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BACKGROUND: Concentrations of B-type natriuretic
peptide (BNP) reflect myocardial distension and stress,
and are associated with poor prognosis in patients with
cardiovascular disease. Accordingly, we hypothesized
that concentrations of BNP would be associated with
indices of adverse left ventricular (LV) remodeling and
early stages of LV systolic and diastolic dysfunction in
healthy participants from the general population.

METHODS: We measured BNP in 1757 women and
1677 men free from known coronary heart disease
participating in the prospective observational Akershus
Cardiac Examination 1950 Study. All study participants
underwent extensive cardiovascular phenotyping at base-
line, including detailed echocardiography with assessment
of indexed LV mass (LVMI), diastolic [tissue Doppler e’,
E/e’ ratio, indexed left atrial volume (LAVI), maximal
tricuspid regurgitation velocity (TRVmax), and E/A ra-
tio], and systolic [global longitudinal strain (GLS) and LV
ejection fraction (LVEF)] function.

RESULTS: Study participants with the highest BNP con-
centrations had higher GLS, LVMI, e’, E/e’ ratio,
LAVI, TRVmax, and E/A ratio. In adjusted analyses,
both GLS and LVEF exhibited significant nonlinear
associations with BNP, with reduced LV systolic func-
tion observed in both the low and high concentration
range of BNP.

CONCLUSIONS: In healthy participants recruited from
the general population, concentrations of BNP exhibit
nonlinear associations with LV systolic function, and
both low and high concentrations are associated with

reduced LV systolic function. This supports the notion
that natriuretic peptides are beneficial and elicit cardio-
protective effects, and may have important implications
for the interpretation of BNP measurements in the gen-
eral population.

Introduction

Measurement of natriuretic peptides is fundamental in
diagnosing heart failure and higher concentrations are
strongly associated with risk of incident cardiovascular
disease (1, 2). Increasing concentrations of natriuretic
peptides are positively associated with left ventricular
(LV) mass and inversely associated with LV ejection
fraction (LVEF) both in participants from the general
population (3) and in patients with heart failure (4).
Similar associations have been demonstrated for several
indices of LV diastolic dysfunction (5). More recently,
novel and increasingly sensitive indices of LV systolic
function, such as global longitudinal strain (GLS), have
enabled assessment of subtle changes in LV systolic
function not detected by LVEF. Large investigations
have previously documented associations between LV
dilatation (6) and hypertrophy (7, 8), and risk of heart
failure, as well as associations between LV systolic dys-
function and cardiovascular morbidity and death, both
in patients with established cardiovascular disease (9)
and in participants recruited from the general popula-
tion (10). The associations between natriuretic peptides
and indices of LV structure, systolic and diastolic
function, in healthy participants from the general popu-
lation, have yet to be explored.
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Accordingly, using a large cohort of men and
women recruited from the general population examined
with state-of-the-art echocardiography, we hypothesized
that concentrations of B-type natriuretic peptide (BNP)
are increased in early stages of LV systolic and diastolic
dysfunction and mild LV hypertrophy.

Methods

STUDY OVERVIEW

The Akershus Cardiac Examination (ACE) 1950 Study
is a prospective, population-based cohort of 3706 indi-
viduals residing in Akershus County, Norway. All com-
munity dwellers born in 1950 residing in Akershus
County were invited to participate (n¼ 5827), and the
baseline examination was conducted from September
2012 to May 2015. The study was conducted at the 2
hospitals of Akershus County, Norway: Akershus
University Hospital and Bærum Hospital/Vestre Viken
Hospital Trust. The study design has been reported
previously (11). The study complies with the
Declaration of Helsinki and is approved by the Regional
Committees for Medical Research Ethics—South East
Norway (REC 2011/1475). All participants provided
informed written consent before study commencement.

PARTICIPANTS

Medical history, current medications, and socioeconomic
data, including alcohol and tobacco consumption, are
based on self-report. Coronary artery disease (CAD) was
defined as self-reported history of myocardial infarction,
coronary artery bypass grafting, or percutaneous coronary
intervention. Diabetes was defined as self-reported diabe-
tes, the use of antidiabetic medication, or the presence
of increased concentrations of hemoglobin A1c (HbA1c)
�6.5% and fasting blood glucose �126 mg/dL
(7.0 mmol/L) on baseline examination. Chronic obstruc-
tive pulmonary disease was defined as baseline postbron-
chodilator spirometry forced expiratory volume (in
1 second) to forced vital capacity ratio below the age-
dependent lower limit of normal, or by self-report when
spirometry data were missing (n¼ 4). Higher education
was defined as education at the level of college, university,
or equivalent. Participants with known CAD at baseline
(n¼ 263) were excluded from the analyses, as well as
participants with missing biomarker data (n¼ 9).

ECHOCARDIOGRAPHY

Transthoracic echocardiography was performed using
GE Vivid E9 (GE Healthcare) with the M5S probe
according to a predefined protocol. Two echocardiogra-
phy technicians and 4 trained fellows acquired the
echocardiograms. Four cardiac cycles were recorded
during breath hold at end expiration, from the following

views: parasternal long- and short-axis, and apical
four-chamber, two-chamber, and long-axis. Standard
two-dimensional images with M-mode, tissue velocity
imaging, and pulsed and continuous Doppler were
recorded, and the images were analyzed with EchoPAC
201 (GE Healthcare).

The echocardiographic assessment included
indexed LV mass (LVMI), and diastolic [tissue Doppler
e’, E/e’ ratio, indexed left atrial volume (LAVI), maxi-
mal tricuspid regurgitation velocity (TRVmax), and E/A
ratio] and systolic (GLS and LVEF) function.

