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OBJECTIVES To determine the frequency of unexpectedly low natriuretic peptide (NP) levels in a clinical population.

BACKGROUND Higher NP concentrations are typically observed as a compensatory response to elevated cardiac wall

stress. Under these conditions, low NP levels may be indicative of a “NP deficiency.”

METHODS We identified 3 clinical scenarios in which high B-type natriuretic peptide (BNP) levels would be expected:

1) hospitalization for heart failure (HF); 2) abnormal cardiac structure or function; or 3) abnormal hemodynamics. In

Vanderbilt’s electronic health record, 47,970 adult patients had BNP measurements. A total of 13,613 patients had at

least 1 of the 3 conditions (hospitalized HF, n ¼ 9,153; abnormal cardiac structure/function, n ¼ 7,041; abnormal he-

modynamics, n ¼ 363). We quantified the frequency of low BNP levels. We performed whole exome sequencing of the

NPPB gene in a subset of 9 patients.

RESULTS Very low BNP levels (<50 pg/ml) were observed in 4.9%, 14.0%, and 16.3% of patients with hospitalized HF,

abnormal cardiac structure/function, or abnormal hemodynamics, respectively. A small proportion (0.1% to 1.1%) in each

group had BNP levels below detection limits. Higher body mass index was the strongest predictor of unexpectedly low

BNP. Exome sequencing did not reveal coding variation predicted to alter detection of BNP by clinical assays.

CONCLUSIONS A subset of patients with confirmed HF or cardiac dysfunction have unexpectedly low BNP levels.

Obesity is the strongest correlate of unexpectedly low BNP levels. Our findings support the possible existence of NP

deficiency, which may render some individuals more susceptible to volume or pressure overload.

(J Am Coll Cardiol HF 2021;-:-–-) Published by Elsevier on behalf of the American College of Cardiology Foundation.
N atriuretic peptides (NPs) are cardiac hor-
mones with beneficial effects on renal,
vascular, and myocardial function (1–3).

NPs serve a key role as counter-regulatory hormones
against sodium overload and excessive neurohor-
monal activation. Animals with NP deficiency have
salt-sensitive hypertension, cardiac hypertrophy,
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and glucose intolerance (4). It has not been estab-
lished whether humans can have NP deficiency, anal-
ogous to other endocrine deficiencies.

Because of an endocrine feedback loop, deficient
NP production cannot be reliably determined by
assessing NP levels alone. Circulating NP concentra-
tions are determined not only by the ability to
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ABBR EV I A T I ON S

AND ACRONYMS

BMI = body mass index

BNP = B-type natriuretic

peptide

CI = confidence interval

HF = heart failure

ICD-9 = International

Classification of Diseases, Ninth

Revision

LVEF = left ventricular ejection

fraction

NP = natriuretic peptide
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produce, secrete, and clear the peptides, but
also by underlying cardiac wall stress, the
principal trigger for NP release. One strategy
for determining whether NP deficiency exists
is to identify individuals with unexpectedly
low NP levels in the context of a large,
obvious stimulus for NP release. This is
analogous to the assessment of other hor-
monal deficiencies. For instance, adrenal
insufficiency can be diagnosed by doc-
umenting inappropriately low cortisol levels
in the setting of a large stimulus (e.g., critical
illness).
HYPOTHESIS AND PURPOSE

The most potent drivers of NP release are volume and
pressure overload. Thus, we examined a large data-
base of patients admitted to an academic medical
center over 2 decades, to identify patients with con-
ditions characterized by marked volume or pressure
overload. We assessed for the presence of unexpect-
edly low B-type natriuretic peptide (BNP) levels using
stringent thresholds. Further, we performed whole
exome sequencing on DNA from a small subset of
patients with particularly low BNP measurements.

