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Abstract

Objectives: BNP is the unique cardiac marker that reflects
not as much as the degree of heart muscle damage, but
mostly the severity of hemodynamic disorder, which is
important in congenital heart disease. The only disadvan-
tage of this marker is the barely studied reference values
for children. It is known that the younger the child is, the
higher the BNP value will be. By shifting from interpreting
the absolute values towards the application of zlog-
transformed data in clinical practice, we can overcome
the above problems.

Methods: We performed an age-adjusted zlog trans-
formation of BNP concentration. The age dependence was
accounted for by a piecewise linear interpolation of the
logarithms of BNP concentration among healthy children
in different age groups from the logarithms of age.
Results: The concentration of BNP was measured in 351
patients (under 1year old) with various heart diseases.
The median age at the time of testing was 52 days [10; 166];
the median weight was 4.1kg [3.2; 6.2]. The conditions
we investigated included almost all known congenital
heart diseases, as well as primary cardiac tumors. After the
zlog transformation, we eliminated age-dependence, which
was proved by comparing BNP concentrations in two
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groups of patients with univentricular and biventricular
hemodynamics.

Conclusions: BNP in patients with congenital heart disease
reflects the severity of hemodynamic disorders, and zloggyp
is an objective, age-independent and clear mechanism that
can be used to interpret this cardiac marker.
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Impact

This was the first time we proposed the zlog trans-
formation of BNP level values, which is vital for the
interpretation of this indicator in infants and newborns,
characterized by age-dependent BNP concentrations. We
have shown for the first time that in some congenital heart
defects, zloggnyp can be negative, despite the increased
absolute concentration, which indicates the absence of
signs of heart failure.

By introducing our indicator into clinical practice, we
will be able to re-evaluate the significance of BNP concen-
tration in infants and newborns with CHD, and, thereby,
improve the quality of care provided.

Introduction

B-type natriuretic peptide (BNP) and its precursor
NT-proBNP deserve a leading place among the markers of
heart failure in general clinical practice. In addition to
their diagnostic value, they allow to predict the life-
expectancy and quality of life of patients, as well as to
evaluate how effective the heart failure therapy is [1]. Both
BNP and NT-proBNP markers demonstrate comparable
diagnostic and prognostic value, and both are used for
clinical and research purposes [2]. The markers differ
mainly in the elimination rate. In addition, BNP concen-
tration does not depend on renal dysfunction [3], which
makes it more valuable in patients with critical conditions
typical to the majority of newborns with congenital heart
disease (CHD) [4].
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The strong age-dependence of BNP concentration in
children limits the use of the markers for similar purposes
since they are characterized by broad reference ranges
and significant variation at different periods of a patient’s
life, especially during the first year. Such problems can be
overcome by switching from interpreting absolute values in
favor of using zlog-transformed data in clinical practice [5,
6]. In this case, the normal distribution is achieved by log-
arithmic transformation of absolute values, and standard-
ization is done by presenting the data as the BNP
concentration mean log deviation divided by the standard
deviation of the logarithmically transformed values.

Previously, Palm J et al. similarly calculated the
zlogNT-proBNP formula for healthy children and showed
that this approach provided a more accessible interpreta-
tion of this marker of heart failure and allowed earlier
and more accurate prediction of changes in the clinical
condition of patients [6, 7]. In the present study, we
attempted to bridge the gap in the pediatric interpretation
of BNP concentration by calculating the zloggyp function
in healthy children and, thus, analyze data coming from
one-year-old patients with congenital heart disease.

Materials and methods
Methods for calculating the zloggyp function

Let us denote the 10th, 50th, and 90th percentiles as 10 % tile, 50 % tile,
and 90 % tile. To construct the zloggyp function, we used the BNP con-
centrations (50 % tile and 90 % tile) found in healthy children of different
ages. The BNP concentrations were measured by applying the enzyme-
enhanced chemiluminescence method using paramagnetic microparti-
cles as a solid phase on an Access analyzer (Beckman Coulter, USA) and
the TRIAGE BNP assay test systems [8].