A detailed description regarding echocardiography
in the ACE 1950 Study has recently been published
(12). LV mass and LA volume were indexed to body
surface area according to the Mosteller formula (LVMI
and LAVI, respectively) (13). As previously recom-
mended, we used absolute values of GLS in all analyses,
i.e., higher absolute values denoting better LV systolic
function (14). The reproducibility of GLS has been
reported as excellent and superior to that of LVEF, but
both indices are suitable for diagnosis and follow-up of
LV systolic function (15). Intra- and interobserver vari-
ability testing were performed by 2 observers (E.N.A.
and B.K.) in 15 randomly selected patients for GLS
(Table 1 in the online Data Supplement), with results
comparable to those recently reported from a multina-
tional study on strain measurements (16). All echocardi-
ography operators were blinded to the BNP results
when performing the analyses.

BLOOD SAMPLING PROCEDURES AND BIOCHEMICAL ASSAYS

Fasting venous blood samples were collected on study
visit, centrifuged at room temperature, and frozen at
�80 �C. Analyses of hemoglobin, white blood count,
C-reactive protein (CRP), glucose, HbA1c, cholesterol
[total, high-density lipoprotein (HDL)], triglycerides,
and creatinine were performed immediately by routine
hospital laboratory clinical chemistry. For CRP, concen-
trations above or equal to 3 mg/L were used to denote
the presence of low-grade systemic inflammation.
Estimated glomerular filtration rate (eGFR) was calcu-
lated with the Chronic Kidney Disease Epidemiology
Collaboration equation (17). BNP was measured in
previously never-thawed EDTA plasma samples in May
2017 with the ARCHITECT BNP assay. Limit of
detection for this assay is reported to be 10 ng/L (18)
and concentrations below the limit of detection were
assigned a value of 5.0 ng/L. The upper reference limit
of the assay is 100 ng/L at a coefficient of variation of
�12% as reported in the package insert from Abbott
Diagnostics (19). Data on coefficients of variation in the
very low concentration range provided by Abbott
Research & Development are presented in
Supplemental Fig. 1, with a coefficient of variation of

B-Type Natriuretic Peptide and Echocardiography

Clinical Chemistry 67:1 (2021) 205

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/67/1/204/6024813 by guest on 18 February 2021

https://academic.oup.com/clinchemarticle-lookup/doi/10.1093/clinchem/hvaa257#supplementary-data


Ta
bl

e
1.

Ba
se

lin
e

ch
ar

ac
te

ris
tic

s
ac

co
rd

in
g

to
se

x
sp

ec
ifi

cq
ua

rti
le

s
of

BN
P.

Q
ua

rt
ile

s
o

fB
N

P

To
ta

lc
o

ho
rt

Q
ua

rt
ile

1
Q

ua
rt

ile
2

Q
ua

rt
ile

3
Q

ua
rt

ile
4

W
o

m
en

<
10

.9
ng

/L
11

.0
to

19
.0

ng
/L

19
.1

to
33

.6
ng

/L
�

33
.7

ng
/L

M
en

<
10

.0
ng

/L
10

.0
to

14
.5

ng
/L

14
.6

to
26

.6
ng

/L
�

26
.7

ng
/L

n
V

al
ue

n
V

al
ue

n
V

al
ue

n
V

al
ue

n
V

al
ue

P
fo

r
tr

en
d

St
ud

y
si

te
A

ke
rs

hu
s

U
ni

ve
rs

ity
H

o
sp

ita
l,

n
(%

)

34
34

22
70

(6
6.

1%
)

10
09

62
4

(6
1.

8%
)

71
3

47
8

(6
7.

0%
)a

85
6

58
6

(6
8.

5%
)b

85
6

58
2

(6
8.

0%
)b

0.
00

8

D
em

o
g

ra
p

hi
cs

M
al

e
se

x,
n

(%
)

34
34

16
77

(4
8.

8%
)

10
09

56
6

(5
6.

1%
)

71
3

27
7

(3
8.

8%
)c

85
6

41
5

(4
8.

5%
)b

85
6

41
9

(4
8.

9%
)b

<
0.

00
1

A
g

e,
ye

ar
s

34
34

63
.9

(6
3.

4
to

64
.4

)
10

09
63

.8
(6

3.
4

to
64

.4
)

71
3

63
.9

(6
3.

4
to

64
.4

)
85

6
63

.9
(6

3.
4

to
64

.4
)

85
6

63
.9

(6
3.

4
to

64
.5

)b
0.

04
4

H
ig

he
r

ed
uc

at
io

n,
n

(%
)

34
24

16
13

(4
7.

1%
)

10
02

45
9

(4
5.

8%
)

71
3

32
7

(4
5.

9%
)

85
4

42
2

(4
9.

4%
)

85
5

40
5

(4
7.

4%
)

0.
40

C
ur

re
nt

sm
o

ke
r,

n
(%

)
34

07
48

4
(1

4.
2%

)
10

03
16

0
(1

6.
0%

)
70

6
10

5
(1

4.
9%

)
84

7
10

9
(1

2.
9%

)
85

1
11

0
(1

2.
9%

)
0.

16

A
lc

o
ho

lc
o

ns
um

p
tio

n,
un

its
/2

w
ee

ks
34

34
6.

0
(2

.0
to

11
.0

)
10

09
6.

0
(2

.0
to

10
.0

)
71

3
5.

0
(1

.0
to

10
.0

)
85

6
6.

0
(2

.0
to

12
.0

)
85

6
6.

0
(2

.0
to

12
.0

)a
0.

