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Abstract 
Introduction: The impact of growth hormone therapy in children with short 
stature on cardiovascular prognosis seems to be unpredictable from big data-
bases. The enhanced cardiovascular risk in this group of patients may be re-
lated to adverse autonomic imprinting by early life stress. Autonomic dys-
function and possible effects of growth hormone therapy on the autonomic 
nervous system can be measured easily by calculating heart rate variability 
(HRV) from Holter electrocardiogram monitoring. Methods: We performed 
HRV analysis prior to growth hormone therapy (N = 33), within the first year 
of growth hormone therapy between 4 and 10 years of age (N = 19), at least a 
further HRV measurement between 10 and 15 years (N = 30). Additional 
measurements were performed before and after cessation of growth hormone 
therapy (N = 14). Data were compared to untreated pediatric patients with 
short stature and to age matched healthy controls. Results: Untreated pa-
tients with short stature due to growth hormone deficiency or intrauterine 
growth restriction in early childhood have significantly increased heart rates 
most of all at night and concomitantly reduced global HRV indicated as 
Standard Deviation of Normal to Normal Intervals (SDNN). Growth 
hormone treated adolescents and the untreated patients with short stature 
show significantly elevated mean heart rates and concomitantly reduced va-
gus activities measured as reduced Route Mean Square Standard Deviation 
(RMSSD). After cessation of growth hormone treatment SDNN significantly 
increases and heart rate decreases to normal values in formerly treated pa-
tients with catch-up growth. Conclusion: There is a comparable autonomic 
dysfunction in treated and untreated children with short stature as an indica-
tor for enhanced cardiovascular risk. After cessation of growth hormone 

How to cite this paper: Buchhorn, R. and 
Willaschek, C. (2020) Growth Hormone 
Treatment, Cardiovascular Risk and Auto-
nomic Maturation in Children and Ado-
lescents with Growth Hormone Deficiency 
or Born Small for Gestational Age. Open 
Journal of Pediatrics, 10, 12-29. 
https://doi.org/10.4236/ojped.2020.101002 
 
Received: December 6, 2019 
Accepted: January 16, 2020 
Published: January 19, 2020 
 
Copyright © 2020 by author(s) and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/  

  
Open Access

https://www.scirp.org/journal/ojped
https://doi.org/10.4236/ojped.2020.101002
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/ojped.2020.101002
http://creativecommons.org/licenses/by/4.0/


R. Buchhorn, C. Willaschek 
 

 

DOI: 10.4236/ojped.2020.101002 13 Open Journal of Pediatrics 
 

therapy, we found a significant improvement of reduced HRV to normal val-
ues. 
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1. Introduction 

Short Stature is associated with an increased cardiovascular mortality [1], most 
of all in former children with growth hormone deficiency (GHD) [2] and intra-
uterine growth retardation [3]. Interventions in middle income countries that 
are aimed at improving birth weight and growth during the first two years seem 
to improve further growth, schooling and apparently provide some protection 
from chronic disease in adulthood. But increasing weight and height seem to in-
crease blood pressure in adulthood [4]. However, in children with short stature 
the impact of growth hormone therapy on cardiovascular mortality seems to be 
unpredictable. A large European study has been started to proof Safety and Ap-
propriateness of Growth hormone treatment in Europe (SAGhE cohort; 
http://cordis.europa.eu/search/result_de?q=saghe) in 24,232 patients, most 
commonly treated for isolated growth failure (53%), Turner syndrome (13%) 
and growth hormone deficiency linked to neoplasia (12%). The results an-
nounced for 2015 have not yet been published but probably will confirm the 
known increased cardiovascular risk in patients with short stature. Recently 
published data from the GeNeSIS observational program, which were collected 
from 1999 to 2015, support the safety of pediatric growth hormone treatment 
[5]. However, according to the low cardiovascular risk in “otherwise healthy 
children” nearly all growth hormone treated children will not reach cardiovas-
cular endpoints like myocardial infarction, sudden cardiac death or stroke in 
childhood. Therefore, the impact of growth hormone (GH) therapy on cardi-
ovascular mortality in later adult life remains unclear by observational studies. 
Investigating heart rate variability (HRV) as a well established surrogate para-
meter for cardiovascular risk seems to be informative. 