METHODS

STUDY SAMPLE. The Vanderbilt University Medical
Center Institutional Review Board approved this
study. We queried the de-identified version of the
Vanderbilt University Medical Center electronic
health record, known as the “Synthetic Derivative,”
which contains approximately 3 million records and
spans approximately 20 years (5). The Synthetic De-
rivative is linked to BioVU, the Vanderbilt DNA bio-
bank that currently contains w250,000 DNA samples
(5). Among patients at least 18 years of age who ever
had a circulating BNP level measured (n ¼ 47,970), we
identified 3 groups of patients with conditions asso-
ciated with obvious cardiac pressure or volume
overload: 1) patients hospitalized with an acute HF
exacerbation; 2) patients with markedly abnormal
cardiac structure or function by echocardiography;
and 3) patients with abnormal invasive hemody-
namics. Patient records were extracted through June
2017. The groups were not mutually exclusive; an
individual patient could belong to 1 or more groups.
For individuals who had more than 1 BNP value
measured during an episode of significant cardiac
dysfunction, the lowest value (and the characteristics
associated with that value) was used.

The hospitalized HF group included patients with a
BNP measurement during or within 24 h before a
hospitalization for HF. A hospitalization for HF was
defined by the presence of an International Classifi-
cation of Diseases, Ninth Revision (ICD-9) diagnosis
code of HF (425.* or 428.*) plus the administration of
at least 1 dose of intravenous diuretic agents during
that hospitalization. The abnormal echocardiogram
group included patients who had a BNP measurement
within 90 days of an echocardiogram demonstrating
severely reduced left ventricular ejection fraction
(LVEF # 35%) or left ventricular hypertrophy, defined
as left ventricular mass >162 g in women or >224 g in
men (6). LVEF was measured using Simpson’s biplane
method, or visually estimated if the biplane value was
not reported. Left ventricular mass (grams) was
calculated using the formula 0.8 � {1.04 � [([Left
ventricular end-diastolic diameter þ interventricular
septal thickness end-diastole þ posterior wall thick-
ness end-diastole]3 – left ventricular end-diastolic
diameter3)]} þ 0.6, in accordance with American So-
ciety of Echocardiography recommendations (6). The
abnormal hemodynamics group included individuals
who had a BNP measurement within 1 day of a cardiac
catheterization showing a left ventricular end-
diastolic pressure $20 mm Hg, pulmonary capillary
wedge pressure $20 mm Hg, right atrial
pressure $20 mm Hg, or cardiac index <2 l/min/m2

measured by thermodilution or Fick. Details
regarding the validation of the hemodynamic infor-
mation in the clinical database have been provided
previously (7,8).

BNP MEASUREMENTS. Plasma BNP concentrations
have been measured at Vanderbilt University Medical
Center since 2002, using 1 of 2 immunoassays. From
2002 until September 2013, the Biosite BNP assay was
used (Biosite Diagnostics, San Diego, California). Be-
tween 2002 and 2007, the Biosite assay was imple-
mented using the Biosite Triage platform, and from
2007 to 2013, it was run on the Beckman Coulter
(Indianapolis, Indiana) DXI platform. Since October
2013, the Abbott Architect assay has been used
(Abbott Laboratories, Abbott Park, Illinois). Both as-
says have coefficients of variation of <12% and lower
limits of detection of 10 pg/ml.

COVARIATES. Age was determined at the date of
BNP measurement. Body mass index (BMI) was
calculated using the closest weight value within 1 day
before or after the BNP measurement, and the closest
adult height value without time restriction before or
after the BNP measurement. The closest heart rate,
systolic and diastolic blood pressure, creatinine, and
glucose values on or within 1 day before the date of
BNP measurement were extracted. Values outside the
biologically plausible ranges for covariates were



FIGURE 1 Individuals Who Met Criteria for Groups of Cardiac

Dysfunction

Among 47,970 individuals with at least 1 BNP measurement,

9,153 patients had a BNP measured in the setting of a hospi-

talization for HF (“Hospitalized HF”), 7,041 individuals had a

BNP measured in the setting of an echocardiogram showing

abnormal cardiac structure or function (“Abnormal Echo”),

and 363 individuals had a BNP measured in the setting of

abnormal invasive hemodynamics (“Abnormal Hemo”). Sections

A, B, C, and D represent individuals who met criteria for more

than 1 group of cardiac dysfunction. BNP ¼ B-type natriuretic

peptide; HF ¼ heart failure.
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censored. The presence or absence of medical
comorbidities was determined based on ICD-9 codes
and other data from the electronic medical record, as
described previously (9,10).

