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OBJECTIVEdHeart failure is common in individuals with type 2 diabetes, and early detection
of individuals at risk may offer opportunities for prevention. We aimed to explore 1) prospective
associations of B-type natriuretic peptide (BNP) levels in a non–heart failure range with changes
in markers of left ventricular (LV) function and 2) possible effect modification by type 2 diabetes
in a population-based cohort.

RESEARCH DESIGN AND METHODSdEchocardiographic measurements were per-
formed at baseline (2000–2001) and follow-up (2007–2009), together with standardized phys-
ical examinations and BNPmeasurements on 300 individuals (mean age 66 years, 32%with type
2 diabetes) of the longitudinal Hoorn Study. Multivariate linear regression analyses were per-
formed to investigate associations of baseline BNP (,100 pg/mL) in individuals without prev-
alent heart failure at baseline with changes in LV mass index, LV ejection fraction, left atrial volume
index, and ratio of earlydiastolic LV inflowvelocity (E) to early diastolic lengthening velocity (e9) (E/e9).

RESULTSdIn all individuals, higher BNP was associated with 8-year increases in left atrial
volume index. Higher BNP was also associated with increasing LV mass index and E/e9. These
associations were significantly stronger in individuals with type 2 diabetes compared with the
nonsignificant associations in individuals without type 2 diabetes.

CONCLUSIONSdThis 8-year follow-up study shows that higher BNP levels in a non–heart
failure range were associated with an increased LV mass and deteriorated LV diastolic function,
particularly in individuals with type 2 diabetes. This implies that the presence or absence of type
2 diabetes should be taken into account if BNP levels are used to assess future heart failure risk.
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I t is well known that individuals with
type 2 diabetes are at increased risk of
developing heart failure and face a

worse prognosis after diagnosis than in-
dividuals without type 2 diabetes (1,2).

For heart failure with a normal ejec-
tion fraction (EF), which is more com-
mon in type 2 diabetes, no effective
treatment has been developed as of
yet (3). Nevertheless, left ventricular

(LV) diastolic dysfunction can be de-
tected before heart failure develops,
and adherence to a healthy lifestyle has
been shown to effectively lower the risk
of heart failure (4,5). This provides
a window of opportunity for preven-
tion, risk profiling, and early treatment
of individuals at risk for developing
heart failure.

B-type natriuretic peptide (BNP) is a
neurohormone secreted predominantly
by cardiomyocytes in the LV in response
to volume expansion and pressure over-
load (6). BNP levels.200 pg/mL (equiv-
alent to 57 pmol/L) indicate the potential
presence of heart failure (sensitivity 90%),
whereas levels .100 pg/mL (equivalent
to 28 pmol/L) rule out heart failure
(7,8). Prospective data showed that in-
creased BNP levels in this non–heart fail-
ure range predict heart failure, atrial
fibrillation, ischemic stroke, and cardio-
vascular mortality (9,10). On the basis
of a cross-sectional analysis, we have pre-
viously shown that slightly elevated levels
below this threshold are associated with
diminished LV diastolic function (11).
This may explain why slightly elevated
BNP levels are associated with future
cardiovascular disease and mortality.
The relationship between BNP in a
non–heart failure range and LV diastolic
function appeared to be particularly
strong in individuals with type 2 diabe-
tes (11). It is not known whether or not
BNP levels in a non–heart failure range
are also associated with future changes
in LV function. To our knowledge, there
has never been a population-based co-
hort study in which the relationship be-
tween BNP and changes in LV function
(assessed by echocardiography) was ex-
amined.

