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Heart failure with preserved ejection fraction is often preceded by diastolic dysfunction (DD). Of several pub-
lished DD criteria, it is unclear which, if any, are applicable to data obtained in epidemiologic cohorts. We evaluated
the prevalence of DD using previously published definitions in a population-based study, the Coronary Artery Risk
Development in Young Adults (CARDIA) Study, using data gathered in 2010–2011. Echocardiography was per-
formed on 3,474 individuals (mean age = 50.2 years) at the CARDIA year 25 examination. Four published defini-
tions of DD were studied. We calculated DD prevalence for each definition and determined the overlap between
definitions. We used logistic regression to assess the strength of associations between demographic and clinical
factors and the definitions of DD. Prevalence of DD ranged from 2% to 32% across the 4 definitions, with a minority
of cases identified by more than 1 definition. Two definitions classified 38%–39% of the study sample as indetermi-
nate for DD. Associations of risk factors with DD varied considerably, with male sex being associated positively
with DD for one definition (odds ratio = 1.4, 95% confidence interval: 1.2, 1.6) and inversely for another (odds
ratio = 0.7, 95% confidence interval: 0.6, 0.8). Prevalence of DD varies markedly in CARDIA by the definition
applied. A uniform, reliable, and accurate definition of DD for epidemiologic studies is needed.

diastolic dysfunction; echocardiography; epidemiologic methods; heart failure

Abbreviations: ASE, American Society of Echocardiography; CARDIA, Coronary Artery Risk Development in Young Adults; DD,
diastolic dysfunction; VALIDD, Valsartan in Diastolic Dysfunction.

Editor’s note: An invited commentary on this article ap-
pears on page 1228, and the authors’ response appears on
page 1231.

Heart failure currently affects about 5.7 million Ameri-
cans, with 670,000 new cases and over 1 million hospitaliza-
tions annually (1). Approximately half of all heart failure
cases occur with preserved ejection fraction (2). Heart failure
with preserved ejection fraction develops from interplay
among several mechanisms, including (but not limited to)
left ventricular diastolic dysfunction, left ventricular systolic
dysfunction, pulmonary hypertension, and extracardiac volume

overload (3), but it is clear that diastolic dysfunction (DD) is a
critical element underlying heart failure with preserved ejection
fraction in many individuals (4). Preclinical DD (DD with
normal ejection fraction and no symptoms of heart failure,
i.e., stage B heart failure) is an independent predictor of
incident clinical heart failure (5).

Since DD is a predictor of future heart failure, descriptive
and analytical epidemiologic studies of DD will be essential to
understanding the natural history of heart failure with preserved
ejection fraction. However, epidemiologic studies of DD (6) to
date have been hampered by a lack of consensus concerning
appropriate echocardiographic definitions of DD to implement
in analyses of population cohort studies. Therefore, we assessed

1221 Am J Epidemiol. 2017;185(12):1221–1227



4 previously published echocardiographic definitions of DD
(7–9) in the Coronary Artery Risk Development in Young
Adults (CARDIA) cohort, where echocardiography was per-
formed in the year 25 examination.We calculatedDDprevalence
by definition and examined concordance among definitions.
Further, we used logistic regression to assess the strength of
associations between known risk factors for heart failure and
the various definitions of DD.

METHODS

Study population

CARDIA (10–12) is a prospective cohort study designed to
investigate the development of cardiovascular risk factors and
disease. In 1985–1986, 5,115 black and white men and
women age 18–30 years were recruited from 4 urban US sites,
including Birmingham, Alabama; Chicago, Illinois; Minnea-
polis, Minnesota; and Oakland, California. CARDIA partici-
pants have been followed for nearly 30 years, with the
collection of detailed demographic and clinical data. Partici-
pant data have been collected across 8 examination cycles,
including baseline and at years 2, 5, 7, 10, 15, 20, and 25.
Retention rates have been high, with 72% of survivors being
examined at the year 25 examination and vital and clinical
event status being known for about 90% of participants in the
most recent 2 years of follow-up. All 3,474 individuals who
attended the year 25 CARDIA examination and underwent
echocardiography were included in the present analysis.

The study was approved by the institutional review boards at
all study sites, and all participants provided written informed
consent.

