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Abstract

Introduction: Infants have the highest risk to die from heart failure, one of the most stressful life events in infancy. Moreover,
this early life stress may have an impact on growth, neurodevelopment and later cardiovascular risk according the Develop-
mental origins of health and disease (abbreviated DOHaD) approach.

Methods: We analyse the current long-term follow up data of 19 children who are treated with propranolol in early infancy for
severe heart failure due to congenital heart disease. We include anthropometric measurements from the medical records for
German children, in which height, weight and head circumferences were documented from birth up to the 5th year of life and
the data of weight and height at their last examination with a mean age of 9.5+3.5 years. We further analyze 24-hours heart
rate variabilities from 42 routine Holter ECG that are part of regular outpatient controls.

Results: Propranolol prevented a further preoperative decline of height Z-scores that is confirmed in a separate analysis of eight
infants with down syndrome. The preoperative Propranolol treatment is characterized by subnormal heart rates and physiolog-
ical vagus activities indicated by the HRV parameter rMSSD. During long-time follow up, the heart rates are in low normal range
and heart rate variabilities (e.g. rMSSD) are normal on average. We can exclude a detrimental effect of Propranolol therapy of
heart failure in infants due to congenital heart defects on head circumference growth, if our group reached head circumference
z-scores at long-time follow up slightly above the values given in the literature.

Discussion: These important long-time follow up data after effective pharmacotherapy of early life stress due to heart failure

in early infancy with propranolol demonstrate a beneficial effect on growth and heart rate variability that may have an impact

on neurodevelopment and later cardiovascular risk, the most important indicators for quality of life after successful cardiac
surgery of congenital heart defects.
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Introduction

“Developmental origins of health and disease (abbreviated
DOHaD) is an approach to medical research factors that can lead
to the development of human diseases during early life devel-
opment. These factors include the role of prenatal and perina-
tal exposure to environmental factors, such as undernutrition,
stress, environmental chemicals, etc”; (Wikipedia). According to
the number of children exposed, current research focused on
intrauterine growth restriction, childhood stunting by malnutri-
tion [1] and Prematurity. However, this approach seems to be
very important for infants with congenital heart disease who
suffer from heart failure — one of the most stress full life events
in infancy - affecting up to 3120000 children worldwide in 2019
[2].

The pathophysiology of early life stress is intensively investi-
gated [3] and the detrimental effect of norepinephrine on neu-
rodevelopment is well understood [4]. However, there are only
a few data of norepinephrine levels and Heart Rate Variabilities
(HRV) that indicates early life stress in these affected children.
These objective measurements are very important to identify
the high-risk infants and to proof the therapeutic interventions.
The impact of early life stress indicated by norepinephrine levels
and heart rate variability on neurodevelopment is documented
in infants after premature birth [5,6]. In congenital heart dis-
ease, we measured the highest norepinephrine levels and low-
est vagus acitivities indicated by the HRV parameter RMSSD in
infants with univentricular hearts and hemodynamic significant
septal defects, who suffer from severe heart failure [7]. Most
of all, compared to infants without a down syndrome (N=38),
we measured the highest norepinephrine level (1811 + 506 ng/|
versus 856 + 151 ng/I*, p=0.02) and lowest heart rate variability
(RMSSD: 10.9 + 6.2 ms versus 15.4 + 7.7 ms*, p=0.0286) in in-
fants with down syndrome and severe heart failure due to con-
genital heart disease.

We introduced the beta blocker Propranolol for the treat-
ment of infants with severe heart failure due to congenital heart
disease in 1996, based upon our publications that show a signif-
icantly elevated norepinephrine levels and reduced heart rate
variability in these infants [7,8]. Table 1 shows the effect of the
current pharmacotherapy of heart failure in infants with con-
genital heart disease on neurohormonal activation and heart
rate variability. Based upon prospective studies, only proprano-
lol significantly decreases plasma renin activity and aldosterone
levels and increase the reduced heart rate variability indicated
by the parameters SDNN and RMSSD. In contrast diuretics and
the ACE inhibitor enalapril significantly increase the plasma re-
nin activities by more than 400%. However, despite significant
clinical benefits indicated by Ross’s heart failure score in two
prospective randomized trials [9,10] and despite an ongoing
high mortality in infants with heart failure due to congenital
heart defects in Germany [11] and worldwide [2], this new inno-
vative treatment was not supported by the local, national and
international opinion leaders in pediatric cardiology.