05

C
lin

ic
al

m
ea

su
re

m
en

ts

B
o

d
y

m
as

s
in

d
ex

,k
g

/m
2

34
34

26
.6

(2
4.

1
to

29
.4

)
10

09
26

.8
(2

4.
5

to
29

.8
)

71
3

26
.6

(2
4.

1
to

29
.2

)
85

6
26

.4
(2

3.
8

to
29

.1
)b

85
6

26
.5

(2
3.

7
to

29
.5

)a
0.

03
6

H
ea

rt
ra

te
,b

ea
ts

/m
in

34
33

62
.0

(5
6.

0
to

69
.0

)
10

09
65

.0
(6

0.
0

to
72

.0
)

71
3

62
.0

(5
7.

0
to

69
.0

)c
85

5
61

.0
(5

5.
0

to
68

.0
)c

85
6

59
.0

(5
4.

0
to

67
.0

)c
<

0.
00

1

Sy
st

o
lic

b
lo

o
d

p
re

ss
ur

e,
m

m
H

g
34

32
13

7.
0

(1
25

.0
to

14
9.

0)
10

09
13

4.
0

(1
24

.0
to

14
6.

0)
71

3
13

6.
0

(1
25

.0
to

14
7.

0)
85

5
13

7.
0

(1
25

.0
to

15
0.

0)
b

85
5

14
0.

0
(1

26
.0

to
15

5.
0)

c
<

0.
00

1

D
ia

st
o

lic
b

lo
o

d
p

re
ss

ur
e,

m
m

H
g

34
32

77
.0

(7
0.

0
to

84
.0

)
10

09
77

.0
(7

1.
0

to
84

.0
)

71
3

76
.0

(7
0.

0
to

83
.0

)
85

5
76

.0
(7

0.
0

to
83

.0
)

85
5

78
.0

(7
0.

0
to

85
.0

)
0.

01
1

H
is

to
ry

o
f

C
hr

o
ni

c
o

b
st

ru
ct

iv
e

p
ul

-
m

o
na

ry
d

is
ea

se
,n

(%
)

34
04

23
9

(7
.0

%
)

99
9

67
(6

.7
%

)
70

8
53

(7
.5

%
)

84
9

54
(6

.4
%

)
84

8
65

(7
.7

%
)

0.
68

D
ia

b
et

es
m

el
lit

us
,n

(%
)

34
33

26
7

(7
.8

%
)

10
09

10
6

(1
0.

5%
)

71
2

56
(7

.9
%

)
85

6
57

(6
.7

%
)b

85
6

48
(5

.6
%

)c
<

0.
00

1

C
ur

re
nt

m
ed

ic
at

io
n

D
iu

re
tic

s,
n

(%
)

34
34

98
(2

.9
%

)
10

09
20

(2
.0

%
)

71
3

21
(2

.9
%

)
85

6
25

(2
.9

%
)

85
6

32
(3

.7
%

)a
0.

15

b
b

lo
ck

er
s,

n
(%

)
34

34
31

6
(9

.2
%

)
10

09
43

(4
.3

%
)

71
3

51
(7

.2
%

)a
85

6
71

(8
.3

%
)c

85
6

15
1

(1
7.

6%
)c

<
0.

00
1

C
al

ci
um

an
ta

g
o

ni
st

s,
n

(%
)

34
34

25
6

(7
.5

%
)

10
09

72
(7

.1
%

)
71

3
55

(7
.7

%
)

85
6

62
(7

.2
%

)
85

6
67

(7
.8

%
)

0.
93

Co
nt

in
ue

d

206 Clinical Chemistry 67:1 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/67/1/204/6024813 by guest on 18 February 2021



Ta
bl

e
1.

(co
nt

in
ue

d)

Q
ua

rt
ile

s
o

fB
N

P

To
ta

lc
o

ho
rt

Q
ua

rt
ile

1
Q

ua
rt

ile
2

Q
ua

rt
ile

3
Q

ua
rt

ile
4

A
C

E-
I/

A
RB

,n
(%

)
34

34
86

0
(2

5.
0%

)
10

09
27

4
(2

7.
2%

)
71

3
16

4
(2

3.
0%

)
85

6
18

7
(2

1.
8%

)b
85

6
23

5
(2

7.
5%

)
0.

01
0

St
at

in
s,

n
(%

)
34

34
73

6
(2

1.
4%

)
10

09
24

8
(2

4.
6%

)
71

3
14

4
(2

0.
2%

)a
85

6
17

3
(2

0.
2%

)a
85

6
17

1
(2

0.
0%

)a
0.

04
2

C
lin

ic
al

ch
em

is
tr

y

C
RP
�

3
m

g
/L

34
34

73
2

(2
1.

3%
)

10
09

21
3

(2
1.

1%
)

71
3

15
4

(2
1.

6%
)

85
6

18
2

(2
1.

3%
)

85
6

18
3

(2
1.

4%
)

1.
00

G
lu

co
se

,m
g

/d
Ld

34
26

5.
3

(4
.9

to
5.

7)
10

05
5.

4
(5

.0
to

5.
8)

71
2

5.
3

(4
.9

to
5.

7)
b

85
5

5.
2

(4
.9

to
5.

7)
c

85
4

5.
2

(4
.9

to
5.

7)
c

<
0.

00
1

H
b

A
1c

,%
34

20
5.

7
(5

.5
to

5.
9)

10
03

5.
7

(5
.5

to
6.

0)
71

0
5.

7
(5

.5
to

5.
9)

b
85

3
5.

7
(5

.5
to

5.
9)

c
85

4
5.