Having the indicated measurement results, we can calculate the
10th percentile logarithm (log 10% tile) at each age interval. The
resulting BNP data set is known to have a log-normal distribution [9].
Thus, at each age interval, the logarithm of BNP concentration values has
anormal distribution, and the mean and median are the same and equal
to log 50 % tile (log 50 % tile is the median because the distribution
functions of the original and logarithmic data are the same). The density
function of the normal distribution is symmetric with respect to the
median, so the value of log 10 % tile is calculated by the formula:

log10 % tile = log50 % tile — (1log90 % tile — log50 % tile). (1)

Based on the available measurements, 80 % prediction interval was
chosen from LL=10 % tile to UL=90 % tile (LL is lower limit, UL is upper
limit). The log-transformed data have a normal distribution, and the Z
transformation (standardization) is performed using the formula:

log (x) -
z10gpyp (X) = 79;(0) ‘u’ %))
where x is the value of BNP concentration, y is the mean value, and o is
the standard deviation of the logarithmic BNP values.

After the Z transformation, the data have a standard normal

distribution, so —1.28 and 1.28 are z-values corresponding to 10 and
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90 % probabilities respectively. According formula (2) we get a system
of equations:

128 - 108D —p
g

128 =108 (UL ¢t
g

where we express
uilog (UL) + log (LL)

2
0—10g (UL) - log (LL)
- 2.56

We put the last two expressions into equation (2) and obtain:

_ (log(x) - (log (UL)+ log (LL))/2) x 2.56
dogy () = (log (UL) - log(LL)) @

The values of the zloggy, function have a standard normal dis-
tribution, and, therefore, almost all of them are within the interval
[-3; 3]. There is a 95 % probability that the zloggy, value lies in the
range [-1.96; 1.96].

Formula (3) is correct within one age interval. In order to obtain a
universal dependence of zloggy, values on both BNP concentration
and age, we established the dependence of log (UL), log (LL) on age t. At
each i-th age interval (i=1, ..., n and n is the number of age intervals),
the age logarithm mean value log(¢! ., 10g) Was found as the half-sum
of the logarithms of the interval limits:

log(tineanf log) = (log(tinax) + IOg (t;mn))/z (4)

We constructed the logarithm of BNP value as a piecewise linear
function of the logarithm of age:

log (x (1)) = a; + b; x log(t), )

where x(t) is the BNP value at age t; a; and b; are some constants on the

ageinterval [t ; ¢1],§=1, ..., n=1and ;=6 o5, 100 fOrj=2, ... N1, t1=tryy,,

th=thq. Coefficients a; and b; are found to satisfy the following
equations:

108 (X)) = @ + by x 108(Eean 10g)> (6)

log (Xi+1) =ai+ bf x log(t]r;lan— log)’ 0]

where x; = UL; or x; = LL; are UL or LL at age tjmean,log (the same for j+1).
Coefficients could be calculated from equations (6) and (7) as.

_ (log (xj11) — log(x;))
’ (IOE(t];lanf log) - 10g(t]1.neanf log))
oy 108t )08 )~ 198008 )
(IOS(tﬁlanf log) - log(tjmean— log))
Such system of equations (6) and (7) has the unique solution:
a’, b} for log (UL) for each j=1, ... n-1and a}*, b}"* for log(LL) for each
j=1, ... n-1. The final zloggyp formula is calculated by substituting ex-
pressions (5) for UL and LL in equation (3):

(log(x (1)) — (@™ + a}*) + (b}"* + b* )log (1)) /2) x 2.56
(% =) + (o~ 1" JoB 0 ’

> ®)

z10gpyp (X (1)) =
(10

j=1, ... , n-1. We can easily find that zlogyy, (UL) =128 and
zlogpyp (LLj) = —1.28. Such zlog values exactly correspond to 90 % tile
and 10 % tile as expected.

We can also rewrite formula (10) to be more compact:
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(log (x(t)) — ¢ —dlog(t)) x 2.56
e+flog(t)
c=(q" +a")/2.d= (b" +b")[2.e

_ UL _ LL £ _ pUL _ pLL
=a; a; ,f_b]. bj.

> 1n

zloggp (X (1)) =

Patient characteristics

A total of 351 patients with heart disease under 1 year old were exam-
ined. The median age was 52 days [10; 166]; the median weight was 4.1kg
[3.2; 6.2]. The conditions we examined included almost all known CHDs,
as well as primary cardiac tumors. Twenty-four patients had previously
undergone either the pulmonary artery banding or systemic to pul-
monary artery shunt procedure. Signs of circulatory failure were noted
in 197 (56 %) patients.

We divided 303 patients into subgroups depending on a CHD
variant (ventricular septal defect (VSD), VSD after pulmonary artery
banding, VSD combined with aortic coarctation, tetralogy of Fallot, te-
tralogy of Fallot after systemic to pulmonary artery shunt, common
open atrioventricular canal, atrial septal defect (ASD), congenital aortic
stenosis, patent ductus arteriosus, isolated pulmonary artery stenosis,
aortic isthmus hypoplasia, main artery transposition, hypoplastic left-
heart syndrome and aortic coarctation), each including at least 10
patients.

