans were screened for gadolinium (Gd) eligibility.

Participants with glomerular filtration rate (GFR) >=45 ml/min (60 ml/min for one site) and

without history of allergic reaction to contrast agents were qualified to receive Gd. Of the

eligible participants, 1814 agreed to a Gd injection, and underwent LGE imaging. 1320 of

the participants who were injected Gd also had T1 mapping as part of the protocol. After
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exclusion for participants with either wrong or unavailable administered gadolinium dose,

and for those where the images acquired had artifacts (51 participants); a total of 1223

participants were included in the T1 analysis. Over the 10-year follow-up period, a

telephone interviewer contacted each participant (or representative) every 6 to 9 months to

inquire about all interim hospital admissions, cardiovascular outpatient diagnoses, and

deaths. Two physicians reviewed all records for independent end point classification

(criteria provided in Supplement 2) and assignment of event dates. The institutional review

boards of all MESA field centers approved the study protocol and all participants gave

informed consent.

Cardiac Magnetic Resonance

LV mass and LV end diastolic volumes were indexed to body surface area (LVMi and

EDVi). LV Mass to volume ratio (MVR) and ejection fraction (LVEF) were obtained as

previously described13. In addition to indexing the LV mass by BSA, an allometric approach

to indexing the LV mass as used in the same population was also implemented13. A detailed

explanation of the acquisition methods is provided in the Supplement.

LGE was used to detect presence of regional scar replacement. Delayed contrast

enhancement images were obtained 15 min after an intravenous bolus injection of

gadolinium-diethylenetriaminepenta-acetic acid (0.15 mmol/kg, Magnevist, Bayer

Healthcare Pharmaceuticals, New Jersey, USA) to identify regional fibrosis. Short axis

slices, one horizontal and one vertical long axis, all at the same positions as the cine images

were acquired. The images were analyzed using QMass (Medis, Netherlands). The region of

interest (ROI) for myocardium was manually placed on short-axis slices, the scar

replacement area were then detected as the area with increased intensity manually by the

user for each slice.

For evaluation of diffuse fibrosis, one short axis pre-contrast MOLLI14 image at the mid-

slice position was acquired, repeated at 12 and 25 minutes after contrast injection (five of

the six centers; all Siemens 1.5 T scanners). The imaging has been described in detail

before15. All images were acquired with the same trigger delay time in end diastole. T1

maps were constructed offline using QMass research (Netherlands). On each T1-map (pre-

and post-contrast), a region of interest was manually drawn around the core myocardium to

calculate the myocardial T1 time. Lower post-contrast T1 times have been associated with

greater diffuse myocardial fibrosis9, 15.

Statistical analysis

Statistical analysis was performed with STATA, version 12 (Stata Corp, TX). LV structure

and function, T1 mapping parameters, presence of myocardial scar and the participants’

baseline data were evaluated using the Student’s t-test for continuous variables and the chi-

square test for categorical variables. We stratified the cohort by gender in all analyses.

The associations of LV structure and function parameters from year-0 and year-10 exams

with presence of myocardial scar at year-10 and T1 mapping parameters at year-10 were

assessed using multivariable logistic and linear regression analyses respectively with fibrosis

markers as dependent variables. Participants who had scar detected from the LGE
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assessment were excluded for analysis with T1 mapping parameters. The models adjusted

for covariates - demographics (age, ethnicity) and traditional cardiovascular risk factors

(BMI, systolic blood pressure, hypertension medication, diabetes, smoking, HDL and total

cholesterol). In addition, when T1 times were the dependent variable, adjustment was

performed for factors affecting acquisition – heart rate during CMR acquisition for pre-

contrast T1 times; exact Gd dose and GFR16 for post-contrast T1 times. Additional to LV

mass indexed by BSA, LV mass indexed using an allometric approach was also used, to

clarify that the relationships were independent of the indexing method.

In the assessment of association with year 10 LV structure and function variables, the

models adjusted for year-10 covariates. In the assessment of association with change in

structure and function, the models adjusted for 10-year change in covariates and year-0

value of the parameter studied as well as year-0 value of the covariates. The associations

explored with change include both categorical (coded as decrease of more than one standard

deviation=0, change of less than one standard deviation=1, and increase of more than one

standard deviation =2) and continuous change.