6
(5

.4
to

5.
9)

c
<

0.
00

1

To
ta

lc
ho

le
st

er
o

l,
m

g
/

d
Ld

34
32

5.
5

(4
.8

to
6.

2)
10

08
5.

5
(4

.8
to

6.
2)

71
3

5.
6

(4
.9

to
6.

2)
85

6
5.

5
(4

.8
to

6.
2)

85
5

5.
4

(4
.7

to
6.

1)
a

0.
01

7

H
D

L
ch

o
le

st
er

o
l,

m
g

/d
Ld

34
31

1.
5

(1
.2

to
1.

8)
10

07
1.

4
(1

.1
to

1.
7)

71
3

1.
5

(1
.3

to
1.

9)
c

85
6

1.
5

(1
.2

to
1.

9)
c

85
5

1.
6

(1
.3

to
1.

9)
c

<
0.

00
1

Tr
ig

ly
ce

ri
d

es
,m

g
/d

Ld
34

31
1.

2
(0

.8
to

1.
6)

10
08

1.
3

(0
.9

to
1.

8)
71

3
1.

1
(0

.9
to

1.
6)

b
85

6
1.

1
(0

.8
to

1.
7)

c
85

4
1.

1
(0

.8
to

1.
5)

c
<

0.
00

1

eG
FR

,m
L/

m
in

/1
.7

3
m

2
34

18
85

.0
(7

5.
3

to
92

.6
)

10
05

85
.1

(7
5.

8
to

92
.5

)
71

0
85

.1
(7

5.
4

to
92

.9
)

85
3

84
.8

(7
5.

5
to

92
.3

)
85

0
85

.4
(7

4.
2

to
92

.7
)

0.
88

Ec
ho

ca
rd

io
g

ra
p

hy

G
lo

b
al

lo
ng

itu
d

in
al

st
ra

in
,%

23
89

20
.3

(1
8.

6
to

21
.8

)
68

7
19

.8
(1

8.
2

to
21

.3
)

51
8

20
.3

(1
8.

8
to

21
.8

)c
62

0
20

.6
(1

8.
9

to
22

.0
)c

56
4

20
.6

(1
8.

8
to

22
.2

)c
<

0.
00

1

Le
ft

ve
nt

ri
cu

la
r

ej
ec

tio
n

fr
ac

tio
n,

%
32

47
55

.8
(5

2.
3

to
59

.4
)

94
9

55
.3

(5
2.

1
to

58
.9

)
67

8
55

.9
(5

2.
7

to
59

.9
)b

81
2

56
.3

(5
2.

8
to

60
.0

)c
80

8
55

.4
(5

2.
0

to
59

.1
)

<
0.

00
1

Le
ft

ve
nt

ri
cu

la
r

m
as

s
in

-
d

ex
,g

/m
2

33
69

73
.4

(6
3.

7
to

85
.9

)
98

4
71

.3
(6

2.
7

to
83

.1
)

69
9

73
.0

(6
3.

4
to

83
.6

)
84

2
74

.5
(6

4.
2

to
87

.2
)b

84
4

75
.4

(6
4.

8
to

89
.9

)c
<

0.
00

1

E’
,c

m
/s

33
69

7.
5

(6
.5

to
8.

5)
99

4
7.

3
(6

.4
to

8.
2)

69
5

7.
5

(6
.4

to
8.

5)
b

84
3

7.
7

(6
.7

to
8.

7)
c

83
7

7.
7

(6
.7

to
8.

7)
c

<
0.

00
1

E/
e’

ra
tio

33
07

8.
6

(7
.2

to
10

.2
)

97
8

8.
4

(7
.1

to
9.

9)
68

1
8.

6
(7

.3
to

10
.1

)a
82

9
8.

6
(7

.2
to

10
.1

)a
81

9
8.

9
(7

.4
to

10
.5

)c
<

0.
00

1

Le
ft

at
ri

al
vo

lu
m

e
in

d
ex

,
m

L/
m

2
32

37
25

.7
(2

1.
6

to
30

.7
)

94
8

23
.3

(1
9.

7
to

27
.4

)
67

2
24

.9
(2

1.
4

to
29

.8
)c

80
8

26
.3

(2
2.

5
to

30
.6

)c
80

9
29

.1
(2

4.
3

to
34

.7
)c

<
0.

00
1

M
ax

im
al

tr
ic

us
p

id
re

g
ur

-
g

ita
tio

n
ve

lo
ci

ty
,m

/s
26

65
2.

2
(2

.1
to

2.
4)

72
9

2.
2

(2
.0

to
2.

3)
55

1
2.

2
(2

.1
to

2.
4)

a
70

1
2.

2
(2

.1
to

2.
4)

68
4

2.
3

(2
.1

to
2.

4)
c

<
0.

00
1

E/
A

ra
tio

33
12

1.
0

(0
.9

to
1.

2)
98

6
0.

9
(0

.8
to

1.
1)

69
2

1.
0

(0
.9

to
1.

2)
c

83
5

1.
0

(0
.9

to
1.

2)
c

79
9

1.
1

(0
.9

to
1.

3)
c

<
0.

00
1

a P
<

0.
05

.
b P
<

0.
01

.
c P
<

0.
00

1
co

m
pa

re
d

to
qu

ar
til

e
1.

d To
co

nv
er

tg
lu

co
se

co
nc

en
tra

tio
ns

fro
m

m
g/

dL
to

m
m

ol
/L

,m
ul

tip
ly

by
0.

05
55

6.
To

co
nv

er
tt

rig
lyc

er
id

e
co

nc
en

tra
tio

ns
fro

m
m

g/
dL

to
m

m
ol

/L
,m

ul
tip

ly
by

0.
01

12
9.