Laboratory tests

Venous blood sampling was performed in the morning on an empty
stomach. BNP concentrations were measured by the microparticle
chemiluminescence method using the Architect i1000sr immunoassay
analyzer (Abbott, USA).

Statistics

The data analysis was performed using SPSS 22.0 software. The de-
pendences log 90 % tile and log 10 % tile on log (t) with regard to the
number of patients were plotted using linear regression. Quantitative
variables were compared using the Mann-Whitney test.

Results
zloggnp function

The number of patients, their age, BNP concentration, and its
50 % tile and 90 % tile values used in the following analysis
are given in Table 1.

The results of the log transformation (log 10 base) of
the age and BNP concentration are presented in Table 2.
The age logarithm mean values log (t) and the 10th
percentile logarithm (log 10 % tile) were calculated by for-
mulas (4) and (1), respectively.

Using formulas (8)-formulas (9) and data from Table 2,
we found the coefficients for the zloggy, formula (10):
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Based on data from Table 3, we calculated the
coefficients for the zloggyp formula (11) (Table 4):

Clinical use of the zloggyp function

In the patient cohort we investigated, BNP concentration
varied from 7 to 19,585 ng/L (arithmetic mean was 1,088 ng/L,
mean square deviation was 2,657.34ng/L, median was
90 ng/L, Q1 was 21.3 ng/L, Q3 was 700 ng/L, asymmetry ratio
was 4.34, eccentricity ratio was 22.68), and the zloggyp value
was from —-4.3 to +7.5 (arithmetic mean was 0.05, mean
square deviation was 2.58, median was 0.18, Q; was —2.08, Q3
was 2.09, asymmetry ratio was 0.37, eccentricity ratio
was —0.66). After the zlog transformation, we no longer
observed the age-dependence of BNP concentration
(Figure 1).

BNP values were strongly dependent on the variant of
congenital heart disease (Table 5).

It should be noted that while some congenital diseases
had predominantly high (more than 1.96) zloggyp values
(hypoplastic left heart syndrome, transposition of the great
arteries), there were also CHDs with prevailing zloggnp
values less than -1.96 (atrial septal defect, isolated pulmo-
nary artery stenosis, double aortic arch) (Figure 2). Sepa-
rately, we should single out AS and moderate hypoplasia of
the aortic isthmus, in which zloggyp values are characterized
by a significant interquartile range. This fact is due to
hemodynamic heterogeneity of the indicated subgroups,
since they included patients based on morphological fea-
tures only.

Of particular interest are the patients after pulmonary
artery banding and tetralogy of Fallot after shunt operation.
The former were characterized by lower zloggyp values
compared to the primary patients with VSD. In contrast,

Table 1: Initial data for the number of patients, age and BNP concen-
tration (based on Cantinotti et al. [8]).

i Age interval Number of BNP concentration, ng/L
limits, h patients

tmin timax Min Max 50 %tile 90 % tile
1 1 24 57 41 837 224 521
2 25 48 49 53 866 242 457
3 49 96 50 23 862 152 315
4 97 192 32 10 739 45 224.4
5 193 720 34 9 63 27 55.2
6 721 8760 69 1 53 19 36
7 8761 105120 142 1 46 14.5 28.3

i is the number of the age interval.
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Table 2: Log transformation of age and BNP concentration.

DE
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Log transformation of age