Therefore, the current study aimed to
investigate prospective associations of
BNP levels in a non–heart failure range
with changes in markers of LV function
and potential effect modification by type
2 diabetes.
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RESEARCH DESIGN AND
METHODS

Study population
The Hoorn Study is an observational
population-based cohort study on glu-
cose metabolism in the general Dutch
Caucasian population (N = 2,484) initi-
ated in 1989. The study design and pop-
ulation have been described in detail
elsewhere (12). In 2000, random samples
of participants (n = 898) were invited to
participate along with all participants who
were previously diagnosed with type 2 di-
abetes (n = 176). Of the 1,074 invited, 648
(60%) participated. In addition, 217 par-
ticipants who were diagnosed with type 2
diabetes in the Hoorn Screening Study
(1998–2000) were invited, of whom
188 (87%) participated. In the follow-up
examinations, we excluded 40 (5%) indi-
viduals for whom no satisfactory echocar-
diography data were measured at baseline,
12 (1%) individuals who lacked the men-
tal competence required to participate,
and 129 (15%) individuals died. Of the
remaining 655 individuals, 441 (67%)
participated in echocardiographic exami-
nations at follow-up. Participants with LV
systolic (an EF ,50%) or diastolic dys-
function (a left atrial [LA] volume index
.40 mL/m2) at baseline (n = 46) and for
whom data on BNP (n = 78) or glucose
status (n = 4) were missing were excluded
from the analyses. To maintain reliability
of the echocardiographic data, individuals
who had atrial fibrillation, wall motion ab-
normalities, and/ormoderate/severe aortic
or mitral valve insufficiencies or stenoses
(n = 13) were also excluded. Thus, in total
300 individuals were included. The study
compliedwith the Declaration of Helsinki,
the local ethics committee approved the
study, and written informed consent was
obtained from all participants.

BNP levels
Plasma BNP was determined in spare
frozen EDTA samples that had been
stored at 2808C for 4 years. BNP was de-
termined in picomoles per liter (equivalent
to 3.5 pg/mL) using an immunoradiometric
assay kit (Shionoria, Osaka, Japan). Inter-
and intra-assay variability coefficients were
in the relevant range of ,10% (13).

Markers of LV function
Echocardiography was performed at
baseline, and after a mean follow-up of 8
years with an HP SONOS 5500 echocar-
diography system (2–4 MHz transducer;
Andover, MA) according to a standardized

protocol consisting of two-dimensional,
M-mode, and pulsed-wave Doppler as-
sessments as previously described (14).
At follow-up, this protocol was expanded
with tissue Doppler assessments of LV
annular myocardial lengthening velocities.

LV mass was determined as LV mass
index and LV mass index divided by the
LV end diastolic volume index (LVMI/
LVEDVI) as previously described (11). LV
systolic function was determined by mea-
suring the LV EF. A set of three markers of
LV diastolic function was used: LA vol-
ume index and the product of LA volume
and LV mass index (LAV*LVMI) were de-
termined as described (11). The ratio of
early diastolic LV inflow velocity (E) to
early diastolic lengthening velocity (e9),
E/e9, was determined using tissue and
pulsed-wave Doppler assessments.

Additional measurements (baseline)
We assessed BMI, waist/hip ratio, heart
rate, blood pressure, prior cardiovascular
disease (CVD), serum total and HDL
cholesterol, serum triglycerides, insulin,
and HbA1c, as described elsewhere (12).
The simplified Modification of Diet in Re-
nal Disease (MDRD) equation was used to
determine the estimated glomerular filtra-
tion rate (eGFR; mL/min), with serum
creatinine values recalculated into values
standardized to referencemethods (15). All
participants were classified as non–type
2 diabetes or type 2 diabetes according
to the 2006 World Health Organization
criteria on the basis of a standard oral glu-
cose tolerance test (16). We obtained self-
reported information on health status,
medical history, current medication use,
and lifestyle habits. All participants were
screened for atrial fibrillation according
to the Minnesota criteria code 8-3-1
using a 12-lead electrocardiogram (17).

Statistical analysis
Baseline characteristics andmarkers of LV
function at follow-up are presented as
mean 6 SD or in case of a skewed distri-
bution as median (interquartile range).
The F test for ANOVA in the case of con-
tinuous variables and x2 test in the case of
proportions were performed to test for
differences between tertiles of BNP. In
the case of skewed distributions, tests
were conducted on log-transformed data.

Linear regression was used to assess
the relationship between BNP levels at
baseline with markers of LV function at
follow-up stratified for glucose status and
adjusted for age and sex. Regression co-
efficients (b) and 95% CI were reported.

