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ABSTRACT

Traditional views on neonatal pain ne-
glected long neglected the neonates’ ca-
pability of feeling pain. Newborn infants 
experience at least one painful procedure 
during their first days of life, but with a 
lower gestational age, invasive procedures 
become more frequent and invasive. The 
modulation of the autonomic nervous 
system (ANS) is significantly changed dur-
ing painful procedures. The analysis of 
the heart rate variability is shown to be a 
reliable tool in analyzing the ANS. In this 
study, the dynamic of the system has been 
examined by applying the Poincaré plot 
analysis, a primer of nonlinear methods 
used in the analysis of the ANS. The aim 
of this study is to assess the occurrence of 
changes in linear heart rate variability pa-
rameters, to determine the changes in the 
Poincaré plot indices and to evaluate the 
correlation between their differences in 
healthy newborns. The results have shown 
a significant increase in the heart rate, a 
reduction of the duration of RR intervals, 
and the square root of the mean squared 
differences between successive RR inter-
vals (RMSSD), as well as a decrease in the 
short-term variability (SD1) of the Poin-
care plot. The results highlight the need 
for studying the application of nonlinear 
analyses of the HRV on the effects of pain 
on the ANS and its long-term effects on the 
infant. 
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INTRODUCTION

Much effort is given defining pain. Accord-
ing to the International Association for the 
Study of Pain (IASP), pain is “an unpleasant 
sensory and emotional experience associ-
ated with actual or potential tissue damage, 
or described in terms such damage”. It is 
foremost a subjective phenomenon and for 
numerous reasons objectifying it in new-
borns is harder than in adults. The appar-
ent lack of defining pain as such is updated 
by saying that the inability to communicate 
verbally does not negate the possibility that 
an individual is experiencing pain. (1)
Traditional views on neonatal pain neglect-
ed the capability of neonates feeling pain. 
This view was supported by the decortica-
tion paradigm, further explaining the lack 
of memories of painful experiences. (2) In 
an evolutionary context, an explanation of 
higher threshold of pain stimuli was pro-
posed, by hypothesizing how an extremely 
high pain threshold was protecting infants 
during labor. (3, 4) However, during the 
eighties, in spite of the numerous hypoth-
eses and metaphysical explanations of neo-
natal pain perception, Anand changed the 
traditional view by proving that pathways 
for pain transmission are developed even 
during fetal development. (5)
A lot of effort has been given to objectify 
pain, but the far most common way to as-
sess it is by using various neonatal pain 
scales. (6, 7)
In reality, almost every healthy infant will 
be experiencing at least one iatrogenic pain 
stimuli. Usually, a heel stick blood sam-
pling, for metabolic screening purposes. 
With a lower gestational age, pain stimuli 
become more frequent and more invasive. 
(8)  The heel stick blood sampling is the 
most common used procedure of neonatal 

blood sampling, with low risk of compli-
cations. The method is important because 
it represents the simplest model of pain 
stimuli, which can be used for the purpose 
of investigating other, more invasive pro-
cedures.

Analysis of the heart rate variability

The analysis of the heart rate variability 
(HRV) to assess the autonomic nervous 
system and its reduction has been shown 
to be a likely risk factor for mortality in 
adults. (9) Although it is widely used in the 
adult population, its use in the neonatal 
and premature newborn population is not 
yet that widely appreciated. In recent neo-
natology studies, HRV analysis has been 
shown to be a useful marker of neonatal 
sepsis. (10) 
Many quantitative HRV analysis methods 
have been described, but the two main 
methods can be divided into temporal and 
frequency domain analyses. Due to their 
insufficiency to describe the whole beat 
to beat variability, nonlinear methods are 
used for further understanding of the com-
plexity of the heart rhythm regulation. (9)
Then, considering the nonlinear nature 
of organic systems, a nonlinear analysis is 
necessary, because some information may 
be lost if only analyzed by linear methods. 
These techniques have been shown to be 
powerful tools for characterization of com-
plex systems, like complexity and fractal 
scaling properties of the cardiac interbeat 
series. (9)