To
co

nv
er

tc
ho

le
ste

ro
lc

on
ce

nt
ra

tio
ns

fro
m

m
g/

dL
to

m
m

ol
/L

,m
ul

tip
ly

by
0.

02
58

6.
AC

E-
I,

an
gi

ot
en

sin
-co

nv
er

tin
g-

en
zy

m
e

in
hi

bi
to

rs
.A

RB
,a

ng
io

te
ns

in
II

re
ce

pt
or

bl
oc

ke
rs

.B
NP

,B
-ty

pe
na

tri
ur

et
ic

pe
pt

id
e.

CR
P,

C-
re

ac
tiv

e
pr

ot
ei

n.
eG

FR
,e

sti
m

at
ed

gl
om

er
ul

ar
fil

tra
tio

n
ra

te
.G

LS
,g

lo
ba

ll
on

gi
tu

di
na

ls
tra

in
.H

DL
,h

ig
h-

de
ns

ity
lip

op
ro

te
in

.
LA

VI
,i

nd
ex

ed
le

ft
at

ria
lv

ol
um

e.
LV

EF
,l

ef
tv

en
tri

cu
la

re
je

cti
on

fra
cti

on
.L

VM
I,

in
de

xe
d

le
ft

ve
nt

ric
ul

ar
m

as
s.

TR
Vm

ax
,m

ax
im

al
tri

cu
sp

id
re

gu
rg

ita
tio

n
ve

lo
cit

y.

B-Type Natriuretic Peptide and Echocardiography

Clinical Chemistry 67:1 (2021) 207

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/67/1/204/6024813 by guest on 18 February 2021



10% observed at approximately 8 ng/L. For the current
investigation, coefficients of variation derived from
control material from Abbott Diagnostics were 2.9% in
the high concentration range (3392 ng/L), 6.2% in the
medium concentration range (454 ng/L), and 7.7% in
the low concentration range (85.3 ng/L).

STATISTICAL METHODS

Baseline data are reported as absolute numbers (propor-
tion) or median (interquartile range) unless otherwise
stated. Continuous variables were analyzed with the
Mann–Whitney U-test, and categorical variables were
analyzed with the Fisher exact test. Concentrations of
BNP were transformed by the natural logarithm prior to
regression analyses due to a right-skewed distribution.
Correlations were assessed by Spearman rank correla-
tion. Linear regression analyses were used to assess
determinants of continuous BNP concentrations, and
the associations between echocardiographic variables
and BNP concentrations. Nonlinear associations were
assessed by quadratic effects in the linear regression
models, as well as restricted cubic splines with knots
placed at the 10th, 50th, and 90th sample percentiles.
All models were incrementally adjusted for sex, age,
study site, and a priori selected variables influencing
cardiovascular risk (BMI, eGFR, total, and HDL
cholesterol, CRP, education, heart rate, systolic blood
pressure, diabetes mellitus, smoking status, and alcohol
consumption). Additional adjustments were made for
current medication influencing cardiac function and
structure [i.e., b blockers, angiotensin-converting-enzyme
inhibitors (ACE-I)/angiotensin II receptor blockers
(ARB), and statins]. We performed interaction analyses
by sex and obesity (BMI �30) due to their established
impact on BNP concentrations (20, 21). Additional sensi-
tivity analyses were performed by (1) replacing eGFR
with creatinine concentrations and BMI with height and
body weight and (2) excluding participants with LVEF
�40% or significant LV hypertrophy (�95 g/m2 for
women and �115 g/m2 for men). Statistical significance
was assumed at P< 0.05. The analyses were performed
with STATA 16 (StataCorp LP).

Results

BASELINE CHARACTERISTICS

Of the 3706 participants from the ACE 1950 Study
baseline examination, 1757 women and 1677 men
were included in the following analyses (Fig. 1).
Characteristics of participants excluded due to history
of CAD [n¼ 263 (7.1%)], or missing biomarker
data [n¼ 9 (0.2%)] are summarized in Supplemental
Table 2.

Concentrations of BNP were measurable in 72.3%
of study participants, with a median concentration of
17.2 (interquartile range 5.0 to 30.3) ng/L, total range
5.0 to 478.7 ng/L. Distribution of BNP according to
sex is shown in Fig. 2. Concentrations of BNP were pos-
itively associated with systolic blood pressure (B coeffi-
cient 0.006, 95% CI 0.005 to 0.008), b-blocker
therapy (B 0.61, 95% CI 0.51 to 0.72), and HDL cho-
lesterol (B 0.24, 95% CI 0.17 to 0.32), and negatively
associated with male sex (B �0.27, 95% CI �0.34
to �0.21), heart rate (B �0.02, 95% CI �0.02
to �0.01), history of diabetes mellitus (B �0.15, 95%
CI �0.26 to 0.04), statin therapy (B �0.16, 95%
CI �0.23 to 0.08), and total cholesterol (B �0.09,
95% CI �0.12 to 0.06; Supplemental Table 3).

Study participants in the upper sex specific quartile
of BNP were less frequently men, and had higher blood
pressure and lower BMI and heart rate. They had less
prevalent diabetes mellitus, and were more frequently
prescribed b blockers, ACE-I/ARBs and statins. GLS,
LVMI, e’, E/e’, LAVI, TRVmax, and E/A were higher
in this group (Table 1).

