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Background-—Elevated left ventricular mass index (LVMI) and concentric left ventricular (LV) remodeling are related to adverse
cardiovascular disease (CVD) events. The predictive utility of LV concentric remodeling and LV mass in the prediction of CVD
events is not well characterized.

Methods and Results-—Framingham Heart Study Offspring Cohort members without prevalent CVD (n=1715, 50% men, aged
65�9 years) underwent cardiovascular magnetic resonance for LVMI and geometry (2002–2006) and were prospectively followed
for incident CVD (myocardial infarction, coronary insufficiency, heart failure, stroke) or CVD death. Over 13 808 person-years of
follow-up (median 8.4, range 0.0 to 10.5 years), 85 CVD events occurred. In multivariable-adjusted proportional hazards regression
models, each 10-g/m2 increment in LVMI and each 0.1 unit in relative wall thickness was associated with 33% and 59% increased
risk for CVD, respectively (P=0.004 and P=0.009, respectively). The association between LV mass/LV end-diastolic volume and
incident CVD was borderline significant (P=0.053). Multivariable-adjusted risk reclassification models showed a modest
improvement in CVD risk prediction with the incorporation of cardiovascular magnetic resonance LVMI and measures of LV
concentricity (C-statistic 0.71 [95% CI 0.65 to 0.78] for the model with traditional risk factors only, improved to 0.74 [95% CI 0.68
to 0.80] for the risk factor model additionally including LVMI and relative wall thickness).

Conclusions-—Among adults free of prevalent CVD in the community, greater LVMI and LV concentric hypertrophy are associated with
a marked increase in adverse incident CVD events. The potential benefit of aggressive primary prevention to modify LV mass and
geometry in these adults requires further investigation. ( J Am Heart Assoc. 2015;4:e002188 doi: 10.1161/JAHA.115.002188)
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G reater left ventricular mass (LVM) and lower left
ventricular (LV) systolic function, measured by echocar-

diography, are associated with excess adverse cardiovascular
disease (CVD) events including coronary heart disease,1 heart
failure (HF),2–4 stroke,5 and both CVD and all-cause mortal-

ity.6–10 Lower LV systolic function shown by LV ejection
fraction is also associated with adverse outcomes.11,12

Volumetric cardiovascular magnetic resonance (CMR) is
accurate, reproducible, and widely considered the gold
standard for determination of LV volumes, LVM, and LV
ejection fraction.

In addition, abnormal geometry, particularly concentric LV
remodeling, is associated with systolic and diastolic dysfunc-
tion and portends a poor prognosis.13–17 Using CMR, a
previous investigation reported positive associations of LV
mass and concentric remodeling with CVD, including angina,
myocardial infarction, HF, and stroke18; however, the analyses
of LVM and concentricity were separate, and thus the
prognostic impact of LV concentricity compared with mass
alone is unclear. Some studies in hypertensive patients,
including those with normal LVM, have demonstrated an
association of concentric LV remodeling with CVD,13,19–21

whereas others have not.15,22 We sought to determine the
incremental predictive value of LV concentricity on LVM index
(LVMI) in the prediction of future CVD events in a community-
dwelling adult population.
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Methods

Study Population
The characteristics and examinations of the Framingham
Heart Study (FHS) Offspring Cohort have been described.23

Briefly, the Offspring Cohort includes children of the original
FHS cohort and the spouses of those children. Offspring
have undergone serial examinations approximately every
4 years, beginning at examination 1 (1971–1975). Each
examination has included routine medical history, physical
examination, anthropometry, and electrocardiography. This
study included Offspring Cohort members participating in
examination 7 (1998–2001). A random sampling strategy
was used to recruit from strata of sex, decade age, and
Framingham Risk Score quintile.24 Potential study partici-
pants were excluded for contraindications to CMR (eg,
pacemaker, implanted cardiodefibrillator) or residing in a
state not contiguous with Massachusetts. In general, FHS
participants who underwent CMR scanning had more
favorable CVD risk factors than those who did not undergo
CMR (Table 1). Of 3539 participant attendees of examina-
tion 7, 1776 participants completed CMR. An additional 18
participants completed CMR but did not attend examination
7. Of 1794 participants who completed CMR, 79 were
excluded for prevalent CVD (coronary heart disease, HF,
stroke, or transient ischemic attack), leaving a final sample
size of 1715 participants.