Demographic, anthropometric, and diseasemeasures at
the year 25 CARDIA visit

In CARDIA, race was determined by self-report at year 0
(baseline) and verified at year 2. Standardized protocols were
used to measure height and weight (11). Body mass index
was calculated as weight (kg) divided by squared height in
meters (m2). Diabetes was defined as fasting glucose concen-
tration ≥126 mg/dL, 2-hour glucose concentration (from an
oral glucose tolerance test) ≥200 mg/dL, hemoglobin A1c

level ≥6.5%, or use of glucose-lowering medication. Fasting
plasma glucose was measured with the hexokinase method.
Hemoglobin A1c was measured from a whole-blood aliquot
by ion-exchange high-performance liquid chromatography
(G7; Tosoh Biosciences Inc., South San Francisco, Califor-
nia). Hypertension was defined as systolic blood pressure
≥140 mm Hg, diastolic blood pressure ≥90 mm Hg, or use
of antihypertensive medication. Trained technicians used an
oscillometer (Omron, Kyoto, Japan) to measure blood pres-
sure. Resting systolic and diastolic blood pressure were mea-
sured 3 times at 1-minute intervals. The average of the second
and third measurements was used for analysis.

Echocardiographic measures

As described previously (13, 14), Doppler echocardiography
and 2-dimensional guided M-mode echocardiography were

performed using an Artida cardiac ultrasound scanner (Toshiba
Medical Systems, Otawara, Japan) by trained sonographers
using standardized protocols across all field centers at the year
25 CARDIA visit. At the reading center, experienced sono-
graphers made measurements from digitized images using
a standard software offline image analysis system (Digisonics,
Houston, Texas). The full CARDIA echocardiography protocol
can be seen online at the CARDIA Study website (http://
cardia2.dopm.uab.edu/). Left atrial volume was measured from
the apical 4-chamber view (15, 16) and was divided by body
surface area per recommendations from the American Society
of Echocardiography (ASE) (16). Peak velocities of the early
phase (E) and late/atrial phase (A) of the mitral inflow and their
ratio (E/A) were measured using pulse wave Doppler recordings
of transmitral flow at the mitral valve leaflet tips. Using tissue
Doppler imaging, early peak diastolic mitral annular velocities
(e′) at the septal and lateral mitral annulus were measured (8).
Average e′ was calculated from the average of the septal and
lateral mitral annulus. E/e′ ratio was calculated (8). E-wave
deceleration time was measured.

Definitions of DD

Different definitions for determination of dichotomous DD
were applied to the year 25 CARDIA data; the precise imple-
mentation of these definitions is described in detail in Table 1.
We chose initially to examine only 4 dichotomous definitions
of DD (with mild, moderate, and severe DD being lumped
together). The first algorithm, derived from the Umeå General
Population Heart Study (17), was used in the Valsartan in Dia-
stolic Dysfunction (VALIDD) Trial (7) and defines DD sim-
ply on the basis of lateral e′ velocities lower than age-specific
cutoff values. For the second definition, Redfield et al. (9)
used a number of different echocardiographic measures to cat-
egorize participants into multiple categories. Because 2 of the
measures used to grade DD in the Redfield et al. paper (9)
(pulmonary venous flow and mitral inflow during Valsalva
maneuver) were not measured in CARDIA, we named our
implementation of this DD algorithm the “(modified) Redfield
definition.”We also examined 2 implementations of the ASE
algorithm (8), one requiring both septal e′ velocity less than
8 cm/second and lateral e′ velocity less than 10 cm/second
(first ASE definition (ASE 1)) and a second requiring either
septal e′ velocity less than 8 cm/second or lateral e′ velocity
less than 10 cm/second (second ASE definition (ASE 2)), rec-
ognizing that ASE guidelines mention the importance of aver-
aging the septal and lateral annular measurements in some
situations (8). Finally, we also then identified those indivi-
duals who would be classified as having grade III or severe
DD based on the ASE (8) or Redfield (9) criteria using only
cutpoints for E/A ratio, E/e′, and deceleration time. These rep-
resent modifications of both the ASE and Redfield criteria for
grade III/severe DD, as we did not use all echocardiographic
measures involved in the full definitions.

Statistical analyses

Analysis of variance and χ2 tests were used, as appropri-
ate, to examine differences in participant characteristics,
including indices of diastolic function, by sex/race subgroup.
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Prevalence estimates for DD were calculated by dividing the
number of individuals classified into a given category of a
definition by the total number of individuals with all echo-
cardiographic measures available for the implementation of
that definition. For Venn diagram analyses, all 3,474 indivi-
duals were included, since it was theoretically possible to be
classified as having DD by one definition but have insuffi-
cient data available for classification by a second definition.