EXOME SEQUENCING. Amino acid alterations from
coding variation in the gene encoding proBNP
(NPPB) could contribute to apparently low BNP
concentrations by interfering with the immunoas-
says. Thus, we performed whole exome sequencing
in 9 patients with unexpectedly low BNP levels.
Whole exome sequencing was performed in the
Vanderbilt Technologies for Advanced Genomics
(VANTAGE) core facility. Targeted capture was per-
formed using the Illumina (San Diego, California)
Truseq Exome Kit v1.2. Short sequence reads
generated on the Illumina HiSEQ 2500 instrument
were aligned to the human reference assembly
GRCh37 using the Burrows-Wheeler Aligner’s
“mem” function (11). Only high-quality base-calls
(PHRED-like score >30) were included, and low-
quality reads were soft trimmed. PICARD/SamTools
(12) were used to mark duplicate reads, sort and
index the alignments that then underwent quality
score recalibration, variant calling, and filtering us-
ing the Genome Alignment Toolkit v3 (13), and their
“whole exome variant calling best practices” work-
flow (14) (https://software.broadinstitute.org/gatk/
best-practices/workflow). Analysis ready variants
were annotated and extracted using SnpEFF/
SnpSIFT (15). Variants likely to result in loss of
function or nonsense-mediated decay were identi-
fied using SnpEFF prediction algorithms and
include single nucleotide variants introducing a
stop codon, altering the normal reading frame,
disrupting an essential splice site, or resulting in
deletion of critical or large portions of protein
coding sequence (15,16).

STATISTICAL ANALYSIS. As the 3 groups were not
mutually exclusive, all analyses were performed
within group and no between-group comparisons
were made. We used several thresholds to define
“low” BNP levels, ranging from 100 pg/ml (the Food
and Drug Administration cutoff for the diagnosis of
HF among dyspneic patients) to 10 pg/ml (the lower
limit of detection of the assays). Correlates of low
BNP levels were identified using multivariable-
adjusted logistic regression models with the
outcome of BNP <50 pg/ml. Covariates were selected
based on identifying the strongest predictors of
continuous BNP levels in proportional odds models,
and included BMI, LVEF, age, creatinine, sex, race,
and systolic blood pressure. Highly skewed data
underwent log transformation before inclusion in
regression models.

Numbers of missing variables are reported in
Supplemental Table 1. Missing data were addressed
using multiple imputation and bootstrapping. Multi-
ple imputation was repeated 10 times. All 10 imputed
datasets were used in the model fitting, and coeffi-
cient estimates were averaged for 10 imputations.
The variance-covariance matrix for parameter esti-
mates was also adjusted for the variability introduced
by multiple imputation. Partial effects for parameters
strongly associated with BNP levels were plotted.
Two-tailed p values < 0.05 were considered statisti-
cally significant. R version 3.4.3 (R Foundation for
Statistical Computing, Vienna, Austria) was used for
the statistical analyses.

https://doi.org/10.1016/j.jchf.2020.10.008


TABLE 1 Characteristics of Groups With Significant Cardiac Dysfunction

Hospitalized HF
(n ¼ 9,153)

Abnormal Echo
(n ¼ 7,041)

Abnormal Hemodynamics
(n ¼ 363)

BNP, pg/ml 530 (227, 1,164) 274 (100, 744) 277 (87, 932)

Age, yrs 66 (56, 76) 64 (54, 74) 63 (53, 72)

Male 56 53 62

Race, White 81 76 83

BMI, kg/m2 29.6 (25.0, 35.9) 30.3 (25.7, 36.6) 29.7 (24.9, 34.9)