Today, there are only data about nutritional supplementa-
tion in infants with early life adversities, who show some im-
provements in linear growth that are associated with small im-
provements in child development [12]. There are no data about
pharmacological interventions on early life stress.

In the current publication we analyze growth and heart rate
variabilities in our beta blocker treated infants in the longtime
follow up. In our analysis we focused on the effect of proprano-

lol on linear growth as a marker of early life stress that have an
impact on neurodevelopment [13-17].

Based upon 24 h heart rate variability measurements, we ex-
pect the missing link between growth and neurodevelopment
by an imprinting effect of early life stress on the autonomic ner-
vous system, which we call autonomic imprinting as recently
published [18]. We include the HRV data of our patients during
longtime follow up in the current analysis.

Table 1: The impact of pharmacotherapy in infants with heart
failure on Ross’ Heart Failure Score, neurohormonal activation and
24 h-Heart Rate Variability in prospective trials.

Pharmacotherapy

Parameter Diuretics [9] A ACE Inhibitor [19]  Beta-blocker [9]

(Frusemid) (Enalapril) (Propranolol)
Prospektive Trials
Ross Heart Failure Score -20%* +*0% -60%**
Norepinephrine +91% -21%
Plasma Renin Activity +406%** +450%* -52%**
Aldosterone +58% -59%*

24 h-Heart Rate Variability

Heart Rate 0% -15%**
SDNN +47%**
rMSSD +79%**

T-test between baseline versus treatment data in prospective
randomized trials: ¥*P-value < 0.05; ** P-value < 0.01; ***P-value <
0.001; ns = not significant.

Material and methods
Subjects

After publication of the compassionate use trial with pro-
pranolol in 6 infants with severe heart failure, 10 infants in
Gottingen were treated in the prospective randomized trial
CHF-PRO- INFANT [9]. However, after the clinic management
changed in 2002, this therapy was no longer possible in Got-
tingen.

Due to the rejection of this new therapeutic approach by the
opinion leaders in pediatric cardiology, the therapy was subse-
quently carried out at a small children’s hospital in Bad Mer-
gentheim without any research funding. In summary 42 infants
with severe heart failure are treated within the last 28 years, 15
of them had a Down syndrome (Table 2), 3 had other genetic
abnormalities. Four children with univentricular hearts died, all
these children had an unbalanced atrioventricular septal defect
together with down syndrome, who has the worst prognosis of
all univentricular hearts [20].

For the current analysis, we only had access to the children,
who are treated in Bad Mergentheim as indicated in table 2.
Patients with spontaneous closure of the ventricular septal de-
fect (N=3) and two patients who died have to be excluded for
further analysis. The patients had their first cardiac surgery at
an age of 6.0+1.9 month.

The anthropometric measurements were taken from the
medical records for German children, in which height, weight
and head circumferences were documented from birth up to
the 5 year of life (U1: birth, U2: 3.-10 day, U3: 4.-5. Week, U4:
3.-4. month, U5:6.-7. Month, U6: 10. 12. month, U7: 21-24.
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Table 2: The group of infants with severe heart failure, who are treated with propranolol.

3 Komplex CHD Univentricular repair Spontanous VSD | Down Syndrome
Patients (N=43) AVSD (N=21) | . . .
biventricular repair (N=7) (N=12) Closure (N=3) (N=15)
Gottingen (N=16) 8 1 7 0 5
Bad Mergentheim (N=27) 13 (10) 6(6) 5(3) 3 10 (8)
Chromosome abnormalities (N=22) 15 (71%) 3 (43%) 4 0 15
Mortality (N=4) 0 0 4 (33%) 0 4(27%)

AVSD: infants with ventricular or atrioventricular septal defects.

The number in brackets indicate the patients who were available for this analysis

month, U8: 46.-48. month, U9:60. — 64 month). We further in-
clude the data of weight and height at their last examination
with a mean age of 9.5+3.5 years. For the calculation of percen-
tiles and Z-scores we use the internet-based App Pedz (https://
pedz.de/de/rechner.html) which include specific percentiles for
children with down syndrome. For our analysis, we only use
these specific percentiles and Z-scores for children with down
syndrome!

Control group: For controls, data from normal healthy chil-
dren (N=85) were retrieved from a previous project investigat-
ing normal heart rate variabilities in children. Therefore, the
data from these patients, who attended our outpatient clinic for
exclusion of cardiac arrhythmia, was analysed retrospectively.
The retrospective analysis was approved by the ethical board of
our states medical chamber (Landesarztekammer Baden Wiirt-
temberg) and previously published [21].