The study was approved by the institutional review boards
of both Boston University Medical Center and Beth Israel
Deaconess Medical Center. All study participants provided
written informed consent.

CMR Methods
Noncontrast supine CMR imaging was performed on a 1.5T
CMR scanner (Gyroscan ACS NT, release 9, or Achieva,
Release 1; Philips Medical Systems), with a 5-element
commercial cardiac array receiver coil. Following localizing
scans to determine the position and orientation of the heart
within the thorax, end-expiratory breath hold, ECG-gated,
steady-state free precession images were acquired in the LV
short-axis orientation covering the entire left ventricle as well
as 2-chamber and 4-chamber planes (temporal resolution 30
to 40 ms, Repetition time 3.2 ms=R-R interval, Echo time
1.6 ms, flip angle 60°, field-of-view 400 mm, matrix size
2089256, slice thickness 10 mm, gap=0).

Analysis of Cardiac Function and Structure
CMR data analysis was performed using dedicated software
(EasyVision 5.1; Philips Medical Systems) by an observer
blinded to all clinical data. Linear measurements of myocardial
wall thickness were made in the short-axis view at the
anteroseptal and inferolateral walls at end-diastole, using the
myocardial slice just basal to the tips of the papillary
muscles.24 Quantitative measures of LV systolic function and
mass were obtained by manually tracing endocardial LV
borders at end-diastole (initial images of the cine data set)
and end-systole (the image phase with minimal cross-sectional
area), as described previously24 and shown in Figure 1A. LV
end-diastolic volume (LVEDV) and LV end-systolic volume were
computed using the summation of discs method. LV ejection
fraction was computed by (LVEDV�LV end-systolic volume)/
LVEDV9100%. LVM was determined by tracing the epicardial
and endocardial border of each slice at end-diastole, summing
myocardial volume of all slices, and multiplying by myocardial
density (1.05 g/mL). The papillary muscles were included in
the LV cavity.18,24 LVM was indexed to body surface area
(LVMI). The ratio of LVM to LVEDV (LVM/LVEDV) was
calculated. Relative wall thickness (RWT) was computed as
the ratio of LV anteroseptal plus inferolateral wall thickness to
end-diastolic cavity dimension measured at the slice basal to
the papillary muscles (Figure 1B). Greater LVM/LVEDV and
RWT were considered indicative of more concentric geometry.

Covariates
Clinical covariates were assessed at each of the serial cohort
examinations, and covariates from the most contemporaneous

Table 1. Characteristics of FHS Offspring Participants at
Examination 7 Who Did (n=1776) and Did Not (n=1763)
Undergo CMR

Clinical Characteristic (Examination 7)
No CMR
(n=1763)

CMR
(n=1776)

Age, y 63�10 60�9

Male sex, n (%) 790 (45) 835 (47)

Body mass index, kg/m2 28.5�5.7 27.9�4.9

Body surface area, kg/m2 1.9�0.3 1.9�0.2

Systolic blood pressure, mm Hg 130�20 125�18

Use of antihypertensive meds, n (%) 700 (40) 518 (29)

Diabetes, n (%) 241 (15) 154 (9)

Dyslipidemia, n (%) 1005 (64) 1087 (62)

Current smoking, n (%) 299 (17) 184 (10)

Estimated glomerular filtration
rate, mL/min/1.73 m2

84�20 86�18

Continuous data presented as mean�SD, and categorical data presented as n (%).
Clinical characteristics from examination 7. Diabetes: fasting glucose ≥126 mg/dL or
the use of hypoglycemic medications. Dyslipidemia: total cholesterol ≥200 mg/dL or the
use of lipid-lowering medications. Estimated glomerular filtration rate by Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equation. CMR indicates cardiovascular
magnetic resonance; FHS, Framingham Heart Study.
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antecedent examination (Examination 7) were used in the
present study. Body mass index was calculated as the ratio
of weight in kilograms and height in square meters. Manual
blood pressure measurements were obtained twice during
each clinic visit by a physician using a mercury sphygmo-
manometer with participants seated, and the average was
recorded as the brachial blood pressure. We used the following
definitions: hypertension, systolic blood pressure ≥140 mm Hg
or diastolic blood pressure ≥90 mm Hg at any visit or use of

antihypertensive medications; diabetes mellitus, fasting glu-
cose ≥126 mg/dL, nonfasting blood glucose ≥200 mg/dL, or
the use of insulin or oral hypoglycemic medications; dyslipi-
demia, total cholesterol >200 mg/dL or the use of lipid-
lowering medications. Glomerular filtration was estimated
using the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation.25 Current smoking was defined as the use
of cigarettes, pipes, or cigars at least once daily in the year prior
to examination.