GH replacement improves cardiovascular health in adults suffering from 
growth hormone deficiency [6]. However, comorbidities related to the cardiovas-
cular system are one of the most prevalent in adults with acromegaly due to GH 
excess [7]. The pathophysiology is not well understood but intense sympathetic 
nerve activity in patients with untreated growth hormone deficiency [8] seems to 
be the link between the autonomic nervous system and cardiovascular risk. 

By measuring HRV, which is a non-invasive surrogate parameter to predict 
the cardiovascular risk, we achieve insight into the maturation process of the 
autonomic nervous system in childhood. HRV increases from infancy to adoles-
cence due to vagus maturation. In adults HRV declines with increasing age. The 
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maturation process in childhood seems to be influenced by early life stress in 
and ex utero, which is called autonomic imprinting: 

1) Children with GHD show a blunted autonomous response to clonidine in-
dicating α2-adreno receptor sub sensitivity. This finding is prior to the start of 
growth hormone treatment. Similar but less severe blunted autonomous re-
sponse to clonidine was found in children born small for gestational age (SGA) 
[9]. 

2) Not short stature itself, but rather the underlying pathophysiology seem to 
be the cause for reduced HRV in children with height below the third percentile. 
These high risk children—having experienced an adverse autonomic imprinting 
in utero or infancy (SGA, congenital heart disease and congenital syn-
dromes)—have the highest risk for ‘stress diseases’ and an enhanced cardiovas-
cular mortality in later life [10]. 

As children with diagnosis of GHD and children with SGA history are not 
analised separately, for better reading we choose to consider this group as 
Symptomatic Short Stature (SySS). 

2. Methods 
2.1. Ethical Statement 

The FDA issued a Safety Alert in August 2011, reporting on a French study con-
cluding that people with certain types of short stature treated with recombinant 
human growth hormone during childhood and who were then followed over a 
long period of time, were at a small increased risk of death when compared to 
individuals from the general population of France. This increased mortality rate 
is related to cardiovascular events [11] and/or stroke [12]. As shown in our pre-
vious work [9] [10] the increased risk for cardiac events seems to be due to a 
phenomenon called autonomic imprinting and is pathophysiologically explained 
by blunting of the central α2-adreno receptor. The underlying normal values of 
these projects have been generated during our “normal values heart rate varia-
bility project”. Therefore data of patients, who attended our outpatient clinic for 
exclusion of cardiac arrhythmia were analysed retrospectively. The retrospective 
analysis was approved by the ethical board of our county medical chamber 
(Landesärztekammer Baden Württemberg, Stuttgart 2012) and recently pub-
lished [13]. 

We routinely communicate this enhanced cardiovascular risk to all parents 
prior to GH treatment (oral communication) and offer monitoring of cardi-
ovascular risk by 24-hour Holter electrocardiogram (ECG) and NT-BNP mea-
surements as part of routine blood tests for short stature. No additional punc-
tures were necessary. We received informed consent from nearly all parents of 
children with growth failure, but we certainly disregard performing these ex-
aminations if the parents refuse. All parents and patients (if appropriate accord-
ing to their age) enrolled in this analysis have given oral informed consent for 
the procedure, data storage and publication. 
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Because Holter ECG is a completely non invasive standard procedure and 
does not bear any additional clinical risk we considered oral consent to be suffi-
cient. 

2.2. Diagnosing GHD 

For short stature children, who met clinical, auxological and laboratory criteria, 
bone age was assessed using the Method of Greulich and Pyle and GH stimula-
tion testing was performed with two independent drugs. 

2.3. Clonidine Testing 

GHD was diagnosed using standard Clonidine testing. Patients with short sta-
ture and suspected GHD spent a day at our clinic. Clonidine stimulation was 
performed with an oral dose of 0.15 mg/m2 body surface area. Blood samples for 
growth hormone measurements were taken 15 minutes before and 45, 60, 90 and 
120 minutes after Clonidine application. Patients were monitored closely for 
heart rate and blood pressure. Transient arterial hypotension was treated appro-
priately with 10 ml/kg body weight normal saline bolus therapy. For improve-
ment of patients’ safety 24-hour Holter ECG were additionally performed [9]. 

2.4. Arginine Testing 

Arginine was used as an independent second test for GHD. A single dose of 0.5 g 
per kg body weight was given i.v. GH was analysed from samples before and 15, 
30, 45, 60, 90 and 120 min. after Arginine infusion. 

A GH peak < 8 μg/L (ng/ml) in both tests was considered to diagnose GHD. 