Log transformation of BNP concentration

Log (tmin) Log (tmax) Log (tmean-— log) Log 10 % tile Log 50 % tile Log 90 % tile
1 0 1.380211 0.690106 1.983658313 2.350248 2.716837723
2 1.39794 1.681241 1.539591 2.107714532 2.383815 2.6599162
3 1.690196 1.982271 1.836234 1.865376622 2.181844 2.498310554
4 1.986772 2.283301 2.135036 0.955402175 1.653213 2.351022853
5 2.285557 2.857332 2.571445 1.120788451 1.431364 1.741939078
6 2.857935 3.942504 3.40022 1.001204701 1.278754 1.556302501
7 3.942554 5.021685 4.48212 0.870949569 1.161368 1.451786436
Table 3: Coefficients for the zloggyp formula (10).
j b]I.L a][.L bJUL ajUL tj tj+1
1 0.146037 1.882877 -0.06701 2.76308 1 34.64105
2 -0.81693 3.36546 —-0.54478 3.498657 34.64105 68.58577
3 -3.04541 7.457461 -0.49293 3.403441 68.58577 136.4696
4 0.378971 0.146286 -1.39567 5.330833 136.4696 372.7735
5 —-0.14429 1.491822 —-0.22399 2.317915 372.7735 2513.159
6 -0.12039 1.410574 —-0.0966 1.884778 2513.159 105120
j is the number of the age interval.
Table 4: Coefficients for the zloggyp formula (10).
j C d e f t tit
1 2.3229785 0.03951494 0.880202 -0.21304 1 34.64105
2 3.4320583 —0.6808581 0.133197 0.272153 34.64105 68.58577
3 5.4304509 -1.7691685 -4.05402 2.552482 68.58577 136.4696
4 2.7385592 —-0.5083505 5.184547 -1.77464 136.4696 372.7735
5 1.9048682 —-0.1841394 0.826093 -0.0797 372.7735 2513.159
6 1.6476757 —0.1084995 0.474204 0.023791 2513.159 105120
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Figure 1: Scatter graph of BNP concentration (A) and Zloggyp (B) as a function of age.
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Table 5: BNP values in patients with various congenital heart diseases.
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Congenital heart disease Number of observations BNP concentration zlogenp

[Me, Q1; Q3] [Me, Q1; Q3]
VSD 70 137 [53; 664] +2.9[1.5; 4.7]
TOF 33 29 [18; 67] +0.2 [-0.6; 1.5]
TOF after BTS 8 38[17; 90] +1.2[-1.2,;3.2]
VSD after PAB 12 28[13; 92] +0.8 [-0.5; 2.8]
CoA 45 1391 [55; 3474] +3.7[1.2;5.2]
AVSD 14 282 [70; 1,557] +4.2 [2.0; 5.4]
ASD 19 15[7; 34] -0.2[-1.7;1.3]
AS 15 90 [24; 461] +1.8[0.4; 4.1]
PDA 17 28 [12; 95] +0.8 [-0.7; 3.0]
PS 18 17 [10; 170] —0.6 [-1.5; 1.6]
Aortic isthmus hypoplasia 12 362 [47; 1502] +2.3[0.4; 5.1]
Double aortic arch 10 717, 21] -1.8[-2.0; -1.1]
TGA 8 2527 [628; 6663] +3.9[1.8; 4.9]
HLHS 15 2999 [950; 7000] +4.7 [3.3; 6.9]

VSD, ventricular septal defect; ToF, tetralogy of Fallot; TOF after BTS, tetralogy of Fallot after shunt operation; VSD after PAB, VSD after pulmonary artery
banding; CoA, coarctation of the aorta; AVSD, atrioventricular septal defect; ASD, atrial septal defect; AS, aortic valve stenosis; PDA, patent ductus arteriosus;
PS, pulmonary stenosis; TGA, transposition of the great arteries; HLHS, hypoplastic left-heart syndrome.
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Figure 2: Tukey graph of zloggnp values in patients with different CHDs.

Diagnosis
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after systemic pulmonary anastomosis, the zloggyp values
were higher than in primary patients with tetralogy of Fallot.

When comparing BNP values in patients with uni-and
biventricular hemodynamics (Table 6), we observed
the standardization of values, expressed as the approxi-
mation of arithmetic mean to median, and significantly
higher zloggyp values in patients with univentricular
hemodynamics.

Discussion

The zlog transformation of absolute values of BNP concen-
tration we performed served three purposes. First, it facili-
tated the standardization and approximation of values to the
normal distribution. Second, we simplified the clinical
interpretation of laboratory results, meaning that we did not
try to interpret 3-4-digit numbers, but rather to estimate how
distant a zloggyp Value from 0 was (the normal range is
from -1.96 to +1.96) [5]. Third, we eliminated the age
dependence of values we interpreted.

Natriuretic peptides in terms of clinical laboratory
diagnostics are a unique kind of cardiac markers, reflecting
not so much as the degree of organ or tissue damage or the
severity of morphological changes, but mostly showing the
degree of a hemodynamic compromise.

The key to the correct interpretation of NP values is to
know the conditions of their synthesis and secretion. In
the healthy heart of an adult, ANP and BNP are synthesized
by atrial and ventricular cardiomyocytes, which, thus, act
as preload sensors. The preformed natriuretic peptides
are found in mature secretory granules, and the ratio of
ANP to BNP in them is fixed. NP secretion can be carried
out exocytically by their mature secretory granules or by
the constitutive pathway, which involves the de novo syn-
thesis of natriuretic peptides and their incorporation
into cisternae of the Golgi apparatus. In the healthy heart,
the first pathway predominantly provides basal secretion,
and the second ensures stimulated secretion. BNP is pre-
dominantly secreted through the constitutive pathway.
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Neurohormones (endothelin 1, angiotensin 2), mechanical
distension of the atrial paries stimulate NP secretion, while
cytokines also stimulate BNP secretion [10].