Apex Base

End-diastole

End-systole

Apex Base

A

B

Figure 1. Measurement of (A) left ventricular (LV) end-diastolic volume (top panel), end-systolic volume (bottom panel), and mass using manual
tracing of endocardial (red) and epicardial (green) borders at end-diastole and tracing of endocardial border at end-systole and (B) LV wall
thicknesses (red) and diameter (green) measurements taken at end-diastole from the short-axis slice immediately basal to the papillary muscles.
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Ascertainment of Outcomes
Prevalent and incident CVD was adjudicated using standard-
ized criteria by a 3–physician-investigator committee based
on review of FHS physician assessment and all pertinent
medical records. Incident CVD was defined by the occurrence
of coronary heart disease, thrombotic stroke, hospitalized HF,
or death from coronary heart disease–related myocardial
infarction. We did not include stable angina, hemorrhagic
stroke, transient ischemic attack, or claudication in the
incident CVD definition. Coronary heart disease included
myocardial infarction (diagnostic ECG, cardiac biomarkers,
and clinical presentation) or coronary insufficiency (unstable
angina). Established clinical criteria were used to define HF.26

The first episode of CVD symptoms was recorded as the date
of onset in medical record review.

Statistical Analyses
Descriptive statistics for all covariates are presented as either
percentage or mean�SD, with P<0.05 considered statistically
significant. Time to incident CVD event was computed as the
difference between the event date and CMR scan date.
Participants who died or were lost to follow-up before they
experienced an incident CVD event were censored at the date
of death or the date of their last visit. CMR LV concentricity
variables were first standardized within sex to a mean of 0
and SD 1 before fitting models. We used cubic splines to
display continuous relationships between standardized LV
concentricity measures and incident CVD.27 Splines were
adjusted for age, sex, body mass index, systolic blood
pressure, history of hypertensive medications, prevalent
diabetes, dyslipidemia, estimated glomerular filtration rate,
and current smoking.

We confirmed that proportional hazards assumptions were
met with nonsignificant tests for time-dependent interactions
of CMR measures and log-survival time. Cox proportional
hazards regression models were used to examine the
relationships between values and tertiles of LVMI, LVM/
LVEDV, and RWT and with incident CVD. In addition, we
evaluated the association of LVMI, LVM/LVEDV, and RWT as
continuous variables (presented per 10-g/m2, 0.2-g/mL, and
0.1-unit increments, respectively) with CVD events. We chose
to present effect sizes by quantitative increments rather than
SD units because the former may represent more meaningful
increments with better interpretability; however, the chosen
increments also approximate a 1-SD unit of each respective
measure. Cox models were first adjusted for age and sex and
then included additional covariates (body mass index, systolic
blood pressure, history of antihypertensive treatment, dia-
betes, dyslipidemia, estimated glomerular filtration rate, and
current smoking).

The predictive utility of the various Cox models was
compared using the C-statistic. The incremental effect of
adding a CMR LV concentricity variable for predicting incident
CVD was evaluated with the use of category-based net
reclassification improvement index (NRI).26 The NRI is used to
assess how well an exposure “reclassifies” patients from one
risk category to another. We calculated NRI with an extension
to survival analysis that uses Kaplan–Meier estimates of event
probabilities with the following categories: low risk (0% to
<3%), intermediate risk (3% to 6%), or high risk (>6%). A large
NRI indicates that the additional exposure causes a large
improvement in reclassification. Multivariable adjusted
Kaplan–Meier plots stratified by sex-specific tertiles of each
CMR LV concentricity variable were generated. We examined
for effect modification in the relationships between CMR
measures and incident CVD in secondary analyses. All
analyses were conducted using SAS 9.3 (SAS Institute).