We further include the data of three children with congenital
heart disease and Down syndrome (T21) treated with standard
therapy (Digoxin, diuretics, ACE inhibitor) by other cardiologists
in comparison to our beta blocker treated infants with severe
heart failure due to congenital heart disease and Down syn-
drome.

Processing and analysis of 24-hour-Holter recordings

For analysis of 24-hours heart rate variability, we use the
routine Holter ECG as part of regular outpatient controls. For
the current analysis 42 Holter ECGs are available: 10 < 2 years of
age, 10 between 2 and 4 years, 13 between 4 and 8 years and 9
older than 8 years (11.9 +2-0 years).

Measurement and interpretation of HRV parameters in the
current sample were standardized according to the Task Force
Guidelines. Cardiac autonomic functioning was measured by
a 24-hour Holter 12 bit digital ECG (Reynolds Pathfinder II,
Spacelabs, Germany; 1024 scans/sec). All Holter recordings
were reviewed by an experienced cardiologist and were edited
to validate the system’s QRS labeling in order to exclude arti-
facts. Measures of HRV were calculated employing only normal
to normal intervals.

For time domain measures, mean RR interval, resulting
heart rate and the following HRV parameters were calculated
as average hourly values and as 24-hour average values: mean
24-hours heart rate, square root of the mean of the sum of
squares of differences between adjacent NNintervals (RMSSD)
and the standard deviation of NN intervals (SDNN). RMSSD pre-
dominantly reflects changes in vagal tone.

Statistical analysis

All results were reported as mean + Standard Deviation (SD).
Parametric statistics were used for all comparisons as most
variables were normally distributed. Patients were compared
to the age matched control group of health children using an
independent samples t-test for equality of means.

Ethics

The German Federal Institute for Drugs and Medical Devices
(BfArM) and the local ethics committee approved the proto-
col of the CHF-Pro-Infant study, which was conducted in ac-
cordance with the Declaration of Helsinki Il and the Note for
Guidance on Clinical Investigation of Medicinal Products in chil-
dren (CPMP 1997). The parent’s written consent was obtained.
Today, Carvedilol (for children > 1year) and propranolol (for in-
fants) are proven in prospective randomized heart failure trials
without any advices for severe adverse events in children with
congenital heart disease. In the current cases, the technical
implementation of heart surgery and cardiac catheterization as
well as therapy planning took place in the cardio thoracic uni-
versity centers. The conversion of the therapy was discussed
extensively with the parents and an oral consent was obtained.

Results

Growth parameters (Z-scores) of all 19 children with a preop-
erative beta blocker treatment of heart failure due to congenital
heart disease are illustrated in Figure 1 at different ages from
birth until 10 years of age, indicated by the medical records for
German children (U1-U9) and the last visit at a mean age of
9.5+3.5 years, compared to the data as given in the literature
[14,16]. Very low values of height, weight and head circumfer-
ences at birth indicate the high risk of our patient group due to
the severity of the heart defect and the high portion of children
with genetic abnormalities (Table 2). However, there is only a
small further preoperative decline of weight and most of all
height z-scores in the beta-blocker treated infants compared
to the values as given in the literature. In contrast, the head
circumference z-scores are very low in our patient group but
all growth parameters (z-scores) of the beta blocker treated in-
fants show a significant catch-up growth of all three parameters
with comparable z-scores at an age of 5 (U9) to 10 years.
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Figure 1: Growth parameters (z-scores) of 19 children with a pre-
operative beta blocker treatment of heart failure due to congenital
heart disease at different ages from birth until 10 years of age, indi-
cated by the medical records for German children (U1-U9) and the
last visit at a mean age of 9.5+3.5 years, compared to the data as
given in the literature [14,16].