ASSOCIATIONS BETWEEN BNP AND ECHOCARDIOGRAPHIC

INDICES

BNP concentrations correlated with absolute values of
GLS (r¼ 0.15; P< 0.001), LVMI (r¼ 0.06;
P< 0.001), e’ (r¼ 0.11; P< 0.001), E/e’ (r¼ 0.10;
P< 0.001), LAVI (r¼ 0.29; P< 0.001), and E/A
(r¼ 0.23; P< 0.001), but not with LVEF (r¼ 0.02;
P¼ 0.17). Figure 3 illustrates the adjusted associations
of BNP with the different echocardiographic indices.
For GLS, the linear and nonlinear associations were
fairly comparable, and the strongest nonlinear associa-
tions were observed for LVEF. For the remaining echo-
cardiographic indices, the linear models most correctly
described the associations with BNP (Table 2).

Men had significantly stronger linear associations of
BNP with LVMI (B 2.18, 95% CI 1.20 to 3.15 vs B
0.79, 95% CI �0.11 to 1.68; Pinteraction¼ 0.01), E/e’
(B 0.49, 95% CI 0.36 to 0.62 vs B 0.05, 95% CI
�0.09 to 0.20; Pnteraction¼ 0.01) and LAVI (B 2.90,
95% CI 2.51 to 3.29 vs B 1.76, 95% CI 1.39 to 2.13;
Pinteraction< 0.001), and obese participants had stronger
nonlinear associations of BNP with GLS (B �0.33,
95% CI �0.62 to �0.04 vs B �0.06, 95% CI �0.18
to 0.07; Pinteraction¼ 0.012) and weaker linear associa-
tions of BNP with E/A (B 0.06, 95% CI 0.04 to 0.08
vs B 0.07, 95% CI 0.06 to 0.09; Pinteraction¼ 0.023).
No other significant interactions were observed for these
2 prespecified groups (Supplemental Table 4).

In the sensitivity analyses, substituting serum creati-
nine, height, and body weight for eGFR and BMI did
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not alter the associations of BNP with echocardiographic
indices (Supplemental Fig. 2; Supplemental Table 5).
Excluding participants with LVEF �40% (n¼ 25),
significant LV hypertrophy (�95 g/m2 for women and
�115 g/m2 for men; n¼ 257), or both (n¼ 6) attenu-
ated the nonlinear association of BNP with GLS, as well
as enhanced a nonlinear association of BNP with LVMI
(Supplemental Fig. 3; Supplemental Table 6).

Discussion

The principal finding of the current study is that, in a
large cohort of healthy participants recruited from the
general population, higher concentrations of BNP are
independently associated with favorable LV systolic

function, expressed as higher absolute values of GLS. A
similar trend was observed for LVEF, but both associa-
tions exhibited significant nonlinear effects, with the
most favorable systolic function observed in the BNP
range of 25–30 ng/L. With regard to LV diastolic func-
tion, concentrations of BNP were linearly associated
with e’ and E/A. A more exponential association was
observed between concentrations of BNP and E/e’ and
LAVI, with an apparent break point at 20 ng/L.

Measurement of natriuretic peptides is currently
the preferred biochemical investigations in diagnosing
chronic and acute heart failure. Measurement of GLS
by echocardiography is considered the most sensitive in-
vestigation of LV systolic function (9), but has so far
not replaced estimation of LVEF in routine practice.

Fig. 1. Flow chart of participation in the study. BNP, B-type natriuretic peptide. CAD, coronary artery disease. GLS, global longi-
tudinal strain. LAVI, indexed left atrial volume. LVEF, left ventricular ejection fraction. LVMI, indexed left ventricular mass.
TRVmax, maximal tricuspid regurgitation velocity.

B-Type Natriuretic Peptide and Echocardiography
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Evidence is growing for the use of these tools in predict-
ing unfavorable outcomes such as heart failure, acute
myocardial infarction, and cardiovascular death (1, 10).
To our knowledge, our study is the first to document
significant associations between these sensitive biochem-
ical and imaging biomarkers in a healthy population-
based cohort.

ASSOCIATION OF NATRIURETIC PEPTIDES WITH LV SYSTOLIC

FUNCTION

Two important echocardiographic estimates of LV
systolic function were assessed in the current study,
GLS and LVEF. The reference standard in assessing LV
systolic function is cardiac magnetic resonance imaging
(22), but LVEF by echocardiography is still the primary
modality in the clinical evaluation of patients with
suspected heart failure, and LVEF is the criterion that
separates patients in heart failure with reduced and
preserved EF (23). Concentrations of natriuretic pepti-
des are inversely associated with LVEF in patients
with established heart failure (4) and in patients that
have undergone acute myocardial infarction (24). In the
Framingham Study, concentrations of BNP were associ-
ated with increased probability of LV systolic dysfunc-
tion (25). In the current study, we report independent
associations of BNP with GLS, the most sensitive index
of LV systolic function currently available. The positive
association of higher BNP with favorable LV systolic
function is intriguing and merits further discussion.
Contrary to the established inverse association between

natriuretic peptides and LV systolic function in both
participants with established cardiovascular disease and
in participants recruited from the general population,
we demonstrate positive associations between higher
BNP and favorable LV systolic function, as assessed by
GLS. BNP is a hormone with cardioprotective proper-
ties, mediated by vasodilatation, natriuresis, and inhibi-
tion of the the renin–angiotensin–aldosterone system.
In patients with heart failure, concentrations of natri-
uretic peptides increase in response to cardiac overload
and reflect degree of congestion. In participants from
the Atherosclerosis Risk in Communities Study, a single
polymorphism in the promoter region of the BNP gene
was associated with increased concentrations of
NT-proBNP, and subsequently reduced blood pressure,
hypertension, and mortality (26). Concentrations of
natriuretic peptides are also positively associated with
beneficial indices of cardiovascular health, such as non-
smoking, regular physical activity, healthy diet, and
well-regulated blood pressure and cholesterol (27). Our
study lends further support to the notion that in healthy
participants, increased concentrations of natriuretic pep-
tides are beneficial and, in the absence of a high-risk
cardiovascular phenotype, are associated with favorable
LV systolic function. With increasing concentrations of
BNP, the association with GLS leveled out and started
to decline and this trend toward an inverse U-shaped re-
lationship was even stronger for LVEF. The association
of low concentrations of BNP with lower LV systolic
function is in accordance with current understanding of