Results

Characteristics of the Sample
A total of 1715 FHS Offspring Cohort participants (mean age
65�9.0 years, 54% women) were followed for a median of
8.4 years (range 0.0 to 10.5 years). During this time, 85
participants (37 women) developed CVD. The majority of
incident CVD events consisted of myocardial infarction (40%),
hospitalized HF (26%), and ischemic stroke (24%) (Table 2).
The characteristics of the study sample at baseline are shown
in Table 3. More men than women experienced adverse CVD
events. Those with incident CVD had higher systolic blood
pressure; higher prevalence of antihypertensive medication
use and diabetes; and greater LVM, LVM/LVEDV, and RWT.

Associations of LVMI and Geometry With Incident
CVD
Survival free of CVD by tertiles of LVMI, LVM/LVEDV, and
RWT are shown in Figure 2. The third (highest) tertile of CMR

Table 2. Components of Incident CVD Events

Number of CVD Events (%)

Myocardial infarction 34 (40.0)

Unstable angina 3 (3.5)

Hospitalized heart failure 22 (25.9)

Ischemic cerebrovascular accident 20 (23.5)

CVD death 6 (7.1)

Total 85

CVD indicates cardiovascular disease.
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LV concentricity variables demonstrated the lowest event-free
survival over time and steepest slope curves. Hazard ratios
(HRs) for LV remodeling with incident CVD are presented in
Table 4. Survival free of CVD was lowest for the highest
tertiles of each CMR measure. LVMI was significantly
associated with greater hazard for incident CVD events in
models adjusting for age and sex and after additional
multivariable adjustment for CVD risk factors (HR 1.33 per
10-g/m2 increment, 95% CI 1.09 to 1.61, P=0.004 in
multivariable-adjusted models). Analysis of multivariable-ad-
justed HRs for CVD events by tertiles revealed that excess
risk was associated with the highest tertile of LVMI (HR 1.94,
95% CI 1.12 to 3.36, P=0.019) (Table 5).

LVM/LVEDV was associated with an elevated HR for CVD
in age- and sex-adjusted models (HR 1.40, 95% CI 1.10 to
1.79, P=0.006), but this association was attenuated with
multivariable adjustment (P=0.053), and no significant asso-
ciation was seen in tertile analysis. Each 0.1-unit increment in
RWT was associated with a nearly 60% increase in hazard for

incident CVD (HR 1.59, 95% CI 1.12 to 2.24, P=0.009 in
multivariable-adjusted models). Tertile analysis of the associ-
ation between RWT and incident CVD demonstrated a
suggestion of elevated risk with the highest tertile, but this

Table 3. Baseline Characteristics of FHS Offspring
Participants in the CMR Study (n=1715)

Clinical Characteristic (Examination 7)
No CVD
(n=1630)

Incident CVD
(n=85)

Age at CMR, y 64�9 70�9

Male sex, n (%) 731 (45) 47 (56)

Body mass index, kg/m2 27.8�4.9 29.2�5.3

Body surface area, kg/m2 1.90�0.23 1.98�0.25

Systolic blood pressure, mm Hg 124�18 131�16

Use of antihypertensive meds, n (%) 437 (27) 32 (38)

Diabetes, n (%) 120 (8) 8 (10)

Dyslipidemia, n (%) 980 (61) 48 (59)

Current smoking, n (%) 163 (10) 7 (8)

Estimated glomerular filtration rate,
mL/min/1.73 m2

86�18 84�21

Heart rate at CMR, beats/min 65�11 66�14

LVMI, g/m2 54�11 60�14

LVEDV, mL 125�30 132�36

LVM/LVEDV, g/mL 0.84�0.15 0.91�0.20

Relative wall thickness 0.29�0.05 0.32�0.06

LVEF, % 67�7 68�8

Continuous data presented as mean�SD, and categorical data presented as n (%).
Clinical characteristics from examination 7. Diabetes: fasting glucose ≥126 mg/dL or
the use of hypoglycemic medications. Dyslipidemia: total cholesterol ≥200 mg/dL or the
use of lipid-lowering medications. Estimated glomerular filtration rate by Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equation. Relative wall thickness=(LV
anteroseptal+inferolateral wall thickness)/LV end-diastolic dimension. CMR indicates
cardiovascular magnetic resonance; CVD, cardiovascular disease; FHS, Framingham
Heart Study; LV, left ventricular; LVEDV, left ventricular end-diastolic volume indexed to
body surface area; LVEF, left ventricular ejection fraction; LVM, left ventricular mass;
LVMI, left ventricular mass index.