Multivariable association analyses of demographic and clin-
ical factors with different definitions of DD were conducted
using logistic regression implemented in SAS Proc Logistic
(SAS Institute, Inc., Cary, North Carolina). Each definition of
DD was regressed on age, sex, race, prevalent diabetes, preva-
lent hypertension, and body mass index (all modeled as binary
variables) simultaneously. For these regression analyses, indi-
viduals with insufficient data or classified as indeterminate by
any given definition were excluded from regression analyses
for that definition. For the ASE 1 definition, individuals cate-
gorized as “probably no DD” were lumped with those catego-
rized as “no DD” in the logistic regression. We considered
associations with P values less than 0.05 to be significant.

RESULTS

Web Table 1 (available at http://aje.oxfordjournals.org/)
presents the demographic and echocardiographic characteris-
tics of the study sample overall and stratified by race and sex.
At the year 25 CARDIA visit, participants were 43–55 years
of age. As expected, there were statistically significant differ-
ences between sex/race subgroups for all demographic and
echocardiographic variables (18). A large percentage (62.8%)
of African-American females had a body mass index greater
than or equal to 30; no other sex/race subgroup had more than

45% of individuals with a body mass index greater than or
equal to 30. Annular velocities, whether septal or lateral, were
consistently lower among African Americans. E/e′ ratios
were consistently higher among African Americans; not sur-
prisingly, left atrial volume indexes were also larger among
African Americans.

Figure 1 shows the prevalence of DD according to the 4 dif-
ferent definitions. The ASE 2 definition had the largest preva-
lence of DD (32%), whereas the ASE 1 definition had the
lowest prevalence (2%). Both the (modified) Redfield and the
ASE 1 definitions classified large percentages of the popula-
tion as indeterminate with regard to DD (38% and 39%,
respectively). The echocardiographic variable with the most
missing values was E/e′ ratio, which was missing for 87 parti-
cipants. Proportions of persons without sufficient echocardio-
graphic data for classification ranged between 0.7% of the
population for the (modified) Redfield definition and 2.5%
of the population for the ASE definition.

Figure 2 shows the overlap between different diagnoses of
DD. The ASE 1 definition is represented as a circle within
the ASE 2 definition, as the ASE 2 definition is a less strin-
gent application of the criteria used in the ASE 1 definition.
There is minimal overlap among the other definitions. Although
the prevalence of nominal DD ranges only between 23% and
32% among the VALIDD, (modified) Redfield, and ASE 2
definitions, these definitions overlap for only 276 individuals
(7.9% of the total study population). Thus, 700 individuals are
classified as having DD by one of the definitions but not by
the other two. These particular individuals are fairly equally
spread across the VALDD, (modified) Redfield, and ASE 2
definitions.

There was better concordance between the ASE definition
of grade III DD (8) and the Redfield et al. definition (9) of
severe DD when modifications to these definitions were

Table 1. Implementation of Previously Published Algorithms for Diastolic Dysfunction in the CARDIA Study (Year 25 Visit), 2010–2011

Algorithm (Reference No.(s)) Classification Criteria

VALIDD Trial (7, 17) DD Age 45–54 years and lateral e′ <10 cm/second; or age 55–65 years and lateral e′
<9 cm/second; or age>65 years and lateral e′ <8 cm/second

No DD Anyone not meeting the criteria for VALIDDDD above

ASE 1 (8) DD Lateral e′ <10 cm/second and septal e′ <8 cm/second and LAV ≥34 mL/m2

No DD Lateral e′ ≥10 cm/second and septal e′ ≥8 cm/second and LAV <34 mL/m2

Probably no DD Lateral e′ ≥10 cm/second and septal e′ ≥8 cm/second and LAV ≥34 mL/m2

Indeterminate Anyone not meeting any of the 3 categories of ASE 1 criteria above

ASE 2 (8) DD Lateral e′ <10 cm/second or septal e′ <8 cm/second and LAV≥34 mL/m2

No DD Lateral e′ ≥10 cm/second and septal e′ ≥8 cm/second

Indeterminate Anyone not meeting either of the 2 categories of ASE 2 criteria above

(Modified) Redfield (9) DD E/A ratio <0.75 and E/e′ ratio <10 (mild DD) or 0.75 < E/A ratio < 1.5 and
deceleration time >140 ms and E/e′ ratio ≥10 (moderate DD) or E/A ratio >1.5 and
deceleration time <140 ms and E/e′ ratio ≥10 (severe DD)

No DD 0.75 < E/A ratio < 1.5 and deceleration time >140ms and E/e′ ratio <10

Indeterminate Anyone not meeting either of the 2 categories of (modified) Redfield criteria above

Abbreviations: ASE, American Society for Echocardiography; CARDIA, Coronary Artery Risk Development in Young Adults; DD, diastolic dys-
function; LAV, left atrial volume; VALIDD, Valsartan in Diastolic Dysfunction.
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applied using the prescribed cutoffs for E/A ratio, E/e′, and
deceleration time, although the ASE definition proved far
more stringent. Four individuals were classified as having
both stage III heart failure and severe DD. Six individuals in
the study sample (0.17%) were identified as having stage III
heart failure by the ASE definition, and 35 individuals (1.0%

of the entire study sample) were identified as having severe
DD by the definition of Redfield et al. (9).