BMI Category:

Lean (BMI <25 kg/m2) 25 21 26

Overweight (25 #BMI <30 kg/m2) 27 27 26

Obese (BMI $30 kg/m2) 48 52 48

CAD 67 58 87

Hypertension 85 82 76

Diabetes mellitus 21 46 39

CKD 37 25 20

Atrial fibrillation 42 27 17

Heart rate, beats per min 88 (75, 104) 82 (71, 96) 84 (75, 95)

Systolic BP, mm Hg 121 (106, 140) 124 (108, 142) 119 (103, 133)

Diastolic BP, mm Hg 67 (58, 79) 68 (58, 80) 64 (55, 78)

Creatinine, mg/dl 1.28 (0.96, 1.86) 1.20 (0.91, 1.77) 1.10 (0.88, 1.42)

Glucose, mg/dl 119 (98, 157) 112 (94, 151) 125 (102, 180)

Septal wall thickness, mm 12.0 (11.0, 14.0) 12.3 (11.0, 14.0) 12.0 (11.0, 13.4)

Posterior wall thickness, mm 11.0 (9.6, 12.5) 12.0 (10.0, 13.0) 11.0 (9.0, 12.0)

LV internal diameter in diastole, mm 49.4 (43.0, 57.0) 50.8 (45.3, 57.0) 48.0 (42.0, 55.0)

LV mass, g 227 (176, 291) 245 (202, 296) 206 (166, 284)

Prevalence of LVH 83 99 79

LVEF, % 50 (28, 55) 52 (30, 55) 48 (30, 55)

Preserved LVEF 50 53 48

LVEDP, mm Hg 21 (15, 28) 23 (15, 29) 26 (22, 30)

PCWP, mm Hg 20 (14, 27) 21 (15, 27) 22 (17, 27)

Right atrial pressure, mm Hg 12 (6, 16) 12 (8, 16) 13 (8, 17)

Cardiac Index, l/min/m2 2.4 (1.9, 3.0) 2.4 (1.9, 3.0) 2.3 (1.8, 2.9)

Continuous variables are reported as median (25th percentile, 75th percentile); other values are %.

BMI ¼ body mass index; BNP ¼ B-type natriuretic peptide; BP ¼ blood pressure; CAD ¼ coronary artery disease; CKD ¼ chronic kidney disease; Echo ¼ echocardiogram;
HF ¼ heart failure; LV ¼ left ventricular; LVEDP ¼ left ventricular end-diastolic pressure; LVEF ¼ left ventricular ejection fraction; LVH ¼ left ventricular hypertrophy;
PCWP ¼ pulmonary capillary wedge pressure.
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RESULTS

Among 47,970 patients with at least 1 BNP measure-
ment, 13,613 (28.4%) met criteria for at least 1 of the
clinical groups of HF or cardiac dysfunction (Figure 1).
A total of 9,153 patients had a BNP measured during a
hospitalization for acute HF, 7,041 patients had a BNP
measured within 90 days of a markedly abnormal
echocardiogram, and 363 individuals had a BNP
measured within 1 day of abnormal hemodynamics
(Figure 1). Characteristics of patients in these 3 groups
are shown in Table 1. A total of 72 patients met criteria
for all 3 categories of cardiac dysfunction.

The frequencies of BNP levels below prespecified
thresholds are shown in Figure 2. BNP levels <100 pg/
ml were present in 10.7% (95% confidence interval
[CI]: 10.1% to 11.4%), 24.9% (95% CI: 23.9% to 25.9%),
and 28.1% (95% CI: 23.6% to 33.1%) of patients with
hospitalized HF, abnormal echocardiograms, and
abnormal hemodynamics, respectively. BNP levels
below 50 pg/ml were present in 4.9% (95% CI: 4.4% to
5.3%), 14.0% (95% CI: 13.2% to 14.8%), and 16.3%
(95% CI: 12.6% to 20.5%) of patients with hospitalized
HF, abnormal echocardiograms, and abnormal he-
modynamics, respectively. Of the 72 patients who
met all 3 definitions of cardiac dysfunction, 4 (6%)
had BNP levels <50 pg/ml. A small percentage of in-
dividuals even had BNP levels <10 pg/ml. BNP levels
below 10 pg/ml were present in 0.4% (95% CI: 0.3% to
0.6%), 1.1% (95% CI: 0.9% to 1.4%), and 0.2% (95% CI:
0.003% to 1.7%) of patients with hospitalized HF,
abnormal echocardiograms, and abnormal hemody-
namics, respectively.