Additional analysis was performed to check for variation of hypertension status and LV

structure and function and fibrosis. Hypertension categories were defined based on

hypertension status based on JNC VI criteria at year-0 and year-10. Four categories were

defined - without hypertension at year-0 and year-10; with hypertension at year-0 but no

hypertension at year-10; with hypertension at year-10 but not at year-0; and those with

hypertension at both year-0 and year-10. Values of LV structure and function and diffuse

myocardial fibrosis were compared across categories using oneway ANOVA. Presence of

scar was compared across categories using the chi-squared test.

RESULTS

Table 1 shows the baseline and follow up population characteristics by gender. The mean

age of women and men at baseline were 58 and 59 years respectively. The number of

participants on lipid-lowering and anti-hypertensive medication increased significantly over

10 years. The proportion of participants with impaired fasting glucose and treated diabetes

increased significantly over the 10-year follow-up period in association with a significant

increase in BMI. Over the 10 year follow-up period, 83 participants had a cardiovascular

event (18 women, 65 men), 26 had myocardial infarction (3 women, 23 men) and 13 had

congestive heart failure (4 women, 9 men).

CMR defined LVMi increased significantly for men, while EDVi decreased significantly in

both women and men over the 10 year follow-up period. In women, there was also a

decrease in ESVi and no change in LVEF, while in men there was no significant change in

ESVi and consequently a small but significant reduction in LVEF. The LV mass/volume

ratio (MVR) increased between baseline and follow-up in both women and men, though

men had a higher mean MVR as compared to women in both exams. Post-contrast T1 times

both at 12 and 25 minutes were lower in women as compared to men. Conversely, the

proportion of participants with myocardial scar in men (12.9%) was five times greater than

that in women (2.5%).
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Late-Gadolinium Enhancement

Table 2 shows the coefficients for logistic regression analyses of structural and functional

variables for the presence of LGE-defined scar at the year-10 follow up examination. Cross-

sectional analysis (vs year-10 structural and functional LV parameters) showed the presence

of myocardial scar was associated with greater LVMi and MVR as well as lower LVEF with

coefficients greater in women than in men. LGE-defined myocardial scar was also

associated with higher EDVi in men but not in women. Greater LVMi and MVR at year-0 as

well as their increase over 10 years were also associated with the presence of myocardial

scar at year-10 after adjustment for covariates. A lower LVEF at year-0 and a further

decrease over the 10-year follow-up period were also associated with the presence of LGE-

defined myocardial scar. When LV mass was indexed using the allometric approach, the

results remained consistent and similar with what was observed for LVMi (indexed to BSA)

as shown in Supplemental Table S3.

Participants who had scar detected from the LGE assessment were excluded for analysis

with T1 mapping parameters, as the presence of LGE-defined scar was significantly

associated with pre- and post-contrast T1 times. Pre-contrast T1 times were significantly

higher and post-contrast T1 times significantly lower in the group with CMR scar defined by

LGE (supplemental Table S1).

Pre and Post-contrast T1 times

Table 3 (and Supplement Table S2) shows association of T1 times with LV structural and

functional parameters. Cross-sectional analyses at follow up (year 10 exam) revealed that

lower LVMi and EDVi were associated with lower post-contrast T1 times reflecting greater

interstitial fibrosis. Regression coefficients were greater in women versus men as indicated

in adjusted linear regression plots in Figure 1. Approximately 1 g/m2 lower LVMI was

related to 1.0–1.2 ms lower post-contrast T1 times in women, while the corresponding value

was 0.35–0.45 ms in men. In men also, lower LVEF was associated with lower post-contrast

T1 reflecting greater fibrosis. Greater concentric remodeling indexed as higher MVR was

related to higher pre-contrast T1 times (greater fibrosis) in both univariable (coef: 15.67,

p=0.021) and multivariable (coef: 17.46, p=0.018) analyses but in men only. Pre-contrast T1

times showed weak inverse correlations with LVMi and EDVi but not with LVEF and only

in univariate analyses. None of the other parameters showed any statistically significant

relation with pre-contrast T1 times even after gender-specific analysis.