Poincaré plots

The Poincaré plot (return maps) is a two-
dimensional phase space scatter plot of the 
correlation between consecutive RR inter-
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vals, in which a successive RRj+1 interval 
is plotted as a function of the previous RRj 
interval. As a result, the plot appears as a 
cloud of points dispersed along the line of 
identity (RRj+1=RRj). Further, an ellipse is 
fitted, where it’s width and length are de-
termined by the standard deviations per-
pendicular (SD1) and parallel (SD2) to the 
line of identity (11). SD1 represents instan-
taneous, or short-term variability, whereas 
SD2 is a measure of long-term variability. 
SD1 and SD2 correlate with parameters of 
the spectral frequency powers, while their 
ratio SD1/SD2 has been associated with 
the randomness of the HRV signal, and 
has a strong association with mortality in 
adults. (12)
By describing the nonlinear dynamics of a 
phenomenon that can recognize the hid-
den correlation patterns of a time series 
signal, this method is considered to be a 
nonlinear. (11, 13) 
Due to the lack of studies investigating 
Poincaré plot analysis in neonates, the spe-
cific aim of this study is to apply it in acute 
neonatal pain, by hypothesizing that pain 
will cause a reduction of short-term vari-
ability.
 

MATERIALS AND METHODS

This study is a part of a larger ongoing re-
search project on the relation of neonatal 
pain and the autonomic nervous system 
reactivity. Simple random sampling was 
used to obtain the subjects. Only healthy 
infants with APGAR >9/9, born through 
vaginal delivery, without congenital mal-
formations, were included in the study. 
14 male and 11 female participants, mean 
birth mass 3311.6±438.3 g, and 72 hours 
old, participated in the study. This age 
was chosen because the phenylketonuria 
screening is done at the third day of life.  
Before the testing, infants were fed and 

placed in supine position. The study envi-
ronment has been without excessive noise 
pollution.
The heart rate intervals were recorded the 
during the whole procedure, which was di-
vided into two parts. At the beginning of 
the study, at the baseline (control) phase, 
infants were monitored for 10 minutes, 
without manipulation, which was followed 
by the intervention phase. At this point, a 
registered nurse did the heel prick blood 
sampling. 
A Firstbeat Bodyguard 2 (Firstbeat Tech-
nologies Ltd, Jyvaskyla, Finland) was used 
for monitoring the heart rate variability. It 
is a lightweight device, with a high-resolu-
tion sampling rate of 1024 Hz. The raw data 
was further transferred, visually inspected, 
corrected for artifacts and analyzed with 
the Kubios software(14). In addition to 
the Poincaré plot descriptors, the standard 
deviation of all RR intervals (SDNN), the 
standard deviation of instantaneous heart 
rate values (STDHR) and the square root 
of the mean squared differences between 
successive RR intervals (RMSSD). 
The data was analyzed with the R software 
(www.r-project.org). The normality of the 
distributions of numerical variables was 
assessed by the Kolmogorov Smirnov test. 
If the data met the assumption of normal-
ity, the values were descriptively present-
ed with means and standard deviations, 
otherwise with median and interquartile 
range. Group differences were assessed 
with the paired Student t-test, and Wilcox-
on matched pair test. The Pearson’s corre-
lation test was used to test the associations 
between variables. P values less than 0.05 
were considered statistically significant.
 

RESULTS

The first objective of this study was to 
assess the occurrence of changes in lin-