2.5. Analysis of Heart Rate Variability 

To improve the safety of growth hormone treatment in childhood during the 
maturation of the autonomic nervous system we analysed 24-hour HRV by Hol-
ter ECG monitoring as described in detail in our former articles [9] [10]. 

Fundament of every HRV data analysis is a group of successive normal RR 
intervals in sinus rhythm (so called NN intervals in comparison to RR intervals 
in cardiac arrhythmia) in 24 hours. 

Measurement and interpretation of HRV parameters in the current sample 
were standardized according to the Task Force Guidelines [9] [14]. Cardiac 
autonomic functioning was measured by 24-hour Holter 12 bit digital ECG 
(Reynolds Pathfinder II, Spacelabs, Germany; 1024 scans/sec). Daytime and 
night-time periods were defined according to patient protocols. All Holter re-
cordings were reviewed by the same experienced cardiologists (RB and CW) and 
were edited to validate the systems QRS labelling. Measures of HRV were calcu-
lated employing only normal-to-normal intervals. QRS-complexes classified as 
noise were excluded from the data. A minimum of 23 hours of analysable data 
and minimally 95% of analysable NN intervals were required for data to be in-
cluded. For time domain measures, mean RR interval, resulting heart rate and 
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the following HRV parameters were calculated. 
For didactic reasons in this study we focus on the statistical analysis of the 

following 4 parameters, which are briefly outlined below: 
1) Heart rate: The easiest but very important HRV parameter is the average 

sinus rhythm heart rate, since all other parameters are significantly affected by 
the heart rate. 

2) SDNN: Standard deviation of all normal to normal RR intervals in a time 
frame. This global HRV parameter represents the overall variability of the auto-
nomic nervous system. 

3) rMSSD: Square root of the arithmetic mean of the squared deviation of 
successive normal RR intervals in a time frame. This parameter is mainly influ-
enced by the parasympathetic nervous system. 

4) pNN50: Number of pairs of adjacent NN intervals differing by more than 
50 ms divided by the total number of all NN intervals multiplied by 100. This 
parameter is mainly influenced by the parasympathetic nervous system. 

For frequency domain measures, beat-to-beat fluctuations were transformed 
to the frequency domain using Fast Fourier Transformation. Spectral power was 
determined over three frequency regions of interest: Very low frequency (VLF < 
0.04 Hz), low frequency (LF, 0.04 - 0.15 Hz) and high frequency (HF, 0.15 - 0.4 
Hz) with derived HF/LF ratio. Low frequency power reflects mostly sympathetic 
activity, high frequency power vagal tone. 

2.6. Subjects 

Data were collected during outpatient visits from March 2015 to July 2018. 
We performed HRV analysis prior to growth hormone therapy (Symptomathic 

Short Stature children untreated; N = 33; 17 females, 16 males), within the first 
year of growth hormone therapy between 4 and 10 years of age (children treated, 
N = 19; 10 female, 9 males, growth hormone dose = 0.7 ± 0.2 mg/day), at least a 
further HRV measurement between 10 and 15 years (adolescents treated, N = 30; 
12 females, 18 males, growth hormone dose = 1.4 ± 0.5 mg/day) and one mea-
surement after cessation of growth hormone therapy (N = 14, mean age 13.25). 
Ten children with short stature below 3rd percentile (3 females, 7 males) who 
had a late diagnosis or whose parents refused GH therapy are used as an un-
treated control group with an age between 10 and 16 years. For our analysis we 
only used data from children with the diagnosis growth hormone deficiency or 
small for gestational age. Patients were healthy in any other condition except for 
a remarkable incidence of Attention-Deficit/Hyperactivity Disorder (ADHD) 
(Table 1(a), Table 1(b)). Over all 22 of 106 patients with SySS (children and 
adolescents) had diagnose of ADHD. Testing for ADHD in most cases was done 
in a near by outpatient clinic for pediatric psychiatry. 

Age matched healthy children were collected from our own healthy control 
group published in 2014 [13]. Children with a body mass index above 96% and 
height below 3% had been excluded from this group of healthy children. 
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Table 1. (a) Clinical data and laboratory healthy controls and patients groups (children); 
(b) Clinical data and laboratory healthy controls and patients groups (adolescents). 

(a) 

Parameter 
Healthy 
Control 

Symptomatic Short Stature (Children) 

  
Growth Hormone 

Therapy 
Untreated 

Mean ± SD Mean ± SD P-value 

 N = 49 N = 19 N = 33 
Age [years] 6.6 ± 1.9 6.9 ± 1.8 5.8 ± 2.4 n.s. 

female/male  10/9 16/17 n.s. 