Linearity was judged based on P-P plots
and residual histograms. To investigate
whether or not LV function had changed
according to baseline BNP levels, we ad-
justed all models that assessed associa-
tions with markers of LV function for
baseline values of these markers. Al-
though E/e9 at baseline was not available,
we addressed changes in E/e9 by adjusting
the relevant models for baseline LA vol-
ume index instead. We addressed addi-
tional confounding or mediation by
adding baseline values of BMI, waist-to-
hip ratio, systolic and diastolic blood
pressure, mean arterial blood pressure,
use of antihypertensive, oral antidiabetic,
or lipid-lowering medication, HbA1c, in-
sulin, total and HDL cholesterol, trigly-
cerides, eGFR, prior CVD, valvular
disease, and diabetes duration one by
one to the models. Variables that changed
the regression coefficients .10% were
deemed to be relevant confounders and
were added to the final model.

The P values ,0.05 were considered
statistically significant. The influence of
glucose status on the relationship was
investigated based on the reported re-
gression coefficients for each group. Re-
gression coefficients of the groups were
considered significantly different if they
were not present in each other’s CIs. Sta-
tistical analyses were performed with
SPSS for Windows (version 15.0, SPSS
Inc.).

In order to investigate whether or not
the associations between BNP and LV
diastolic and systolic function were mod-
ified by abnormal levels of total choles-
terol ($6.5 mmol/L) and/or triglycerides
(2 mmol/L), insulin ($100 pmol/L),
eGFR (MDRD #60 mL/min/1.73 m2)
or a low heart rate (#60 bpm), we re-
peated all regression analyses excluding
these individuals (one factor at a time)
and determined whether or not this
changed the results.

RESULTSdThe final study population
consisted of 300 individuals with BNP
levels in a range of 0.5–46.1 pmol/L, a
heart rate ,90 beats per min, of whom
96 individuals were classified as having
type 2 diabetes. In participating individ-
uals, baseline BNP levels were signifi-
cantly lower and type 2 diabetes more
prevalent than in nonattendees. In addi-
tion, baseline LV mass index, LVMI/
LVEDVI, LA volume index, and
LAV*LVM were higher and LV EF was
lower in those that did not participate in
the follow-up (data not shown).
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Baseline characteristics
Individuals with higher BNP levels were
more likely to be women and were less
likely to have type 2 diabetes compared
with those in the lowest tertile of BNP
(Table 1). Individuals in both the highest
and middle tertile were relatively older
and more likely to use antihypertensive
medication compared with those in the
lowest tertile. Heart rate, triglycerides,
and eGFR were lower with higher BNP
levels. The use of lipid-lowering medica-
tion and HDL cholesterol were higher
with higher BNP.

BNP and changes in LV mass and
markers of LV systolic and diastolic
function
After adjustment for age and sex, a 10
pmol/L higher baseline BNP was signifi-
cantly associated with a 13.5 g/m2.7

higher LV mass index after 8 years of
follow-up in individuals with type 2
diabetes (Table 2). This association
was largely independent of baseline LV
mass index, the use of antihypertensive
medication, and BMI. After these
adjustments, a 10 pmol/L higher baseline
BNP was associated with a 0.31 higher

LVMI/LVEDVI ratio in individuals with-
out type 2 diabetes.

The association between BNP and
LVMI/LVEDVI in individuals with type
2 diabetes was not significantly different
from those without type 2 diabetes, but
lost statistical significance. Baseline BNP
was not significantly associated with LV
systolic function.

After adjustment for age and sex, a 10
pmol/L increase of baseline BNP was
associated with 5.2 and 6.8 mL/m2 higher
LA volume index in individuals without
and with type 2 diabetes, respectively. In
individuals without type 2 diabetes, there
was a nonsignificant trend toward higher
LAV*LVMI and E/e9 ratio with higher BNP.
In individuals with type 2 diabetes, a 10
pmol/L higher baseline BNP was signifi-
cantly associated with a 1,430 mL*g/m2.7

higher LAV*LVMI and a 3.32 higher E/e9
ratio. These associations remained signifi-
cant after adjustment for baseline values
and other confounders. The relationship
between BNP and the other markers of
LV diastolic function were stronger for in-
dividuals with type 2 diabetes compared
with those without type 2 diabetes.