In the fetal heart, BNP synthesis reaches the maximum
level during mid-pregnancy, followed by a decrease, but the
level is still higher than in the heart of an adult [11]. After
birth, the decrease in NP secretion occurs gradually against
the background of changes in the ratio of cardiac contrac-
tile protein isoforms [12]. However, a high BNP concentra-
tion in neonates may also be a consequence of a higher
preload due to a relatively larger circulating blood volume
compared to adults.

The development of both global and local myocardial
hypertrophy with fetalization of the cardiomyocyte
phenotype is combined with the NP synthesis reprogram-
ming [13]: there is an increase in BNP mRNA content in
cardiomyocytes, its accumulation in secretory granules
occurs, and the constitutive secretion pathway is supple-
mented by the exocytic one [10]. Considering a neonate
with congenital heart disease, one should be aware that
high BNP concentrations may be due to both the persistent
fetal phenotype of cardiomyocytes, which can transform
into the adult one quite quickly, and it’s reprogramming in
case of an abnormality, as well as specific hemodynamic
disturbances, inherent to a certain congenital heart dis-
ease. Increased preload with elevated myocardial tension
suggests increased NP secretion. CHDs, characterized by
low preload, low end-diastolic pressure, low tension of
cardiac cavity parietes, will proceed with low NP concen-
tration. These facts explain the low zloggyp Values in the
subgroups with atrial septal defect and isolated pulmonary
artery stenosis, as well as the differences in zloggyp that
existed between the subgroups with primary CHD and the
same name CHD after salvage procedures. Thus, BNP con-
centration in early life is strongly dependent on both
physiological and pathological factors, and it is vital for
clinicians to identify the root cause of increased BNP
concentration.

The zlog transformation of BNP concentration elimi-
nates its age-dependence and allows to expand the possi-
bilities of applying this marker in children. Such an example

Table 6: Distribution of BNP and zloggyp values depending on hemodynamic type.

Number of patients Median age, days BNP zloggnp
Mean Median p-Value Mean Median p-Value
Univentricular 31 5 3764 1109 0.0001 42 44 0.0001
Biventricular 320 65 829 78 2.1 1.9
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is our comparison of patients with uni-and biventricular
hemodynamics. If we compared the absolute values of
BNP concentration, we would not be confident that the
results we would obtain would be reliable since the groups
differed significantly in terms of age. However, by
analyzing age-independent zloggyp, we could reliably say
that patients with univentricular hemodynamics had a
higher level of BNP secretion.

By improving this research, we can also solve more
specific tasks. In the recent study, researchers measured
NT-proBNP concentration in children after the Norwood
procedure and proved that there were changes due to the
shunt type. It was proved that the Sano modification of the
operation led to a greater prevalence of right ventricular
dysfunction and higher NT-proBNP values [14].

Different test systems for determining BNP concen-
tration have a highly variable degree of consistency of the
results. Calculating the zloggyp formula for each of the
existing test systems requires the accumulation of suffi-
cient samples from healthy children of all ages, which
seems difficult to achieve, including for ethical reasons. The
presented zlog transformation model calculated on the
basis of the results obtained with the TRIAGE BNP assay test
system showed satisfactory results with the ARCHITECT
BNP Assay test system. The formula we proposed may have
limited application when determining the limits and eval-
uating the results obtained with other tests systems and
may require adjustments. However, this formula is viable
when comparing the values of different patients or
following up on them if they are examined using the same
test system.

Zlog transformation of absolute BNP values in this paper
was based on the available data [8]. Direct use of BNP 10 %
tile and 90 % tile as upper and lower limits of age intervals in
zlog formula may lead to considerable jumps of zlog values
from one age group to the next [15]. In our research age
dependence of zlog values was achieved via interpolation of
UL and LL values from each age interval. More accurate age-
dependent limits may be calculated by the methods with
higher resolution [16].

Conclusions

Thus, the synthesis and secretion of BNP in patients with
congenital heart disease primarily reflects the nature and
severity of hemodynamic abnormalities, and zloggyp is an
objective (age-independent primarily) and clear mechanism
allowing to interpret this cardiac marker. In addition, we
believe that further study of zloggyp has the potential to
profoundly
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