Characteristics of individuals with BNP
concentrations <50 pg/ml are shown in Table 2.
Among patients with a BNP <50 pg/ml in the context



FIGURE 2 Prevalence of Unexpectedly Low BNP Concentrations

BNP levels less than 50 pg/ml (represented by green shading) and BNP levels

below 100 pg/ml (represented by combination of green and orange shading) are

presented for patients with hospitalized HF, abnormal echocardiograms, and

abnormal hemodynamics, respectively. Echo ¼ echocardiogram; other abbrevia-

tions as in Figure 1.
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of a hospitalization for HF, the median age was 58
years, and 77% were obese. Next, we determined
predictors of BNP levels <50 pg/ml in the hospitalized
HF group, the largest group. In multivariable ana-
lyses, the strongest predictors of having a BNP
level <50 pg/ml were higher BMI (which explained
44% of the overall chi-square), followed by younger
age, higher LVEF, and lower creatinine (Central
Illustration; p < 0.001 for all). In the hospitalized HF
group, a BMI of 36.6 k/m2 (75th percentile), compared
with a BMI of 25 kg/m2 (25th percentile), was associ-
ated with an adjusted odds ratio of 2.31 (95% CI: 2.03
to 2.62) for low BNP levels. Characteristics of patients
hospitalized with HF who had low BNP (< 50 pg/ml)
stratified according to preserved versus reduced
LVEF are shown in Supplemental Table 2. Differences
between patients with preserved and reduced LVEF
in the subset with low BNP levels mirror those pre-
sent in the broader population, namely patients with
HF with preserved ejection fraction tended to be
older, with more obesity and diabetes, higher blood
pressure, and less coronary artery disease.

We performed whole exome sequencing in 9 pa-
tients with very low BNP levels (including 2 patients
with BNP at or below the detection threshold) in the
setting of HF and/or severe cardiac dysfunction. Pa-
tient characteristics and pertinent clinical histories
are reported in Table 3. Whole exome sequencing
generated a mean of 13.9 million reads per individual,
with an average of 99.9% mapping to the reference
genome and 80.5% mapping to the target sequence
(Supplemental Table 3). Coverage of genes in the NP
pathway (i.e., NPPB, CORIN, FURIN) was good, with
35 of 41 exons sequenced having 100% of base posi-
tions covered with a depth >5x. Coverage was poor
for only 3 exons (all terminal exons for respective
genes): CORIN exon 1 (bases covered at 5x 12%),
FURIN exon 1 (bases covered at 5x 0%), and FURIN
exon 16 (bases covered at 5x 31%) (Supplemental
Table 4). We did not identify synthetic pathway loss
of function variants or variants that would affect
epitopes for either the Biosite or Abbott BNP assays
(17). Loss of function variants in the NP clearance
receptor, NPR3, were found in 2 individuals.

DISCUSSION

We used a large database containing approximately
48,000 patients with BNP measurements to identify
individuals with unexpectedly low BNP levels in the
setting of established HF, cardiac dysfunction, or
hemodynamic overload. Our data support the hy-
pothesis that a relative NP deficiency may exist in
some individuals. Understanding the causes of defi-
ciency may have important clinical implications,
given the pivotal role of the NP system in the
endogenous response to salt retention, vasoconstric-
tion, and adverse cardiac remodeling.