In order to form a uniform, more comparable group, we
grouped the eight infants with down syndrome and atrioven-
tricular septal defects together as shown in Figure 2. The growth
parameter height z-scores of our infants with preoperative beta
blocker treatment of heart failure due to congenital heart dis-
ease and Down syndrome (T21) at different ages from birth
until 10 years of age, indicated by the medical records for Ger-
man children (U1-U9) and the last visit at a mean age of 9.2+2.3
years, compared to the data of three children with congenital
heart disease and Down syndrome (T21) treated with standard
therapy (Digoxin, diuretics, ACE inhibitor) by other cardiolo-
gists and data of children with Down Syndrome and congenital
heart disease as given in the literature [14,22]. We found signifi-
cant better height Z-scores in our beta-blocker treated infants
with down syndrome that persist up to the tenth year of life
compared to the other infants with down syndrome who only
received standard therapy with digoxin, diuretics £ ACE inhibi-
tors. The only comparable data of head circumference z-scores
are given 6 months after cardiac surgery for the south African
T21 group [14] who had lower head circumference z-scores
(-2.1%1.4) compared to our beta blocker treated infants at the
same time (U6: -1.2 + 1.0). This value is comparable to the longi-
tudinal data after congenital heart surgery from Switzerland at
one year of age (Head circumference z-score: -0.82 (min. -1.82;
max. 0.04) in children without genetic abnormalities who had
significant higher head circumferences at birth (-0.2, min -0.92;
max. 0.77).

However, in contrast to the catch up growth after cardiac sur-
gery of congenital heart defects as given in the literature [23]
our beta blocker treated infants show a short post operative
decline of the height z-scores with one year (U6) in all children
(Figure 1) and children with down syndrome (Figure 2) that is
probably explained by the post operative termination of beta
blocker treatment. However, the height z scores of the beta
blocker treated infants remain higher for the complete follow
up to the tenth year of life.

Head circumference z-scores in 8 children with septal defects
and down syndrome as shown in Figure 3 remain in the low
normal range in children who received propranolol in contrast
to 3 comparable children who received standard therapy and
children with congenital heart defect and down syndrome as

Height SDS
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T T 1
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Figure 2: The growth parameter Height z-scores of 8 children
with preoperative beta blocker treatment of heart failure due to
congenital heart disease and Down syndrome (T21) at different
ages from birth until 10 years of age, indicated by the medical
records for German children (U1-U9) and the last visit at a mean
age of 9.2+2.3 years, compared to the data of three children with
congenital heart disease and Down syndrome (T21) treated with
standard therapy (Digoxin, diuretics, ACE inhibitor) and data of
children with Down Syndome and congenital heart disease as as
given in the literature [14,22].
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Figure 3: The growth parameter head circumference z-scores
of 8 children with preoperative beta blocker treatment of heart
failure due to congenital heart disease and Down syndrome (T21)
at different ages from birth until 4 years of age, indicated by the
medical records for German children (U1-U8), compared to the
data of three children with congenital heart disease and Down
syndrome (T21) treated with standard therapy (Digoxin, diuretics,
ACE inhibitor) and data of children with Down Syndome and
congenital heart disease as given in the literature [14].
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Figure 4: The effect of preoperative Propranolol therapy on
24-hours heart rate in infants with severe heart failure due to
congenital heart defects as published® and the postoperative follow
up of these infants compared to healthy controls.
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Figure 5: The effect of preoperative Propranolol therapy on 24-hours
vagus parameter rMSSD in infants with severe heart failure due to
congenital heart defects as published® and the postoperative follow
up of these infants compared to healthy controls.
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Figure 6: Graph.

given in the literature [14] who had microcephaly with a z-score
around -2 up to the first year of life. However, after successful
cardiac surgery the head circumference z-scores show a catch-
up growth in children who received standard therapy.

With respect to the Holter ECG data, we published the im-
mediate preoperative effect of propranolol in infants with
severe heart failure due to congenital heart defects on heart
rate (Figure 4) and heart rate variability indicated by the vagus
parameter RMSSD (Figure 5) [8]: Propranolol significantly de-
crease heart rate to subnormal values and increase Vagus activ-
ity (RMSSD) in the low normal range. The postoperative values
at 1 year of age show heart rates in the high normal range and
subnormal Vagus activities (RMSSD) after post operative com-
pletion of propranolol therapy. However, late postoperative
Holter ECGs after 3 years of age show heart rates in the low
normal range (Figure 4), normal global heart rate variabilities
(SDNN; Figure 6) and Vagus activities (RMSSD, Figure 5) on aver-
age.

Discussion

The longtime analysis of growth parameters and heart rate
variability of 19 children with severe heart failure due to con-
genital heart defects, who preoperatively received propranolol
therapy demonstrate important beneficial effects:

Propranolol prevented a further preoperative decline of
height Z-scores (Figure 1) that is confirmed in a separate analy-
sis of the eight infants with down syndrome (Figure 2). After
a short postoperative decrease of the height Z-scores due to
termination of beta blocker treatment, the height z scores of
the beta blocker treated infants remain higher for the complete
follow up to the tenth year of life compared to children treated
with standard therapy from literature.