GHD/SGA  11/8 9/30 n.s. 

ADHD  3 4 n.s. 

Birth weight [g]  2281 ± 845 2437 ± 1069 n.s. 

Height [cm]  113.3 ± 13.9 103.2 ± 14.6* 0.014 

Height SDS  −1.9 ± 1.0 −2.5 ± 0.8* 0.0295 

BMI [kg/m2]  14.6 ± 1.3 14.8 ± 1.4 n.s. 

BMI Percentile [%]  27 ± 22 27 ± 23 n.s. 
NT-Pro-BNP 

[0.0 - 85.0 pg/ml] 
 84 ± 72 169 ± 123* 0.026 

IgF 1 [57 - 305 µg/ml] 
before treatment 

 55.5 ± 31.9  n.s. 

IgFBP 3 [2100 - 5600 µg/ml] 
before treatment 

 2348 ± 793  n.s. 

IgF 1 [57 - 305 µg/ml]  191 ± 104 87 ± 67*** 0.0005 

IgFBP 3 [2100 - 5600 µg/ml]  3927 ± 983 2922 ± 1050** 0.0057 

(b) 

Parameter 
Healthy 
Control 

Symptomatic Short Stature (Adolescents) 

 

 
Growth Hormone  

Therapy 
Untreated 

N = 58 N = 30 N = 10 

 Mean ± SD Mean ± SD P-value 

Age [years] 12.8 ± 1.7 13.0 ± 2.0 13.1 ± 2.1 n.s. 

female/male  12/18 3/7 n.s. 

GHD/SGA  23/7 2/8 n.s. 

ADHD  9 6 n.s. 

Height [cm]  149.6 ± 12.1 140.7 ± 10.8* 0.045 

Height SDS  −1.3 ± 0.8 −2.1 ± 0.7** 0.0039 

BMI [kg/m2]  18.9 ± 2.6 20.3 ± 4.2 n.s. 

BMI Percentile [%]  46 ± 29 57 ± 36 n.s. 
NT-Pro-BNP 

[0.0 - 85.0 pg/ml] 
 34 ± 21 44 ± 49 n.s. 

IgF 1 [57 - 305 µg/ml]  414.9 ± 155.9 138.0 ± 91.1** 0.0011 

IgFBP 3 [2100 - 5600 µg/ml]  5167 ± 933 3456 ± 861** 0.0017 

GHD: Growth Hormone Deficiency; SGA: Small for Gestational Age; ADHD: Attention-deficit/hyperactivity 
disorder; BMI: Body mass Index; IgF1: Insulin like growth factor 1; IgFPB3: Insulin like growth factor 1 
binding protein; NT-Pro-BNP: N-terminal brain natriuretic peptide, n.s.: not significant. Unpaired 
t-test between treated and untreated patients. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001. 
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2.7. Statistical Analysis 

Groups were compared with controls by means, standard deviations and un-
paired t-testing. For the comparison of HRV before and after cessation of GH 
therapy we used paired t-test as these subjects were identical. P-values below 
0.05 were considered as statistically significant. From anthropometric data per-
centile values and body mass index (BMI) have been calculated according to 
percentile data by Kromeyer-Hauschild et al. 

3. Results 

Routine clinical data are displayed in Table 1(a) and Table 1(b). The groups of 
GH treated and untreated patients in early childhood and during adolescence do 
not show significantly different ages. The two patient groups are compared to an 
age matched healthy control group at the age of 6.6 ± 1.9 years (Table 1(a)) and 
12.8 ± 1.7 years (Table 1(b)) on average. Birth weights are reduced on average 
but not significantly different between treated and untreated patients. Heights 
are 10 cm higher in treated children and 9 cm higher in treated adolescents. 
Insulin like growth factor 1 (IGF 1) and the insulin like growth factor binding 
protein (IGFBP3) are significantly higher due to growth hormone therapy. Re-
markably these values were in the lower normal range before the start of GH 
therapy (Table 1(a)). Body mass indices are normal and not significantly dif-
ferent between treated and untreated patients. No patients suffer from obesity. 
NT-Pro-BNP is slightly elevated above normal values in untreated children and 
significantly higher compared to growth hormone treated children. 