Epidemiologic studies have demonstrated that
among healthy populations, circulating NP levels are
lower in certain individuals, such as obese compared
with lean individuals (18), men compared with
women (19), and black compared with white in-
dividuals (9). Studies in healthy individuals may not
establish whether a true “deficiency” exists, however,
because there is little stimulus for NP release in the
absence of cardiac wall stress. Large clinical data-
bases are better suited to examining scenarios under
which low hormone levels might be inappropriate.
For example, just as a “normal” cortisol level of 8 mg/
dl is inappropriate for critically ill patients in an
intensive care unit, a BNP level <50 pg/ml is probably
inappropriate in a patient with severe cardiac
dysfunction or HF.

In the present study, we examined 3 groups of
patients in which a large stimulus to BNP release
should exist. Although discordance between clinical
status and measured BNP levels was present in the
minority of patients, it was not rare. Between 5% and
16% of patients within each group of severe cardiac

https://doi.org/10.1016/j.jchf.2020.10.008
https://doi.org/10.1016/j.jchf.2020.10.008
https://doi.org/10.1016/j.jchf.2020.10.008
https://doi.org/10.1016/j.jchf.2020.10.008


TABLE 2 Characteristics of Patients Hospitalized With HF Stratified According to

BNP <50 pg/ml and BNP $50 pg/ml

Hospitalized HF

BNP BNP

<50 pg/ml (444 [4.9%]) $50 pg/ml (8,709 [95.1%])

BNP, pg/ml 28 (18, 37) 575 (264, 1,212)

Age, yrs 58 (49, 66) 67 (57, 76)

Male 51 56

Race, White 77 81

BMI, kg/m2 37.1 (31.2, 45.1) 29.3 (24.8, 35.5)

BMI Category:

Lean (BMI <25 kg/ m2) 9 26

Overweight (25 #BMI <30 kg/m2) 14 28

Obese (BMI $30 kg/ m2) 77 46

CAD 55 67

Hypertension 86 85

Diabetes mellitus 27 21

CKD 25 38

Atrial fibrillation 20 43

Heart rate, beats per min 94 (81, 106) 88 (74, 104)

Systolic BP, mm Hg 123 (110, 138) 121 (105, 140)

Diastolic BP, mm Hg 69 (61, 80) 67 (58, 78)

Creatinine, mg/dl 1.07 (0.83, 1.44) 1.29 (0.97, 1.89)

Glucose, mg/dl 121 (101, 166) 119 (98, 156)

Septal wall thickness, mm 12 (11, 14) 12 (11, 14)

Posterior wall thickness, mm 11 (10, 12) 11 (10, 13)

LV internal diameter in diastole, mm 46 (40, 50) 50 (43, 57)

LV mass, g 200 (158, 246) 229 (177, 294)

LVH 75 83

LVEF, % 55 (50, 55) 48 (28, 55)

Prevalence of preserved LVEF 79 49

LVEDP, mm Hg 24 (18, 28) 21 (15, 28)

PCWP, mm Hg 10 (5, 22) 20 (14, 27)

Right atrial pressure, mm Hg 6 (3, 17) 12 (6, 16)

Cardiac Index, l/min/m2 2.2 (2.1, 3.0) 2.4 (1.9, 3.0)

Continuous variables are reported as median (25th percentile, 75th percentile); other values are %.
Abbreviations as in Table 1.
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dysfunction had BNP levels <50 pg/ml, a threshold
that is 50% lower than the upper end of the “normal
range” for conventional BNP assays. Among patients
in whom the highest likelihood of elevated BNP
levels would be expected, namely, those hospital-
ized with HF, with abnormal hemodynamics at
cardiac catheterization, and reduced LVEF or left
ventricular hypertrophy on echocardiography, we
found the proportion of NP-deficient individuals
was approximately 6%. Remarkably, 38 patients
with hospitalized HF (0.4%) had barely detectable
BNP levels (detection threshold, 10 pg/ml). As a
comparison, the prevalence of inappropriately
low cortisol levels during critical illness has been
estimated as 13% to 30% (20,21). In our study, the
percentage of patients with BNP levels <50 pg/ml
would likely be even higher if BNP(1–32) (the bio-
logically active segment of BNP) were measured by
mass spectrometry. Prior studies have found that
BNP(1–32) measured by mass spectrometry is low in
many patients with HF, and that the commonly
used BNP clinical immunoassays measure inactive
BNP fragments in addition to the active BNP(1–32)
segment (22).