Longitudinal analyses revealed that a decrease in LVMi (in both men and women), EDVi (in

women only) and LVEF (in men only) was related to a lower post-contrast T1 at follow-up

as shown in Table 3 (and supplemental Table S2). Categorical analyses revealed similar

results as shown in Figure 2. Baseline concentric remodeling as indexed by higher MVR

corresponded to lower post-contrast T1 times measured at the 10-year follow-up exam

reflecting greater fibrosis, but this was significant only in men. Lower baseline values of

LVMi, EDVi and LVEF were related to lower post-contrast T1 times. These relationships

remained significant after repeating the analysis stratified by gender. In men only, higher

baseline MVR (coef: 28.95, p=0.005) but not its’ change was related to increased pre-

contrast T1 times. None of the other baseline parameters or their change showed statistically
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significant relation with pre-contrast T1 times. When LV mass was indexed using the

allometric approach, the results remained consistent and similar with what was observed for

LVMi (indexed to BSA) as shown in Supplemental Table S4.

Hypertension status, fibrosis and LV structure and function

LVMi and MVR were greater in those with hypertension at both the baseline (year-0) and

follow up (year-10) MESA examinations. LVEF was greater in women with hypertension as

compared to those without hypertension. The percentage of participants with myocardial

scar was significantly higher in those with hypertension as compared to those without

hypertension. Post-contrast T1 times were also lower reflecting greater interstitial fibrosis in

those with hypertension as compared to those without hypertension. However, this was

statistically significant in men only (Table 4). 8 women and 24 women were categorized as

having hypertension at year-0 but not at year-10. Since the number of participants in this

group was small, it was omitted from analysis.

DISCUSSION

This study investigates the relationship between LV remodeling characterized by alterations

of LV structure and function that occurred over a 10-year period, with CMR-derived

parameters of replacement and interstitial myocardial fibrosis measured at follow up. Our

study shows that in a large multi-ethnic population of middle-to-older aged women and men

followed over 10 years: (a) LV structural and functional correlates of replacement fibrosis

from LGE are different from those of diffuse myocardial fibrosis from T1 mapping; (b)

there are differences in these correlations of myocardial fibrosis with LV remodeling in

women versus men; and (c) hypertension is related to myocardial hypertrophy, and both

replacement and interstitial fibrosis.

Replacement myocardial fibrosis

Previous studies have shown cross-sectional associations of replacement myocardial fibrosis

with systolic and diastolic dysfunction, adverse LV remodeling and mortality4, 17. Our study

shows similar cross-sectional associations of replacement fibrosis with LV structural and

functional indices in the MESA follow up exam. In addition, LV structural and functional

parameters measured 10 years previously, as well as their 10-year change, were related to

presence of replacement fibrosis in the MESA follow up exam. Increased myocardial mass

and concentricity, and decreased function were associated with the presence of LGE-defined

scar defined follow up. Importantly, in men only, presence of replacement fibrosis was also

associated with LV dilatation during the follow up period.

Progressive LV remodeling arising from hypertension, diabetes and other cardiovascular

risk factors may lead to hypertrophied myocytes and increased LV concentric remodeling.

Myocardial overload coupled with impaired microvascular circulation can result in focal

myocyte necrosis leading to focal replacement fibrosis4, 18. On the other hand, sudden loss

of myocardial tissue due to myocardial infarction, as well as progressive replacement

fibrosis induced by the mechanisms mentioned above may induce eccentric remodeling

characterized by lengthened myocytes, greater volume and reduced LVEF. Therefore, as
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demonstrated, focal/replacement fibrosis as cause or consequence of myocardial injury, is

associated with compensatory mechanisms known to influence the residual myocardium

leading to concentric or eccentric hypertrophy accompanied by dilatation or LV volume

reduction.