A

B

C

Figure 2. Survival free of CVD over time displayed by tertiles of
(A) LVMI, (B) LVM/LVEDV, and (C) RWT. CVD indicates cardio-
vascular disease; LVEDV, left ventricular end-diastolic volume;
LVM, left ventricular mass; LVMI, left ventricular mass index; RWT,
relative wall thickness.
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did not attain statistical significance (P=0.07). Cubic splines
revealed positive linear relations between CMR measures and
incident CVD (Figure 3). The tests for nonlinearity of associ-
ations of CMR measures with incident CVD were nonsignif-
icant (all P>0.05). We did not observe significant sex
interactions between CMR measures and incident CVD (all
P>0.05).

LVMI and LV Geometry in Prediction of Incident
CVD
The predictive utility of CMR measures of LVMI and geometry
in CVD risk prediction are presented in Table 6. The
C-statistic for a prediction model incorporating CVD risk
factors was 0.71 (95% CI 0.65 to 0.77) and modestly
improved with the addition of LVMI, LVM/LVEDV, or RWT to
the risk factor model. When RWT was combined with LVMI
in the traditional risk factor model, we observed a greater
C-statistic than either variable used individually (0.74 [95% CI

0.68 to 0.80]). RWT (NRI 0.13, P=0.0002) and the combina-
tion of LVMI and RWT (NRI 0.13, P=0.004) had the greatest
risk reclassification for CVD. The improvement in risk
reclassification in the model incorporating traditional risk
factors, LVMI, and RWT originated from both down- and
upclassification of risk groups in those with nonevents as well

Table 4. Hazard Ratios for Incident CVD by CMR LV Metric,
Per Unit LV Measure

LV Characteristic Model Hazard Ratio (95% CI) P Value

LVMI, per
10 g/m2

Age, sex-adjusted 1.36 (1.13 to 1.62) <0.001

MV-adjusted 1.33 (1.09 to 1.61) 0.004

LVM/LVEDV,
per 0.2 g/mL

Age, sex-adjusted 1.40 (1.10 to 1.79) 0.006

MV-adjusted 1.28 (1.0 to 1.65) 0.053

RWT,
per 0.1 unit

Age, sex-adjusted 1.68 (1.21 to 2.33) 0.002

MV-adjusted 1.59 (1.12 to 2.24) 0.009

MV adjusted models were adjusted for age, sex, body mass index, systolic blood
pressure, history of antihypertensive treatment, diabetes, dyslipidemia, estimated
glomerular filtration rate, and current smoking. Clinical characteristics including height
taken at examination 7. Evaluation for sex interactions were not significant for all CMR
measures. CMR indicates cardiovascular magnetic resonance; CVD, cardiovascular
disease; LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVM, left
ventricular mass; LVMI, left ventricular mass index; MV, multivariable; RWT, relative wall
thickness.

Table 5. Multivariable-Adjusted HR for Incident CVD by
Tertile

HR for Tertile 2 HR for Tertile 3

LVMI 1.05 (0.57 to 1.95) 1.94 (1.12 to 3.36)*

LVM/LVEDV 0.65 (0.35 to 1.20) 1.24 (0.72 to 2.14)

RWT 1.08 (0.58 to 2.02) 1.69 (0.96 to 2.97)**

Models were adjusted for age, sex, body mass index, systolic blood pressure, history of
hypertensive medications, prevalent diabetes, dyslipidemia, estimated glomerular
filtration rate, and current smoking. Clinical characteristics including height taken at
examination 7. Tertile 1 was the referent. CVD indicates cardiovascular disease; HR,
hazard ratio; LVEDV, left ventricular end-diastolic volume; LVM, left ventricular mass;
LVMI, left ventricular mass index; RWT, relative wall thickness.
*P=0.019.
**P=0.07.