Our study was not specifically designed to assess
the precise prevalence of potential NP deficiency,
because the decision to obtain a BNP measurement
was nonrandom, particularly in earlier time periods,
when BNP testing was less common, and we used
relatively stringent hemodynamic and cardiac
structure and function thresholds to ensure speci-
ficity for a HF phenotype. Nonetheless, our data may
be a better representation of what is found in actual
clinical practice than results obtained from clinical
trials or smaller observational studies, the sources of
most of our information regarding BNP in HF. In the
Breathing Not Properly trial, Maisel and colleagues
(23) found that among individuals with HF as the
cause of acute dyspnea, 3% had a BNP level <50 pg/
ml (23), lower than the prevalence found in our
clinical cohort. In 318 patients with HF, Mehra et al.
(24) demonstrated that circulating BNP levels were
lower in obese compared with nonobese patients
(mean BNP levels 205 and 335 pg/ml, respectively)
(24). Neither these studies nor others focused spe-
cifically on characterizing patients with very low
levels.

The cause of unexpectedly low BNP levels is un-
certain, and different explanations may account for
the finding in different subsets of the population. For
some individuals, low BNP levels may reflect a
“relative” deficiency from the cumulative effect of
noncardiac factors known to affect NP production or
clearance. For instance, obesity was the most promi-
nent clinical correlate of low levels, consistent with
studies in healthy populations and animal models
(18,25–27). The mechanisms of low NP levels in
obesity are not fully established. Proposed mecha-
nisms include impaired NP production, possibly
related to insulin resistance (27,28) and/or increased
NP clearance due to higher expression levels of the
NP clearance receptor (29,30). Other correlates of low
BNP levels in the multivariable analyses (younger
age, preserved LVEF) might be evidence of lesser
degrees of stimulus for BNP secretion and a normally
responsive NP system.

On the other hand, a subset of individuals had no
identifiable factor associated with low BNP levels,
raising the possibility that some individuals have an



CENTRAL ILLUSTRATION Predictors of Having B-type Natriuretic Peptide Levels <50 pg/ml in
Patients Hospitalized With Heart Failure

Decreased Odds
of Low BNP

Increased Odds
of Low BNP

Odds Ratio
0.50 0.70 3.02.01.41.0

Variable

BMI

Age

EF

Cr

Male

Systolic BP

Overall Model X2

White

369.05

0.45

0.88

1.29

34.82

39.21

66.64

163.67

X2

44.3%

18.1%

10.6%

9.4%

0.3%

0.2%

0.1%

Prop. of Overall X2

Bachmann, K.N. et al. J Am Coll Cardiol HF. 2021;-(-):-–-.

In multivariable analyses, the strongest predictors of having BNP levels < 50 pg/ml in the setting of hospitalization with HF were higher BMI,

followed by younger age, higher EF, and lower creatinine (p < 0.001 for all). BMI ¼ body mass index; EF ¼ ejection fraction;

Prop ¼ proportion; other abbreviations as in Figure 1.
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intrinsic endocrine deficiency. Among the 9 patients
selected for exome sequencing, 5 had BMI in the
nonobese range and 7 were White (African American
individuals are known to have lower BNP levels)
(9,31). None of these individuals had coding sequence
variation that would be expected to interfere with the
epitopes for the BNP assays, reducing the likelihood
TABLE 3 Clinical Characteristics Of Patients With Inappropriately Lo