The nondiabetic versus diabetic
groups were not significantly different
with regard to LVMI/LVEDVI ratio, LV
EF, and LA volume index. Pooled results
(adjusted for sex, age, and baseline heart
function) show that a 10 pmol/L higher
baseline BNP was significantly associated
with a 0.33 (95% CI 0.14–0.52) higher
LVMI/LVEDVI ratio, a 2.7 (25.1 to
20.3) lower LV EF, and a 4.2 (1.9–6.3)
mL/m2 higher LA volume index.

All associations were similar for both
sexes (P . 0.10 for interaction), with the
exception of the associations of BNP with
LAV*LVMI and E/e9 in the same sub-
group of individuals with type 2 diabetes.
These were stronger in women with type
2 diabetes compared with men with type
2 diabetes. Exclusion of subgroups with
high pulse pressure, high lipid levels, high
insulin levels, low heart rate, and/or low
eGFR did not alter any of the adjusted as-
sociations (data not shown). Associations
were similar when analyzing subjects with
all of the measurements available (no miss-
ing echocardiographic values).

CONCLUSIONSdThe present
population-based study with an 8-year
follow-up addressing the prospective as-
sociations between BNP and markers of
LV function had two main findings. First,
we observed strong associations between
elevated BNP levels in a non–heart failure

Table 1dCharacteristics of the study population for the total population and according
to tertiles of BNP

BNP ,2.8 BNP 2.8–6.7 BNP .6.7

N 119 107 74
Baseline 2000–2001
BNP (pmol/L) 1.4 (1.0–2.0) 4.5 (3.2–5.6)† 9.3 (8.0–11.1)‡x
Percent type 2 diabetes 40.3 31.8 18.9x
Sex (% men) 60.5 43.0† 40.5x
Age (years) 65 6 6 67 6 6.4† 68 6 6x
Percent smokers 10.9 11.2 10.8
BMI (kg/m2) 27.6 6 3.6 27.4 6 3.5 27 6 3.4
Heart rate (bpm) 63 6 9 63 6 10 59 6 8‡x
Systolic pressure (mmHg) 138 6 18 141 6 18 140 6 20
Diastolic pressure (mmHg) 77 6 9 77 6 8 76 6 11
Mean arterial pressure 97 6 10 98 6 11 98 6 13
Percent on antihypertensive medication 19.3 31.8† 41.9x
Percent on lipid-lowering medication 10.9 17.8 21.6x
Percent on diabetes medication 6.7 9.3 6.8
Diabetes duration (years) 1.5 (4.7) 3.0 (5.5) 1.5 (3.4)
Fasting glucose (mmol/L) 6.1 (5.6–7.0) 5.9 (5.5–6.7) 5.6 (5.2–6.1)‡x
HbA1c (%) 5.9 (5.5–6.4) 5.9 (5.6–6.3) 5.7 (5.4–6.0)‡
Insulin (pmol/L) 70 (44–102) 58 (45–82) 47 (37–68)x
Total cholesterol (mmol/L) 5.8 6 1.1 5.7 6 1.0 5.6 6 1.0
HDL cholesterol (mmol/L) 1.3 (1.1–1.5) 1.4 (1.2–1.6) 1.5 (1.2–1.8)x
Triglycerides (mmol/L) 1.4 (1.0–2.1) 1.3 (1.0–1.7) 1.2 (0.9–1.4)x
eGFR (MDRD; mL/min/1.73 m2) 81 (73–89) 83 (72–94) 75 (70–87)‡x
Percent with prior CVD 41.4 43.1 41.9
LV mass index (g/m2.7) 39 (33–44) 37 (33–42) 37 (29–47)
LVMI/LVEDVI ratio 1.6 (1.4–1.9) 1.5 (1.3–2.0) 1.6 (1.2–2.0)
LV EF (%) 62 6 6 62 6 7 64 6 6
LA volume index (mL/m2) 21 (18–23) 21 (19–25) 25 (20–29)x
LAV*LVMI (mL*g/m2.7) 1,543