Diffuse myocardial fibrosis

In our study, post-contrast T1 mapping of the myocardium, with lower values indicating

greater fibrosis, showed the strongest and most consistent relationships with parameters of

LV remodeling. In women, lower LV mass and chamber volumes at baseline, and their

further longitudinal decrease over a 10-year follow-up period, were related to greater

interstitial fibrosis. In men, lower LV chamber volume at baseline, and a reduction over the

10-year follow-up period of time in LV mass and LVEF were consistently related to greater

diffuse interstitial fibrosis. Interestingly, in men, concentric remodeling at baseline was

associated with greater interstitial fibrosis 10 years later but the cross-sectional association

at the end of the follow up period was not statistically significant. Moreover, pre-contrast T1

times were positively associated with MVR only. This is perhaps indicative of pre-contrast

T1 times being representative of both intracellular and extracellular alterations that become

prominent only with advanced cardiac disease and greater hypertrophic concentricity.

The process of death and regeneration of myocytes continues through the entire cardiac life.

Studies have shown that with aging, the process of cell regeneration slows down leading to

noncompensated myocyte loss19 and progressively diffuse myocardial fibrosis20. The

relationship of aging with diffuse myocardial fibrosis in the same population was studied in

detail previously15. Ventricular remodeling secondary to exposure to cardiovascular risk

factors places increased demands on this process of myocyte death and regeneration, and

shifts this homeostasis further, in addition to the effects of structural and functional changes

associated with aging alone20. This is evidenced in this study by the relation of baseline

concentric remodeling, as well as decreased LVMi and chamber volume with diffuse

interstitial fibrosis. Therefore, while focal/replacement fibrosis, indicative of more extensive

myocyte loss, is easily detectable using LGE and is associated with increased LV mass and

chamber size, cardiac aging, characterized by diffuse interstitial fibrosis detected by T1

mapping, may be associated with both decreased LV mass and chamber size.

Gender differences in myocardial fibrosis and ventricular remodeling

Gender-related differences in adaptations to increased load and myocardial dysfunction have

been studied before21. These results support the concept that in population studies women

and men undergo different patterns of LV remodeling either due to different exposures to

injurious mechanisms or different responses to cardiovascular risk factors over time. For

associations with replacement fibrosis, subtle gender differences were observed (higher

magnitude of coefficients in women) indicating that replacement fibrosis is associated with

larger changes in structure and function in women as compared to men. Figure 1 illustrates

associations of LV structure and function with diffuse fibrosis. Higher coefficients in

women as compared to men were observed in relation with LV mass. The magnitude of

concentric remodeling was also considerably lower among women versus men. This perhaps

results from a combination of processes: (a) adverse remodeling is more common in men21;
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(b) reduction in the number of myocytes is faster in men as compared to women, and

myocyte turnover is also slower in men than women19; (c) however, the size of myocytes is

in average larger in men as compared to women19; finally, (d) the coefficients also reflect

the fact that average LV mass and LV volumes are higher in men as compared to women

even after body-size indexing. Lower LV chamber volume over a 10-year period was

strongly related to diffuse interstitial fibrosis in women, perhaps indicating restrictive filling

with eventual diastolic dysfunction due to a stiffer LV. This process of increased diffuse

myocardial fibrosis with fewer myocytes (related to aging and remodeling) could explain the

enhanced prevalence of diastolic heart failure seen in older men, and especially women22.

On the other hand, while there was a non-significant relationship between diffuse fibrosis

and LVEF in women, in men, increasing fibrosis had a strong association with reduced

LVEF, reflecting greater systolic dysfunction.

Hypertension, fibrosis and hypertrophy

We also demonstrate in this study that in those with continued hypertension (baseline and

follow-up exam), there is significantly greater concentric remodeling and greater fibrosis

(both replacement and diffuse). Increased blood pressure is related to increased myocyte

hypertrophy as well as concentric remodeling so that LV chamber performance can be

maintained (as evidenced by either maintained or increased LVEF). The process of

increased reactive fibrosis linked to the activation of the renin-angiotensin aldosterone

system might potentially be at play enhancing alterations in those with hypertension23. The

relationship of the presence of replacement fibrosis assessed with delayed enhancement in

particular, was strong. There was a two (men) to four (women) fold increase in the percent

of participants who had replacement fibrosis in the group with sustained hypertension as

compared to those without hypertension.