HRV data are displayed in Table 2(a), Table 2(b). Untreated in children with 
SySS in early childhood show significantly increased heart rates most of all at 
night and concomitantly reduced global HRV indicated as SDNN. The smaller 
group of growth hormone treated children (N = 19) does not show significantly 
different HRV data compared to healthy controls but also to age matched un-
treated children (these non significant p-values are not illustrated in the table). 

GH treated adolescents and the untreated adolescents with symptomatic short 
stature show significantly elevated mean heart rates and concomitantly reduced 
vagus activities measured as reduced RMSSD as well as reduced pNN50 and high 
frequency power. Global HRV indicated as SDNN is significantly reduced in 
adolescents with symptomatic short stature either in treated or in untreated pa-
tients. 

Graphic illustrations of single HRV values are displayed in Figure 1(a) and 
Figure 1(b). Patients with SySS are showing elevated heart rates and reduced 
HRV (RMSSD and SDNN) with increasing age independent of the treatment 
with growth hormone. 

Figure 1(a) HRV parameters Heart Rate, RMSSD and SDNN of children with 
and without GH treatment. Heart rate is higher and SDNN is lower in untreated 
children compared to GH treatment. Compared to healthy controls heart rate is 
higher and HRV expressed by SDNN and RMSSD is lower in both groups of 
short patients. 
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Table 2. (a) HRV analysis in treated and untreated children with symptomatic short sta-
ture compared to age matched healthy children; (b) HRV analysis in treated and un-
treated adolescents with symptomatic short stature compared to age matched controls. 

(a) 

Parameter 
Healthy  
Control 

Symptomatic Short Stature (Children) 

  

Growth Hormone  
Therapy 

Untreated 

Mean ± SD P-value Mean ± SD P-value 

 N = 49 N = 19 N = 33 

Age [years] 6.6 ± 1.9 6.9 ± 1.8 5.8 ± 2.4 

Heart Rate [bpm] 92.9 ± 9.2 96.2 ± 8.9 n.s. 97.8 ± 9.5* 0.0218 

HR day [bpm] 104.9 ± 10.7 108.2 ± 10.0 n.s. 108.4 ± 11.6 n.s. 

HR night [bpm] 79.2 ± 9.0 82.6 ± 8.7 n.s. 83.8 ± 8.9* 0.0345 

RMSSD [ms] 40.3 ± 10.6 35.8 ± 11.3 n.s. 36.8 ± 8.8 n.s. 

pNN50 [%] 21.6 ± 10.2 19.4 ± 11.5 n.s. 20.4 ± 9.1 n.s. 

SDNN [ms] 132.7 ± 32.6 123.5 ± 29.3 n.s. 115.6 ± 24.6* 0.0138 

Total Power [ms2] 4249 ± 1997 4296 ± 1997 n.s. 3810 ± 1597 n.s. 

Very Low Frequency [ms2] 2229 ± 1235 2223 ± 1268 n.s. 2074 ± 1161 n.s. 

Low Frequency [ms2] 1175 ± 599 1173 ± 653 n.s. 991 ± 445 n.s. 

High Frequency [ms2] 738 ± 290 768 ± 695 n.s. 639 ± 280 n.s. 

(b) 

Parameter 
Healthy  
Control 

Symptomatic Short Stature (Adolescents) 

 
 

Growth Hormone  
Therapy 

Untreated 

N = 58 N = 30 N = 10 

Age [years] 12.8 ± 1.7 13.0 ± 2.0 13.1 ± 2.1 

Heart Rate [bpm] 80.8 ± 8.7 85.5 ± 7.5* 0.013 88.72 ± 10.5** 0.0119 

HR day [bpm] 89.4 ± 14.6 94.2 ± 7.5 n.s. 98.0 ± 12.4 n.s. 

HR night [bpm] 67.0 ± 8.4 73.2 ± 9.9** 0.0028 74.1 ± 9.2* 0.0169 

RMSSD [ms] 47.4 ± 12.2 38.5 ± 11.7** 0.0015 37.2 ± 13.8* 0.0119 

pNN50 [%] 27.1 ± 10.5 19.6 ± 11.0** 0.0029 19.4 ± 11.5 n.s. 

SDNN [ms] 181.1 ± 44.9 148.1 ± 38.0*** 0.0009 138.5 ± 25.8** 0.005 

Total Power [ms2] 6551 ± 3096 5322 ± 2365 n.s. 4954 ± 3272 n.s. 