Table 2 shows the association of risk factors with the differ-
ent definitions of DD, excluding persons found to be indeter-
minate for each definition. Because of this exclusion, the
sample size varied considerably across analyses. The strength
of the association for age (comparing persons aged ≥50 years
with those aged<50 years) varies over 2-fold across the 4 defi-
nitions. The strength of the association for African-American
race (compared with white) and for prevalent hypertension
(compared with normotension) varied nearly 3-fold across the
4 definitions. Most strikingly, male sex was significantly and
directly associated with DD as defined by the ASE 2 definition
but significantly inversely associated with DD as defined by
the (modified) Redfield definition.

DISCUSSION

In this analysis of echocardiographic data obtained on 3,474
CARDIA participants with a mean age of 50 years, the preva-
lence of DD ranged widely across different diagnostic algo-
rithms defining DD, from 2% for a narrow interpretation of
the ASE definition (ASE 1) to 32% for a looser interpretation of
the ASE definition (ASE 2). Although prevalence estimates
for the (modified) Redfield, VALIDD, and ASE 2 definitions
ranged only from 23% to 32%, overlap between the definitions
was very poor, with only 8% of the study population identified
as having DD by all 3 definitions. This paper clearly demon-
strates for the first time that there is very poor overlap between
existing definitions of DD. As studies examining predictors of
and trends in DD proliferate, our documentation of this phenom-
enon will be helpful to readers in understanding the significant
limitations of existing definitions, particularly when comparing
studies using different definitions.
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Figure 1. Prevalence of diastolic dysfunction according to different definitions in the Coronary Artery Risk Development in Young Adults Study
(Year 25 Visit), 2010–2011. Light gray portions of columns, probably normal; medium gray portions, diastolic dysfunction; dark gray portions, nor-
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Study (Year 25 Visit), 2010–2011. A total of 1,900 participants did
not meet any case definition. ASE, American Society for Echocardio-
graphy; VALIDD, Valsartan in Diastolic Dysfunction.
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Given this poor overlap and the highly variable sample size
entering analyses of different nominal DD variables due to
large numbers of individuals being classified as indeterminate
by some definitions, it was unsurprising that there was large
variability in the strength of associations of proposed risk fac-
tors with the different definitions of DD. However, the finding
that female sex was significantly and directly associated with
DD by one definition and significantly inversely associated
with DD by another definition further highlights the need for
consensus criteria that are based on solid epidemiologic, phys-
iological, and prognostic data.

It is difficult to compare the 4 prevalence estimates of DD
presented in this paper with those previously published for other
populations. A review by Wan et al. (6) identified 4 reports that
have provided information about DD measures in populations
without clinical disease; these estimates relied on a wide variety
of methods. Examining the 4 papers in the review and 2 addi-
tional studies we identified (9, 19–23), we found reports of DD
prevalence varying from 27% to 39.8% in populations with
mean ages ranging from 48 years to 76 years. Results from our
study suggest that previous variability in estimates could be ex-
plained simply by the use of different definitions.

One important issue highlighted in our analysis is that about
38% of individuals were classified as indeterminate using the
ASE and (modified) Redfield definitions. This would be
expected to apply to other epidemiologic studies as well.
This high rate of indeterminacy for the Redfield definition
resulted from the absence of pulmonary vein flow and Val-
salva maneuver measurements and suggests, perhaps, that
the Redfield definition should not be simplified. When a
large percentage of individuals are unclassified by a definition,
there are questions about the validity of prevalence estimates.
Additionally, it complicates comparisons of association analyses
(if, for example, one group includes “indeterminate” individuals
in the “normal” group for association analyses and another
does not) and concordance estimates across definitions. For

meaningful analyses of population cohorts, DD definitions
with only small percentages of individuals classified as in-
determinate are necessary.