(1,134–1,919)
1,583
(1,216–1,886)

1,602
(1,196–2,257)

Follow-up 2008–2009
LV mass index (g/m2.7)* 40 (35–48) 41 (33–50) 39 (33–53)
LVMI/LVEDVI ratio* 1.8 (1.4–2.0) 2.0 (1.6–2.5) 1.9 (1.7–2.4)x
LV EF (%)* 53 6 9 54 6 9 53 6 11
LA volume index (mL/m2) 23 (18–27) 22 (18–26) 24 (18–37)‡
LAV*LVMI (mL*g/m2.7)* 1,739

(1,373–2,45)
1,641
(1,211–2,455)

1,844
(1,306–2,719)

E/e9 ratio* 8.6 (7.4–10.7) 8.6 (7.4–9.6) 8.1 (6.9–10.6)

Data are reported as mean6 SD or median (interquartile range). *Number missing: LV mass index (n = 73);
LVMI/LVEDVI ratio (n = 134); LV EF (n = 92); LA volume (n = 61); LAV*LVMI (n = 113); and E/e9 ratio (n =
23). †P , 0.05 for tertile 1 vs. 2. ‡P , 0.05 for tertile 2 vs. 3. xP , 0.05 for tertile 1 vs. 3.
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range and future changes in LV mass and
markers of LV diastolic function at 8-year
follow-up in individuals with type 2 dia-
betes. BNP was weakly associated with
changes in LV mass and markers of LV di-
astolic dysfunction in individuals without
type 2 diabetes.

The current study extends previously
reported cross-sectional associations of
BNP levels in a non–heart failure range
with markers of LV diastolic function
(11,18,19). To our knowledge, this is
the first study that shows that BNP levels
also predict future changes in LV dimen-
sions and function. Other prospective
studies showed that higher BNP levels
in a non–heart failure range predicted
heart failure, cardiovascular events, atrial
fibrillation, stroke, transient ischemic at-
tack, and increased mortality (10,20).
Our results indicate that these slightly el-
evated BNP levels might reflect ongoing

deterioration of LV diastolic function. The
relationship between BNP and 8-year de-
terioration of LV systolic function was not
significant and was similar for individuals
with and without type 2 diabetes.

There was an overall trend toward
more deterioration of LV systolic and
diastolic function in individuals without
type 2 diabetes with higher BNP levels,
but this was only statistically significant
for LA volume index and LVMI/LVEDVI.
Previous studies have shown that BNP
levels in a non–heart failure range were
associated with markers of LV function
in individuals without type 2 diabetes,
and our results indicate a similar trend.
This lack of significance in our study
might be due to the fact that the relation-
ships were weaker in individuals without
type 2 diabetes and that the number of
individuals involved in this study was
smaller than in previous studies.

The influence of glucose status on
BNP
An important finding of this study is that
the associations between BNP and mark-
ers of LV function were strengthened by
the presence of type 2 diabetes. Similar
BNP levels predicted a steeper increase of
LV mass index and a faster deterioration
of LV diastolic function in individuals
with type 2 diabetes compared with those
without type 2 diabetes. In addition,
individuals with type 2 diabetes had
lower levels of BNP in the present pop-
ulation. This has also been found in other
population-based studies (21,22). This
may be partially due in part to the high
prevalence of obesity in type 2 diabetes.
There is a hypothesis to explain this phe-
nomenon: lower BNP levels in obese in-
dividuals are observed due to a higher
clearance of natriuretic peptides as recep-
tors for clearance of natriuretic peptides
are present in adipose tissue (21). In the
Dallas Heart Study, it was found that lean
mass and not fat mass was responsible for
the association between higher BMI and
lower natriuretic peptide levels (22). One
of the explanations given was that a
substance produced in the lean mass
suppresses either synthesis or release of
natriuretic peptides from cardiomyocytes.
Although the mechanism behind this
process remains to be identified, part of
its explanation may lie in these differences
in the observed BNP levels of individuals
with type 2 diabetes.