A

B

C

Figure 3. Multivariable-adjusted cubic splines modeling the
relations between incident CVD and (A) LVMI, (B) LVM/LVEDV,
and (C) RWT. CVD indicates cardiovascular disease; HR, hazard
ratio; LVEDV, left ventricular end-diastolic volume; LVM, left
ventricular mass; LVMI, left ventricular mass index; RWT, relative
wall thickness.
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as upclassification of risk groups in those with CVD events
(Table 7).

Discussion
In this prospective study of 1715 community-dwelling adults
free of prevalent CVD, we observed that greater LVM and
concentricity measured by CMR were associated with incident
CVD events. The risks appeared continuous but were most
significant at the highest tertiles. The largest incremental
improvement in risk prediction beyond traditional risk factors
was attributed to LVMI, but the addition of RWT to LVMI
further improved risk stratification. Collectively, our results
suggest that both CMR measures of LVM and concentricity
are important for risk stratification.

LVM in CVD Risk
With elevated afterload, resultant LV hypertrophy (LVH) is
thought to reduce wall stress via Laplace’s law, wherein wall
stress is proportional to LV pressure and cavity radius and
inversely proportional to wall thickness; however, the persis-
tence or progression of LVH may prove maladaptive. The
associations between elevated LVM and CVD morbidity and
mortality have long been recognized. Earlier epidemiological
studies using electrocardiographic and M-mode echocardio-
graphy definitions of LVH, with their inherent diagnostic
limitations, nevertheless showed significant associations with
coronary artery disease, HF, arrhythmias, and CVD mortal-
ity.6,13,28,29 Contemporary echocardiographic and CMR mea-
sures, with superior image quality, have confirmed similar
results.18,30 Consistent with these results, we observed a
significantly greater risk of CVD with greater LVMI. We also
examined continuous relationships between CMR measures
and incident CVD using spline models. Although tests for
nonlinearity were not significant, the relationship between
LVMI and CVD risk was greatest for the highest LVMI group,
consistent with a prior report.18

LV Geometry in CVD Risk
Alterations in LV geometry may occur in the presence or
absence of LVH and are the basis of the categorical
classification scheme of normal geometry, concentric remod-
eling, concentric hypertrophy, and eccentric hypertrophy
adopted by the American Society of Echocardiography.31

The plasticity of LV geometry involves changes on both
macrocytic and microcytic levels in response to adverse
stimuli and prolonged exposure to CVD risk factors in addition
to afterload. With greater age, LVM/LVEDV rises due to lower
LVEDV disproportionate to the decline in LVM, and greater
LVM/LVEDV confers risk for CVD events in community
samples.32 Given differing influences on LVH and remodeling,
it is biologically plausible that LV remodeling may add

Table 6. Reclassification Metrics With Addition of LVMI to Traditional Risk Factor Model to Predict Incident CVD

Reclassification
Metric

Model for CVD

CVD Risk Factors +LVMI +LVM/LVEDV +RWT
+LVMI and LVM/
LVEDV +LVMI and RWT

C-statistic value
(95% CI)

0.71 (0.65 to 0.77) 0.73 (0.67 to 0.78) 0.72 (0.67 to 0.78) 0.73 (0.67 to 0.78) 0.73 (0.67 to 0.79) 0.74 (0.68 to 0.80)

NRI, categorical
(<3%, 3% to
6%, >6%)

0.09 (P=0.03) 0.10 (P=0.01) 0.13 (0.0002) 0.09 (P=0.049) 0.13 (P=0.004)

Columns represent reclassification measures with addition of standardized LVMI, LVM/LVEDV, and RWT each added separately to CVD prediction model containing traditional CVD risk
factors only, then added in combination to traditional CVD risk factor model (right-most 2 columns). CVD indicates cardiovascular disease; LVEDV, left ventricular end-diastolic volume;
LVM, left ventricular mass; LVMI, left ventricular mass index; NRI, net reclassification improvement index; RWT, relative wall thickness.