Those with sustained hypertension also had increased diffuse myocardial fibrosis compared

to those without hypertension in this population; however, this relationship was weaker than

that observed for replacement fibrosis and hypertension. The quantification of diffuse or

interstitial fibrosis using T1 times provides us with a measure of diffuse fibrosis/volume of

extracellular matrix relative to that of the volume of the whole myocardium. This definition

has an inherent disadvantage - with increasing myocyte hypertrophy (and hence total

myocardial volume), as seen in hypertension, the sensitivity of this method of quantification

to detect small changes in diffuse fibrosis might be reduced. This could potentially be

among the reasons that interstitial fibrosis was only modestly increased in those with

sustained hypertension compared to those without hypertension. The effective change in the

amount of diffuse fibrosis in addition to hypertrophy, concurrently with hypertension status

in a longitudinal fashion would perhaps shed more light on this relationship.

Perspective

Temporal changes in left ventricular structure and function help in studying the complex

process of remodeling of the left ventricle with aging and hypertension. Myocardial fibrosis

is considered as one of the chief factors that influence the process of cardiac disease and

remodeling. This study explores the relationship between temporal changes in left

ventricular structure and function, and diffuse and interstitial myocardial fibrosis.
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Limitations

To our knowledge, this is the first study associating longitudinal changes in LV structure

and function to myocardial fibrosis in a large multi-ethnic population. This population was

free of any cardiovascular disease at baseline and hence the conclusions from this study may

be limited by survival bias. An analysis of changes in myocardial fibrosis concomitantly

with LV remodeling could not be performed as fibrosis indices were available only at

follow-up. In this study, we assess the association of temporal changes of LV structure and

function with cross-sectional data with respect to fibrosis measures, inferences with respect

to longitudinal changes in fibrosis with changes in LV structure and function could not be

made. In the process of a 10–12 year longitudinal study such as one in our study, it is a

reality that there would be changes in personnel, technology and methodology. To calibrate

for and account for changes that occur because of changes in pulse sequences and readers

between the baseline and follow-up exams, utmost care was taken. A detailed explanation of

this process has been provided in the supplemental document; however, we do acknowledge

that this introduces additional variability in the measurement of temporal changes.

Conclusions

This study shows that while increasing LV hypertrophy and decreasing ejection fraction

over 10 years are associated with replacement fibrosis, decreasing LV mass over 10 years,

perhaps related to age and risk factor mediated myocyte loss, were associated with diffuse

myocardial fibrosis. Increased concentricity in women only and LV dilatation in men only

were associated with replacement fibrosis indicating gender differences in remodeling

mechanisms. In addition, ejection fraction was preserved with increased diffuse myocardial

fibrosis in women but was reduced in men. Finally, hypertension induced remodeling is

related to enhanced replacement and interstitial fibrosis as well as hypertrophy in a multi-

ethnic population of free-living individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND SIGNIFICANCE

What is new?

• Exploration of the relationship of changes in LV structure and function over 10

years with fibrosis at the end of follow-up in multi-ethnic free-living

individuals.

• The LV structural and functional correlates of replacement and diffuse

interstitial fibrosis are different.

• Gender-specific associations.

What is relevant?

• The longitudinal study of LV remodeling, an important component in

hypertensive heart disease.

• The relationship of LV remodeling and sustained hypertension with fibrosis.
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Summary

Over a 10-year period increased concentric hypertrophy in women and LV dilatation in

men was associated with replacement fibrosis; while decreasing LVMi was associated

with diffuse fibrosis. Hypertension induced remodeling is related to enhanced

replacement and diffuse fibrosis as well as hypertrophy.
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Figure 1.
Plots showing adjusted linear regression fits for men (red line) and women (blue line) with

LV structure and function parameters at year-10 on the x-axis and post-contrast T1 times in

ms at 12 minutes at year-10 on the y-axis. Linear regression fits obtained after adjustment

for traditional cardiovascular risk factors.
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Figure 2.
Plots showing marginal means and standard deviations for men (red line) and women (blue

line) with categories of 10-year change in LV structure and function parameters on the x-

axis and post-contrast T1 times at 12 minutes in ms at year-10 on the y-axis. Categories

represent: 0 – decrease of over one standard deviation, 1 – change of parameter within one

standard deviation, 2 - increase of over one standard deviation. Marginal means obtained

after adjusting for traditional cardiovascular risk factors.
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