Integration of biomarkers such as B-type natriuretic peptide
with echocardiographic systolic and diastolic function metrics
should be considered in future attempts to create definitions of
DD. Identifying the most useful combination of diastolic func-
tion measures will require 2 types of studies. Most important
are those that link specific measures to outcomes. Currently the
emphasis in the literature has been on older individuals, those
with myocardial infarction, or those with existing heart failure
(4, 5, 24–26). Given the age dependence of diastolic function
measures, the generalizability of these studies to younger
middle-aged individuals such as those participating in CARDIA
may be limited. The second type of study would track diastolic
function over a meaningful interval (at least 5 years) to deter-
mine tracking, factors that impact longitudinal change, and repro-
ducibility of diastolic function assessment (27). The strength of
tracking of an individualmeasure over time in a young cohortwill
determine the bestmeasures to consider for event predictionmany
yearsbeforeanevent.Both typesof studies should includeadiver-
sity of racial and ethnic groups, unlikemanyprevious echocardio-
graphic studies,whichhave focusedprimarilyonCaucasians.

There were several strengths of our analysis. CARDIA
has a large number of high-quality echocardiographic mea-
surements obtained and read under stringent standardized
conditions (14). With 3,474 individuals, this represents the
largest study to date to have examined diastolic function in a
population cohort study. We included data on large numbers
of whites and African Americans and, for the first time, dem-
onstrated how careful application of different DD definitions
compares in a single population. The age range of CARDIA
participants, 43–55 years, may be highly appropriate to the
study of antecedents of heart failure. Weaknesses of the analy-
sis include the absence of somemeasurements used in the origi-
nal Redfield (9) definition of DD and inability to determine

Table 2. Association of Selected Risk FactorsWith 4 Different Definitions of Diastolic Dysfunction (Multivariate Modela) in the CARDIA Study
(Year 25 Visit), 2010–2011

Risk Factor

Definition of DD

ASE 1b

(n= 53With DD;
n= 1,968Without DD)

ASE 2b

(n= 1,034With DD;
n= 1,968Without DD)

VALIDD Trial
(n= 810With DD;

n= 2,505Without DD)

(Modified) Redfieldb

(n= 748With DD;
n= 1,304Without DD)

OR 95%CI OR 95%CI OR 95%CI OR 95% CI

Age≥50 years vs. <50 years 2.9 1.5, 5.5 2.0 1.7, 2.3 1.6 1.4, 2.0 1.3 1.0, 1.5

Male sex vs. female sex 1.4 0.8, 2.6 1.4 1.2, 1.6 1.0 0.8, 1.2 0.7 0.6, 0.8

African-American race vs. white race 5.2 2.5, 10.8 1.5 1.2, 1.8 1.5 1.3, 1.8 1.5 1.3, 1.9

BMIc ≥30 vs. BMI <30 1.1 0.6, 2.1 1.6 1.4, 1.9 1.6 1.3, 1.9 1.3 1.0, 1.6

Prevalent diabetes (yes vs. no) 1.9 1.0, 3.8 1.8 1.5, 2.3 1.5 1.2, 1.8 2.1 1.6, 2.7

Prevalent hypertension (yes vs. no) 5.5 2.9, 10.6 2.1 1.8, 2.5 2.5 2.1, 3.0 1.6 1.3, 2.0

Abbreviations: ASE, American Society for Echocardiography; BMI, body mass index; CARDIA, Coronary Artery Risk Development in Young
Adults; CI, confidence interval; DD, diastolic dysfunction; OR, odds ratio; VALIDD, Valsartan in Diastolic Dysfunction.

a The multivariate model included dichotomous variables for all risk factors listed in the table.
b Individuals found to be indeterminate for DD by this definition were excluded from analysis.
c Weight (kg)/height (m)2.
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DD in an individualized manner as suggested by the ASE
guidelines (8). The ASE guidelines state, “[A]ssessment
should take into consideration patients’ ages and heart rates
(mitral E, E/A ratio, and annular e′ decrease with increasing
heart rate). Specifically, in older individuals without histories
of cardiovascular disease, caution should be exercised before
concluding that grade I DD is present” (8, p. 128). However,
it is not possible to implement such individualization of case
definition in secondary analysis of data generated in a cohort
study. These weaknesses demonstrate complications of at-
tempting to define DD in population-based studies.

In conclusion, published definitions of DD had poor
agreement when applied to echocardiographic data gathered
in the CARDIA population cohort study. Our results high-
light the limitations of the currently published algorithms
used to define DD and hopefully will promote further work
to find better algorithms that uniformly define DD across pop-
ulations. Until such time as an optimal definition of DD can
be determined, researchers should be aware of these limita-
tions and should provide detailed information on their imple-
mentation of DD definitions in research studies, as such
information will be critical to interpretation of their results.
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