Very Low Frequency [ms2] 3949 ± 2549 3079 ± 2549 n.s. 2671 ± 2222 n.s. 

Low Frequency [ms2] 1676 ± 616 1494 ± 762 n.s. 1341 ± 800 n.s. 

High Frequency [ms2] 857 ± 331 674 ± 286* 0.0133 848 ± 782 n.s. 

HR: Heart Rate; SDNN: Standard deviation of all NN intervals; RMSSD: The square root of the mean of the 
sum of the squares of differences between adjacent NN intervals; pNN50: Number of pairs of adjacent NN 
intervals differing by more than 50 ms divided by the total number of all NN intervals; TP: Total Power; 
VLF: Very low frequency power; LF: Low frequency power; HF: High frequency power; HF/LF: Ratio HF to 
LF. n.s.: not significant. Unpaired t-test between Healthy Control and treated/untreated patients. Compar-
ing treated to untreated patients was not significant. *P-value < 0.05; **P-value < 0.01; *** P-value < 0.001. 
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(a)                                                          (b) 

Figure 1. 24 hours heart rate variability in growth hormone treated and untreated children with short stature due to growth hor-
mone deficiency and intrauterine growth retardation. 

 
Figure 1(b) HRV parameters Heart Rate, RMSSD and SDNN of adolescents 

with and without GH treatment. Heart rate is higher and SDNN is lower in un-
treated adolescents compared to growth hormone treatment. Compared to 
healthy controls heart rate is higher and HRV expressed by SDNN and RMSSD 
is lower in both groups of short patients. 

However after cessation of growth hormone treatment there is a significant 
improvement of HRV illustrated by lower heart rates and higher global HRV 
measured as SDNN (Table 3). 

The impact of recombinant human growth hormone therapy on the auto-
nomic nervous system in children with SySS is illustrated in Figure 2. It shows 
the age dependent maturation of global HRV measured as SDNN in the five pa-
tients groups compared to the healthy control children. Children and adoles-
cents have significantly reduced SDNN independent from growth hormone 
treatment. 

Figure 2 SDNN of GH treated and untreated patients at different ages and af-
ter cessation of growth hormone therapy. SDNN is reduced compared to healthy 
controls but improves after cessation of GH therapy. 

After cessation of GH treatment SDNN increases significantly and heart rate 
decreases to normal values in former treated patients with catch up growth 
(Table 3, Figure 2). The circadian pattern of heart rate illustrated in Figure 3 
shows that heart rate decreases after cessation of growth hormone at night by 8 
beats per minute. We have no data from young adults with GHD or born SGA 
without growth hormone treatment in childhood to compare them. 

Figure 3 Heart rate of adolescent patients during GH therapy and after cessa-
tion. Heart rate at night decreases after cessation of growth hormone therapy by 
8 beats per minute. 
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Table 3. 24 hour HRV in a group of growth hormone treated adolescents before and after 
cessation of therapy (N = 14). 

Parameter 
Adolescents during 

Growth Hormone Therapy 
n = 14 

Same Adolescents 
after Cessation 

n = 14 

Age [years] 17.2 ± 2.1   

female/male 9/5   

GHD/SGA 11/3   

ADHD 4   

Birth weight [g] 2779 ± 972   

Height [cm] 161.3 ± 8.6   

Height SDS −1.44 ± 0.59   

BMI [kg/m2] 21.3 ± 2.8   

BMI Percentile [%] 53 ± 28   

 Mean ± SD Mean ± SD P-value 

Heart Rate [bpm] 84.9 ± 6.2 79.4 ± 8.5* 0.048 

HR day [bpm] 93.6 ± 6.6 88.8 ± 10.2  

HR night [bpm] 71.8 ± 6.8 64.3 ± 7.0** 0.0013 

RMSSD [ms] 39.6 ± 9.9 42.4 ± 11.5  

pNN50 [%] 20.6 ± 9.3 22.3 ± 10.3  

SDNN [ms] 150.6 ± 27.2 180.6 ± 33.8** 0.0018 

Total Power [ms2] 5019 ± 1845 5757 ± 2582  

Very Low Frequency [ms2] 2865 ± 1144 3388 ± 1717  

Low Frequency [ms2] 1377 ± 655 1596 ± 774  

High Frequency [ms2] 698 ± 213 707 ± 267  

HF/LF Ratio 0.558 ± 0.204 0.488 ± 0.211  

HR: Heart Rate; SDNN: Standard deviation of all NN intervals; RMSSD: The square root of the mean of the 
sum of the squares of differences between adjacent NN intervals; pNN50: Number of pairs of adjacent NN 
intervals differing by more than 50ms divided by the total number of all NN intervals; HF/LF: Ratio HF to 
LF. paired t-test before and after cessation of growth hormone therapy. *P-value < 0.05; **P-value < 0.01; 
***P-value < 0.001. 