BNP Value, pg/ml Age, yrs Sex Race BMI, kg/m2 Ejection f

<10 65 F W 36.8

<10 66 M W 31.8 5

11 61 M B 27.0 5

13 55 M W 31.2 4

17 62 M W 23.4 6

18 43 F W 33.9 5

30 55 F 24.6 1

31 69 M W 28.0 5

37 71 F W 22.5

B ¼ black; EF ¼ ejection fraction; F ¼ female; Hx ¼ history; M ¼ male; W ¼ white; oth
of measurement artifact. Further, 6 of 9 patients had
multiple BNP measurements in the clinical system, all
of which were <110 pg/ml. In public databases, nat-
ural coding variation in the mature BNP transcript has
been described at position 25 (32), which is adjacent
to the sequence bound by the Abbott assay detection
antibody (positions 26–32) (17). None of the
w BNP Who Underwent Whole Exome Sequencing

raction, % Creatinine, mg/dl LVEDP, mm Hg Clinical features

0.65 25 High LVEDP; Older age

5 1.03 20 High LVEDP; Older age

5 0.88 LVH; Hx of HF

5 1.00 LVH; Hx of HF

2 2.29 20 High LVEDP; High creatinine

5 1.34 LVH; Hx of HF

1 0.8 Hospitalized for HF, Low EF

0 1.45 Hospitalized for HF; Older age

34 High LVEDP; Older age

er abbreviations as in Table 1.



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

Natriuretic peptides are cardiac-derived hormones

that counteract increased cardiac stress. Patients with

low natriuretic peptide levels in the setting of

elevated cardiac stress (e.g., heart failure) may have a

“natriuretic peptide deficiency.”

TRANSLATIONAL OUTLOOK: Future studies are

needed to define the clinical and physiologic conse-

quences of natriuretic peptide deficiency in humans,

and whether correcting natriuretic peptide deficiency

can improve outcomes.
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individuals sequenced in our sample had a variant at
this position.

STUDY LIMITATIONS. Limitations of our study
should be noted. Misclassification bias is possible
due to our definitions for the 3 groups with an HF
phenotype. The combination of ICD-9 codes for
heart failure/cardiomyopathy plus intravenous
diuretic agents has previously been demonstrated to
have high positive and negative predictive values
(w95%) compared with a manually adjudicated
clinical diagnosis (33). In the abnormal cardiac
structure and function group, BNP measures were
taken as those closest to and within 90 days of the
echocardiogram. Clinical management decisions that
may have resulted from the BNP and/or echocar-
diogram results that could have impacted the other
could not be ascertained from the electronic health
record. That said, the results in the echocardiogra-
phy group are largely consistent with the other 2
groups, for which there is greater specificity (i.e.,
acute HF and objectively measured hemodynamics.
The hemodynamic criteria for defining the abnormal
hemodynamics cohort were substantially beyond
clinically abnormal values. These stringent criteria
were applied to enhance specificity for a large
stimulus for which high BNP values would be ex-
pected. The net effect could be an underestimation
of the prevalence of unexpectedly low BNP levels.
In addition, 3 different BNP assay platforms were
used in the clinical laboratory over the course of
this study. All 3 platforms have a lower limit of
detection of 10 pg/ml, and a BNP level <50 pg/ml
would be considered unexpectedly low in the
setting of significant cardiac dysfunction for all
assay platforms. In a sensitivity analysis, results
were similar when assay type was included as
covariate in the multivariable-adjusted analyses.
Finally, whether prognosis varies according to
the presence of NP insufficiency could not be
accurately assessed using the current data, as
patients could obtain care outside of that captured
by our electronic medical record system. Addressing
prognosis in relation to NP insufficiency is a
future direction.
CONCLUSIONS

In conclusion, unexpectedly low BNP levels are pre-
sent in a subset of patients with overt HF, cardiac
dysfunction, or hemodynamic overload. These find-
ings suggest that a relative or absolute NP deficiency
can exist in certain individuals. Further investigation
is needed to define the clinical and physiological
consequences of NP deficiency in humans.
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