Fig. 2. Distribution of BNP according to sex. BNP, B-type natriuretic peptide.
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natriuretic peptide deficiency, a phenomenon linking
relative lack of natriuretic peptides with incident hyper-
tension and diabetes mellitus, and increased cardiovas-
cular risk (28) and mortality (29). Pertaining to this
notion, obese participants exhibit lower concentrations
of BNP (30), and obesity as measured by BMI is associ-
ated with impaired LVEF and GLS (31). The nonlinear
relationship of BNP with GLS was stronger for obese
participants in the current study, suggesting an impact
of obesity on the association of BNP with GLS indepen-
dently of BMI.

ASSOCIATION OF NATRIURETIC PEPTIDES WITH LV STRUCTURE

Quantification of LV mass is a fundamental part of the
basic echocardiographic assessment, primarily used to
determine the presence of LV hypertrophy. LV mass is
strongly associated with incident cardiovascular disease
(32), and attenuation of LV hypertrophy is associated
with reduced cardiovascular risk (33, 34). Several large-
scale population-based studies have previously demon-
strated associations of NT-proBNP with LV mass (35,
36). In the current study, we demonstrate similar inde-
pendent associations between concentrations of BNP

Fig. 3. Associations of BNP with indices of left ventricular structure and function. Adjusted for sex, age, study site, systolic blood
pressure, heart rate, BMI, eGFR, total and HDL cholesterol, CRP, higher education, b blockers, ACE-I/ARB, statin therapy, diabetes
mellitus, current smoking, and alcohol consumption. Restricted cubic splines with knots placed at the 10th, 50th, and 90th sam-
ple percentiles, shading representing 95% CI. BNP, B-type natriuretic peptide. GLS, global longitudinal strain. LAVI, indexed left
atrial volume. LVEF, left ventricular ejection fraction. LVMI, indexed left ventricular mass. TRVmax, maximal tricuspid regurgita-
tion velocity.

B-Type Natriuretic Peptide and Echocardiography
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and LVMI. Considering that natriuretic peptides are
synthesized intracellularly in ventricular cardiomyocytes,
this finding is not entirely unexpected and in accordance
with the associations of BNP with subclinical LV hyper-
trophy demonstrated in previous population cohorts
(37). In sensitivity analyses excluding participants with
significant LV hypertrophy, the linear association of
BNP with LVMI was attenuated, leaving an inverse
U-shaped association. Two mechanisms are most likely
responsible for this shift. First, participants with grossly
pathological LV hypertrophy exhibit high concentra-
tions of BNP, fueling linear associations when included
in the analyses. Second, due to the inherently higher
concentrations of BNP in women, the proportion of
women will naturally be higher in the upper range of
BNP when participants with significant LV hypertro-
phy are excluded. Women have lower LV mass, and
negative associations between BNP and LVMI should
accordingly be expected in the upper BNP range. The
discrepancy between higher LV mass and lower BNP

concentrations additionally explains the stronger asso-
ciations of BNP with LVMI in men.

ASSOCIATION OF NATRIURETIC PEPTIDES WITH LV DIASTOLIC

FUNCTION

In contemporary cardiology, natriuretic peptides are uti-
lized to determine the presence of systemic congestion
due to LV systolic dysfunction, and are strongly
correlated with declining LVEF (4). Increasing concen-
trations of natriuretic peptides additionally correlate
with several indices of LV diastolic function, in both
participants with reduced and preserved LVEF (38). In
smaller cohorts recruited from the general population,
increasing concentrations of natriuretic peptides are as-
sociated with increased risk of LV diastolic dysfunction
(37, 39). Our study adds to this understanding by dem-
onstrating independent associations with impaired LV
diastolic relaxation (e’), and acute (E/e’, TRVmax, E/A)
and chronic (LAVI) increases in LV filling pressure.
Contrary to the models for LV systolic function, the

Table 2. Associations between concentrations of BNP and echocardiographic indices.

B (95% CI)

BNP Model 1 Model 2 Model 3 Plinearity Pnonlinearity

GLS Linear 0.40 (0.29 to 0.51) 0.30 (0.19 to 0.41) 0.15 (0.04 to 0.27) 0.009 0.023

Quadratic �0.16 (�0.28 to �0.04) �0.16 (�0.27
to �0.04)

�0.13 (�0.25 to �0.02)

LVEF Linear �0.02 (�0.24 to 0.19) �0.17 (�0.38
to 0.04)

�0.28 (�0.50 to �0.06) 0.013 <0.001

Quadratic �0.85 (�1.06 to �0.64) �0.78 (�0.98
to �0.57)

�0.70 (�0.90 to �0.49)

LVMI Linear 1.65 (0.98 to 2.32) 2.29 (1.66 to 2.92) 1.49 (0.83 to 2.15) <0.001 0.018

Quadratic 0.71 (0.04 to 1.38) 0.55 (�0.08 to 1.17) 0.76 (0.13 to 1.39)

e’ Linear 0.17 (0.12 to 0.23) 0.18 (0.12 to 0.24) 0.16 (0.10 to 0.22) <0.001 0.31