4. Discussion 
4.1. HRV Analysis for Assessment of Autonomic Maturation in  

Pediatric Patients 

Children with short stature have enhanced cardiovascular risk in later life prob-
ably due to adverse autonomic imprinting by early life stress [8]. As recently 
shown adverse autonomic imprinting seems to be related to intrauterine growth 
retardation, congenital syndromes, congenital heart defects and GHD [8]. Au-
tonomic dysfunction is displayed by reduced HRV which can be easily measured 
by 24-hour Holter ECG monitoring [11]. 

Cardiovascular risk stratification by HRV analysis is well established. Lower 
HRV indicates a significantly higher cardiovascular mortality [12] [15]. Pediatric  
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Figure 2. Global 24 hours heart rate variability indicated as SDNN values in 
treated and untreated children with short stature due to growth hormone de-
ficiency and intrauterine growth retardation and after cessation of growth 
hormone therapy. Median (dotted) and 95% interval (solid) lines from age 
matched healthy control children. 

 
studies focused on children with intrauterine growth restriction and found sig-
nificantly reduced HRV [16] [17] [18]. In later life adults with extremely low 
birth weight have reduced HRV [19] [20]. 

Reduced HRV may indicate intense sympathetic nerve activity as shown in 
adults with hypopituitarism by muscle sympathetic nerve activity analysis 
(MSNA) [7]. However reduced HRV—most of all measured by low rMSSD, 
pNN50 and high frequency power—may also indicate a loss of the “vagal brake” 
with important implication on cardiovascular risk [21], cardiac arrhythmia [22], 
neurocognition [23] and social engagement [24]. 

In children vagal withdrawal is related to low birth weight and precedes the 
development of hypertension and other cardio metabolic disease in later child-
hood [15]. Summarizing these aspects vagus maturation from infancy to adoles-
cence is the hallmark of children’s autonomic nervous system and in our view 
the most important therapeutic target with measurable endpoints in childhood. 
Observational studies are most likely to fail because they did not provide follow 
up to later adult age when cardiovascular disease would possibly occur. 

4.2. Autonomic Dysfunction Gets More Pronounced from  
Childhood to Adolescence 

In our analysis we found significantly reduced HRV in untreated children with 
SySS but also in those adolescents treated with GH and catch up growth between  
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Figure 3. Circadian pattern of heart rate in growth hormone treated adolescents before 
and after cessation of the therapy given in the evening before sleeping. 
 
10 and 16 years of age. In early childhood between 4 and 10 years of age, HRV is 
not significantly different in GH treated children compared to healthy controls 
(Table 2). This may be related to methodical uncertainties as the GH treated 
group is smaller and older compared to the untreated children (Table 1(a), Ta-
ble 1(b)) and the age related increase of HRV is more pronounced in early 
childhood. 

4.3. NT-Pro-BNP Measurement Does Not Seem to Be Informative 
in Our Cohort 

However, referring to endocrine parameters in early childhood NT-Pro-BNP is 
significantly higher in untreated children with concomitantly lower IGF-1 and 
IGFBP3 values but normal in GH treated children with higher IGF-1 and 
IGFBP3. This may be related to a beneficial effect of growth hormone on 
NT-Pro-BNP values. These data are in accordance with adult studies: As shown 
in GH deficient adults NT-pro-BNP decreases after GH replacement [25] with-
out any changes of cardiac mass and function measured by magnetic resonance 
imaging [26]. Elevated NT-Pro-BNP values most of all in children with intraute-
rine growth restriction [27] may be an early marker of cardiovascular risk as 
shown in unselected adults [28]. In our cohort NT-Pro-BNP does not seem to be 
informative as treated and untreated adolescents show similar values within the 
normal range (Table 1(b)). 