Table 7. Net Reclassification Indices Comparing Models With
Traditional Risk Factors Versus Risk Factors Plus CMR
Measures

Risk Group, Model 1

Risk Group, Model 2, n (%)

Total n<3% 3% to 6% >6%

No CVD event

<3% 640 (92.6) 49 (7.1) 2 (0.3) 691

3% to 6% 128 (27.2) 283 (60.1) 60 (12.7) 471

>6% 2 (0.5) 102 (24.3) 315 (75.2) 419

Total n 770 434 377 1581

CVD event

<3% 34 (91.9) 3 (8.1) 0 (0.0) 37

3% to 6% 3 (13.0) 15 (65.2) 5 (21.7) 23

>6% 0 (0.0) 1 (4.6) 21 (95.5) 22

Total n 37 19 26 82

Model 1: age, sex, body mass index, systolic blood pressure, use of antihypertensive
medications, diabetes, dyslipidemia, estimated glomerular filtration rate, and current
smoking. Model 2: Model 1 plus left ventricular mass index and relative wall thickness.
CMR indicates cardiovascular magnetic resonance; CVD, cardiovascular disease.
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prognostic information for CVD risk not captured by LVMI. The
degree of contribution of LV concentricity to CVD risk has
been debated, with evidence both for and against the
incremental prognostic impact of LV concentricity on the
presence of LVH.13,19–21 The larger hazards for CVD observed
with linear (RWT), rather than volumetric (LVM/LVEDV),
measures may reflect that indices of remodeling captured at
the LV base are more strongly associated with CVD.
Alternatively, the larger confidence intervals of RWT compared
with LVM/LVEDV may indicate more variability in the
measurement, possibly related to single-linear rather than
integrated volumetric assessment of LV size. Consequently,
our findings suggest the need for further investigation. In a
separate investigation using CMR, the Multi-Ethnic Study of
Atherosclerosis investigators observed differential magni-
tudes of associations of LVMI and LVM/LVEDV with CVD,
but the effect of accounting for both LVMI and LV remodeling
together was not reported.18 Subsequently, the Cardiovascu-
lar Health Study investigators, using a modified algorithm with
echocardiography to classify LV remodeling by cavity size and
mass, suggested that measurement of LV geometry carries
risk separate from that conferred by LVMI.30 We extended
these observations using CMR by studying the additive effect
of these measures using risk reclassification indices. With
models including both LVMI and concentricity, we observed
an increase in the NRI and C-statistic, measures of the
model’s capability for discrimination and calibration in risk
prediction. Our results from the well-characterized, commu-
nity-dwelling FHS Offspring cohort using CMR are consistent
with and expand on the prior studies.

We studied adults initially free of prevalent CVD. Measures
of LVM and remodeling reflect gross biological adaptations to
prolonged levels of adverse CVD risk factors and hemody-
namic derangements. Our findings in this sample thus
underscore the significance of the degree of subclinical
cardiac remodeling in CVD prognostication. Our results
suggest the need for further investigation regarding refined
risk stratification algorithms to identify persons at risk for
CVD and evaluation of potential therapies to prevent adverse
LV remodeling.

Strengths and Limitations
The FHS is a prospective, longitudinal study with meticulous
follow-up. We studied incident CVD events validated by a
physician-investigator end point committee review, excluding
outcomes with a potential lack of definitive clinical evidence
that could lead to possible misdiagnosis (eg, angina, HF
symptoms without hospitalization, transient ischemic attack).
Although this decision limited our number of events and
statistical power and may be relatively conservative com-
pared with other studies, focusing on diagnoses for which

there was objective clinical evidence increased the robust-
ness of our findings. Advantages of the FHS end point
review include lack of reliance on diagnosis codes, which
may have inherent inaccuracies, and the consistent applica-
tion of standardized criteria over time in all FHS participants.
In addition, we evaluated LVM and concentricity using a
modern CMR sequence, the current gold standard imaging
technique with high spatial resolution that circumvents many
limitations of echocardiography. Application of additional
CMR methods for characterization of myocardial tissue in
future studies may help elucidate the mechanisms by which
architectural and structural changes in the LV occur and
better define the etiology of CVD risk associated with LV
remodeling.

Conclusions
In this prospective study of middle-aged and older community-
dwelling adults initially free of prevalent CVD, the addition of
LVM and concentricity to models based on traditional risk
factors improved CVD risk prediction and suggests the use of
CMR imaging for risk stratification. Further investigation will
be necessary to determine the clinical impact of these
methods of risk stratification on CVD outcomes.
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