The preoperative Propranolol treatment is characterized by
subnormal heart rates and physiological vagus activities indi-
cated by the HRV parameter rMSSD. After postoperative termi-
nation of beta blocker treatment, we observed an increase of
heart rates in the high normal range (Figure 4) with low vagus
activities (Figure 5, rMSSD). However, during longtime follow up
the heart rates are in low normal range and Heart Rate Variabili-
ties (e.g. rMSSD) are normal on average.

We can exclude a detrimental effect of Propranolol therapy
of heart failure in infants due to congenital heart defects on
head circumference growth, if our group reached head circum-
ference z-scores at longtime follow up slightly above the val-
ues given in the literature (Figure 1). The head circumference
z-scores of the eight infants with septal defects and Down syn-
drome who received propranolol is better compared to compa-
rable infants who received standard therapy up to the first year
of life (Figure 3).

These observations may have an important impact on neu-
rodevelopment and longtime cardiovascular risk according the
Developmental origins of health and disease (abbreviated DO-
HaD) approach. This concept, how early stress from heart fail-
ure in infants with congenital heart defects have an immediate
effect on height and a longtime effect on neurodevelopment
is illustrated in Figure 7. We expect the missing link between
growth and neurodevelopment by an imprinting effect of early
life stress on the autonomic nervous system indicated by heart
rate variability, which we call autonomic imprinting as recently
published [18]. Our data based upon 24h heart rate variabil-
ity measurements and all authors agree that nearly all children
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with operated congenital heart disease show reduced values
during longtime follow up compared to their own healthy con-
trol group [24-30]. Recently, Toyofuku A. et al found a link be-
tween lower heart rate variability and cognitive impairments
in children with congenital heart disease [31]. The complete
recovery of heart rate variability during longtime follow up in
our group of children who was treated with propranolol for se-
vere heart failure in infancy open new opportunities to improve
neurodevelopmental outcome in children with congenital heart
disease.

We include the biomarkers IGF-1 for short stature, BNP for
heart failure and norepinephrine for early life stress in Figure 7.
The relationship between serum brain-type natriuretic peptide
and IGF-1 is well documented in infants with shunt-dependent
single ventricle [32]. Poor growth is well documented in chil-
dren with congenital heart disease worldwide [16,33] and has
a significant impact on neurodevelopmental outcome [13-17]
that may be more pronounced in children with additional Down
syndrome [22]. The most important risk factor for stunting in
children with congenital heart diseases is congestive heart fail-
ure indicated by a Ross Score > 7 (OR 4.34 Cl 2.00-4.64) [34].
Linear growth in heart disease with left to right shunts is related
to insulin-like growth factor-1 and improve after surgical inter-
vention [23]. The relationship between growth and intelligence
quotient is well documented in children with Down syndrome
[35] and seems to be related to IGF1 deficiency [36].

Our observation may have a further impact on longtime car-
diovascular risk in patients with congenital heart disease, if it
is confirmed that the drop of heart rate variability in patients
with congenital heart disease can be prevented by an effective
therapy of early life stress with propranolol in infancy. The en-
hanced cardiovascular risk of patients with operated congeni-
tal heart disease is well documented [37], even in adults with
lower-complexity congenital heart disease without residual de-
fects that is not well understood [38]. Resting heart rate is a
proven indicator of the enhanced cardiovascular risk in adults
with operated congenital heart disease [39]. Our data indicates
24-hours heart rates in the low normal range after propranolol
treatment in infancy (Figure 3).

Unfortunately, our longtime follow up data are limited of
cause the missing data from the University hospital Gottingen
and the lack of developmental neurological examination, which
was not possible in our small children’s hospital and due to the
lack of research funding. However, we are happy about the very
good cognitive development of our children with down syn-
drome who are treated with propranolol for severe heart failure
in early infancy in comparison to historical controls and children
who only received standard therapy.

Neuro-
development

Early Life
Stress

(Norepinephrine)

Short
Stature

(IGF-1)

Heart
Failure

(BNP)

Figure 7: The current pathophysiological model about the impact
of early life stress on growth and neurodevelopment with a special
interest of heart failure in infants with congenital heart disease.
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