4.4. Reduced HRV Normalizes after Cessation of GH Therapy 

In later childhood there seems to be no significant difference between treated 
and untreated children up to the cessation of GH therapy at about 16 years of 
age as both show equally signs of autonomic dysfunction (Table 2). The circa-
dian pattern of heart rate illustrated in Figure 3 shows significantly higher heart 
rates only at night after growth hormone injection in the evening. These results 
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are in good accordance with the decline of HRV after starting GH therapy in 
adults [29] that would indicate a higher cardiovascular risk. However after cessa-
tion of GH therapy we found a significant increase of HRV to normal values, in-
dicated by a decrease of heart rate and an increase of global HRV measured as 
SDNN (Table 3). 

However this unbeneficial effect of growth hormone by lowering HRV with 
elevated heart rates at night seems to be completely reversible in children after 
cessation of growth hormone therapy. To our surprise in contrast to the low 
HRV in childhood we found completely normal HRV values in post pubertal 
young adults who had received growth hormone during childhood. This obser-
vation seems to be very important to predict the impact of growth hormone 
therapy in childhood on longtime cardiovascular mortality: The improvement of 
HRV after cessation of growth hormone therapy may be a marker for a normal 
cardiovascular prognosis in GH treated children. We have no data to compare 
HRV of untreated young adults with our group of patients after cessation of GH 
therapy. However adults with extremely low birth weight are reported to have 
reduced HRV [19] [20] but not adults with moderate low birth weight and catch 
up growth [30]. We speculate that induction of catch up growth in childhood 
may support the normalization of the autonomic nervous system in adolescence. 
In contrast to these pediatric data studies on adult GHD show evidence of dis-
turbance of the glycolipid metabolism and enhanced prevalence of metabolic 
syndrome which is associated with increased cardiovascular risk [31] [32]. 

4.5. Autonomic and Endocrine Effects of GH Treatment Seem to 
Summarize to Reduction of Cardiovascular Risk after  
Cessation of Therapy 

These data are in accordance with a recent longitudinal study investigating 199 
patients after the cessation of GH replacement [33]. 5 years after cessation values 
for blood pressure, lipids and intima thickness were not different from adults 
born small for gestational age and adults with normal birth weight. A pediatric 
study found favorable effects of GH treatment on blood lipids and intima thick-
ness [34]. Comparable effects were found on lipid metabolism and liver enzymes 
in obese children [35]. Similar positive effects have been documented on 
reduction of fat mass and mitochondrial function in peripheral muscles [36]. 
Summarizing these findings there are enhancing and ameliorating effects of GH 
treatment on cardiovascular risk. Some of them as increase of heart rate at night 
may be acting short term, some as reduction of blood lipids may have effects 
persisting for longer periods. This may explain our finding of improvement of 
HRV data after cessation in our patient group. Taking together these data there 
seems to be an improvement to the underlying increased cardiovascular risk of 
SySS pediatric patients after cessation of GH therapy. 

4.6. Is There a Common Link between Attention Regulation and 
Growth? 

The high incidence of ADHD (22 out of 106) in our patient group is remarkable 
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and may have attributed to the finding of reduced HRV in patients with symp-
tomatic short stature as there is a well described reduction of HRV in ADHD 
patients [23] [37]. However according to data from Rose et al. there is a similar 
increased number of ADHD diagnosis by 1190 out of 7230 short patients re-
ceiving GH treatment [38] suggesting some coincidence of these two diagnoses. 
Furthermore diagnosis of ADHD seems to be related to smaller growth velocity 
induced by GH treatment [38]. Keeping in mind the idea of autonomic imprint-
ing [10] we may speculate about common pathophysiological pathways in the 
development of both entities. This idea is supported by the successful use of the 
α2A-receptor-agonist Guanfacine for treatment of ADHD according to clinical 
guidelines. 

5. Conclusion 

In conclusion, our new approach for assessing autonomic maturation and car-
diovascular risk by 24-hour HRV analysis in children with SySS may answer the 
urgent question recently published in Lancet Diabetes and Endocrinology: “How 
concerned should we be over the long-term safety of growth hormone therapy?” 
[39]: There is a comparable autonomic dysfunction in treated and untreated 
children with short stature due to growth hormone deficiency or intrauterine 
growth restriction as an indicator for the enhanced cardiovascular risk. With 
respect to longtime prognosis, we found a significant improvement of reduced 
HRV to normal values after cessation of growth hormone therapy in adolescents. 
This finding is suggesting an improvement of cardiovascular risk in this group of 
patients. 

6. Limitations 

The most important limitation to our data is the small sample size which is 
spread over 5 different time points. Bigger specialized departments with high 
numbers of patients are cordially invited to work further on this subject. 
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