Quadratic �0.07 (�0.12 to �0.01) �0.07 (�0.13
to �0.01)

�0.03 (�0.09 to 0.03)

E/e’ Linear 0.38 (0.28 to 0.47) 0.30 (0.21 to 0.40) 0.30 (0.20 to 0.39) <0.001 0.001

Quadratic 0.20 (0.10 to 0.29) 0.23 (0.13 to 0.33) 0.15 (0.06 to 0.25)

LAVI Linear 2.67 (2.40 to 2.93) 2.87 (2.62 to 3.13) 2.36 (2.09 to 2.63) <0.001 <0.001

Quadratic 0.86 (0.59 to 1.12) 0.77 (0.52 to 1.03) 0.96 (0.71 to 1.22)

TRVmax Linear 0.03 (0.02 to 0.04) 0.04 (0.02 to 0.05) 0.03 (0.02 to 0.04) <0.001 0.017

Quadratic 0.02 (0.01 to 0.03) 0.02 (0.01 to 0.03) 0.01 (0 to 0.02)

E/A ratio Linear 0.08 (0.07 to 0.09) 0.09 (0.08 to 0.10) 0.07 (0.06 to 0.08) <0.001 0.09

Quadratic 0.01 (0 to 0.02) 0.01 (0 to 0.02) 0.01 (0 to 0.03)

Model 1, unadjusted. Model 2, adjusted for sex, age, and study site. Model 3, adjusted for model 2, systolic blood pressure, heart rate, BMI, eGFR, total and HDL cholesterol,
CRP, higher education, b blockers, ACE-I/ARB, statin therapy, diabetes mellitus, current smoking, and alcohol consumption. P for linearity and nonlinearity in model 3. ACE-I,
angiotensin-converting-enzyme inhibitors. ARB, angiotensin II receptor blockers. BMI, body mass index. BNP, B-type natriuretic peptide. CRP, C-reactive protein. eGFR, esti-
mated glomerular filtration rate. GLS, global longitudinal strain. HDL, high-density lipoprotein. LAVI, indexed left atrial volume. LVEF, left ventricular ejection fraction. LVMI,
indexed left ventricular mass. TRVmax, maximal tricuspid regurgitation velocity.
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associations of BNP with E/e’, LAVI, TRVmax, and E/A
were more linear in nature, with an exponential increase
at BNP values surpassing 20 ng/L, probably due to
low-grade increases in LV diastolic filling pressures and
myocardial distension. The associations with E/e’ and
LAVI were also more pronounced in men, possibly due to
attenuated natriuretic peptide release compared to women.

NATRIURETIC PEPTIDES IN CARDIOVASCULAR SCREENING

Measurement of natriuretic peptides is fundamental
in making the diagnosis of chronic heart failure, and
concentrations of BNP <35 ng/L (or NT-proBNP
<125 ng/L) exclude chronic heart failure with a negative
predictive value close to 100% in the nonacute setting
(23). In the current study, we observed a favorable asso-
ciation between concentrations of BNP with LV systolic
function, but with strong trends toward inverse
U-shaped relationships for both GLS and LVEF. The
vertex of these associations was reached around 25–
30 ng/L, corresponding well with the established diag-
nostic limits for excluding chronic heart failure. With
regard to risk prediction, the association between natri-
uretic peptides and risk of cardiovascular outcomes also
appear nonlinear, with a steep increase in risk when con-
centrations approach the cutoffs recommended in cur-
rent guidelines (1). In healthy patients free from
cardiovascular risk factors and overt cardiac dysfunction,
concentrations of natriuretic peptides are apparently not
associated with cardiovascular risk (40). Conversely, in
ambulatory patients with risk factors for heart failure,
increased concentrations of BNP >50 ng/L identify par-
ticipants who especially benefit from preventive medical
interventions (2). Such a threshold effect may largely ex-
plain of the principal findings of the current study. As
long as the concentrations of natriuretic peptides remain
within the normal reference interval, the release and
physiological effects are undoubtedly beneficial and par-
ticipants with attenuated natriuretic peptide release are
at risk of impaired LV systolic function. With increasing
concentrations of natriuretic peptides surpassing the
high reference limit, the associations with LV systolic
function invert. In this setting, increasing concentra-
tions of natriuretic peptides is a pathophysiological com-
pensatory mechanism to incipient cardiac dysfunction,
ultimately associated with increased cardiovascular risk.

STRENGTHS AND LIMITATIONS

Several strengths and limitations of the current study
merit mentioning. A major strength of the study is the
use of some of the most sensitive biomarker assays cur-
rently available, in addition to an extensive and highly
sensitive echocardiographic evaluation of LV structure,
diastolic, and systolic function. We have used data from
a large community-based cohort with broad

phenotypical characterization, as well as thorough regis-
tration of socioeconomic status and medical history.
Nonresponse bias must, however, be taken into ac-
count, as we have no information on participants who
actively refused to participate or were otherwise inacces-
sible for study inclusion. As of yet, we do not have
follow-up data for the study cohort, barring us from in-
vestigating the associations between biomarkers, echo-
cardiography, and incident cardiovascular disease.
Finally, external validity to other age strata is limited, as
all participants of the study were born in 1950.

Conclusions

In healthy participants recruited from the general popu-
lation, concentrations of BNP exhibit a nonlinear associ-
ation with LV systolic function, and both low and high
concentrations are associated with impaired LV systolic
function. This supports the notion that natriuretic pep-
tides are beneficial and elicit cardioprotective effects,
and may have important implications for the interpreta-
tion of BNP measurements in the general population.
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