Strengths and limitations
Strengths of the current study include its
population-based prospective design,
echocardiography at baseline and follow-
up, and the detailed characterization of all
individuals who participated in the study.
There were also some limitations. As usual
in cohort studies, the study population
was subject to selective nonresponse. The
participants that underwent echocardiog-
raphy at baseline but not at follow-upwere
more likely to have type 2 diabetes and
had higher BNP levels, higher LVMI, and
worse LV systolic and LV diastolic func-
tion. Most likely, this selection bias has led
to an underestimation of reported rela-
tionships particularly in our analyses of
individuals with type 2 diabetes. BNP
values are known to be influenced by
age, sex, other cardiac diseases such as
myocardial infarction and valvular heart
disease, renal insufficiency, medication
use, and BMI, as mentioned above (23).
We have adjusted for these factors in our
analyses in order to take these influences

Table 2dRegression coefficients per 10 pmol/L increase of baseline BNP for LV mass
and LV systolic and LV diastolic function, stratified for glucose status, and P values
for interaction tests

Non–type 2 diabetes
(n = 226)

Type 2 diabetes
(n = 74) P value

LV mass index (g/m2.7)
Sex and age 1.5 (21.6 to 4.6) 13.5* (5.3–21.7) 0.010
Baseline LVMI 20.6 (23.5 to 2.3) 11.3* (3.7–18.9) 0.004
Use of antihypertensives
and BMI 21.0 (23.9 to 1.8) 14.4* (6.9–21.9) 0.000

LVMI/LVEDVI ratio
Sex and age 0.31* (0.14–0.49) 0.74* (0.13–1.34) 0.156
Baseline LVMI/LVEDVI ratio 0.29* (0.11–0.47) 0.66* (0.06–1.26) 0.145
Use of antihypertensives
and BMI 0.26* (0.07–0.46) 0.60 (20.04 to 1.24) 0.173

LV EF (%)
Sex and age 22.3 (25.2 to 0.6) 23.4 (28.2 to 1.4) 0.786
Baseline EF 22.5 (25.4 to 0.5) 23.0 (27.5 to 1.4) 0.949
Use of antihypertensives
and BMI 22.2 (25.3 to 0.9) 23.8 (28.1 to 0.6) 0.962

LA volume index (mL/m2)
Sex and age 5.2* (2.7–7.6) 6.8* (2.5–11.2) 0.606
Baseline LAVI 4.3* (1.6–6.9) 5.7* (1.2–10.1) 0.593
Use of antihypertensives
and BMI 4.3* (1.6–7.0) 6.1* (1.8–10.4) 0.366

LAV*LVMI (mL*g/m2.7)
Sex and age 414 (2129 to 699) 1,430* (800–2,061) 0.028
Baseline LAV*LVMI 164 (2124 to 453) 1,268* (663–1,873) 0.012
Use of antihypertensives
and BMI 223 (267 to 513) 1,499* (877–2,120) 0.001

E/e9 ratio
Sex and age 0.70 (20.02 to 1.41) 3.32* (1.56–5.09) 0.005
Baseline LAVI 0.78* (0.02–1.55) 2.93* (1.07–4.80) 0.005
Use of antihypertensives
and BMI 0.71 (20.81 to 1.51) 3.13* (1.23–5.03) 0.005

*P , 0.05.
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into account. Individuals with moderate
or severe aortic or mitral valve insufficien-
cies were excluded a priori.

Another limitation is the high per-
centage of missing values for some
echocardiographic measurements. None-
theless, secondary analyses proved that
results were not altered after exclusion of
individuals who had missing values for
any of the echocardiographic measures.

In conclusion, our results demon-
strate that higher BNP levels in a non–
heart failure range were independently
associated with increased LV mass and de-
teriorated LV diastolic function, but not LV
systolic function over time, particularly in
individuals with type 2 diabetes. Therefore,
slightly elevated BNP levels should be in-
terpreted differently in individuals with
and without type 2 diabetes.
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