ear heart rate variability parameters. 
At the baseline, the mean RR interval 
was 460.06±74.13 ms, the mean HR 
136.31±24.9 bpm, the median RMSSD 
10.8 (8.2-14.7) ms. At the intervention 
time, the mean RR interval and the median 
RMSSD decreased to 403.44±60.33 ms and 
9.1 (7.4-11.9) ms, respectively, whereas the 
HR rose to 154.83±22.97 bpm. Statistically 
significant decreases of -56.7±72.03 ms of 
the RR interval (p=0.001) and the RMSSD 
(-3.19±7.26 ms, p=0.039) were observed. 
The mean HR rose for 19.07±25.71 bpm 
(p=0.002). 
The second objective was to determine the 
changes in the Poincaré plot indices. The 
median values of SD1 at the baseline was 
7.6, which decreased to 6 (p=0.029). Simi-
larly, a decrease of the SD2 was observed 
from 21.7 to 19.5 (p=0.088). (Table 1)
A further objective of the study was to 
assess the correlation between the differ-
ences of linear HRV and Poincaré plot 
indices. Significant positive correlations 
were found between the differences of the 
mean RR and SD1 (r=0.77), SD2 (r=0.74), 
between RMSSD and SD1 (r=1), and SD2 
(r=0.91). Also, significant negative cor-
relations were found between the mean 
HR and SD1 (r=-0.73) and SD2 (r=-0.69) 
(Table 2)

DISCUSSION 

Based on previous research, a Poincaré 
plots have been marked as an accurate 
method of quantifying autonomic nervous 
system reactivity. (15) Pain causes physio-
logical changes, which are shown in the re-
sults, with the significant increase in heart 
rate. Due to their inverse relation, a reduc-
tion in RR interval and heart rate variabil-
ity, reflected by RMSSD, is observed. 
The physiological interpretation of SD1 is 
related to the vagal mediated activity on 
the sinus node, which results in instanta-

Table 1. Summary of the most relevant findings
Control Intervention Δ(t2-t1) p

Mean RR 460.06±74.13 403.44±60.33 -56.7±72.03 0.001
STD RR 20.09±10.52 16.04±6.54 -4.56±10.48 0.049
Mean HR 136.31±24.9 154.83±22.97 19.07±25.71 0.002
STD HR 6.04±1.75 5.95±1.85 -0.31±2.23 0.506
RMSSD 10.8 (8.2-14.7) 9.1 (7.4-11.9) -3.19±7.26 0.027
SD1 7.6 (5.8-10.4) 6.5 (5.2-8.4) -2.25±5.14 0.029
SD2 22.6 (19.6-29.8) 19.8 (15.7-26.5) -6.09±14.04 0.088
SD1/SD2 0.31 (0.29-0.39) 0.33 (0.28-0.38) 0.01±0.09 0.443
RR - rr interval, STD - standard deviation, HR - heart rate, SD1 - short axis, SD2 - long axis, t1 - baseline time, t2 - intervention time
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neous beat to beat variability. (12, 16)  The 
vagal effect on the sinus node develops 
faster than the sympathetically mediated 
effect. SD2 is a result of both sympathetic 
and parasympathetic influence. Therefore, 
the changes in SD1 during the pain inter-
vention show mostly a change in the para-
sympathetic autonomic nervous system. 
The SD1/SD2 ratio is a marker of nonlin-
ear information of the HRV, whit a strong 
correlation with various nonlinear varia-
bles. (17) Our results showed no change in 
SD1/SD2, meaning that there is no statis-
tically significant change in nonlinear in-
formation in the pain response of a healthy 
newborn.
The perfect correlation of ΔSD1 and 
ΔRMSSD is a result of a known relation-
ship between SD1 and RMSSD: RMSSD = 
√2× SD1 (2). Although these two param-
eters are mathematical equivalents, their 

origin is different. (13) Thus, RMSSD has 
the same interpretation as SD1. (18) The 
differences of SD2 were best correlated 
with the STDRR, which shows a relation-
ship of total HRV to long-term HRV in 
short recordings.
There are a few studies focused on the rela-
tion of neonatal HRV and pain response. 
In a HRV study after heart surgery, re-
searchers have shown that postoperative 
pain is associated with changes of HRV in 
terms of short-term and variability and its 
ratio in newborn infants. (19) In another 
pain related study, the Poincaré plot was 
used in a different way (20), using the area 
of the plot as descriptors. A study similarly 
designed to ours, varying in baseline and 
intervention duration showed comparable 
results to ours. (21) The findings suggest 
that there is a reduction of vagal tone after 
acute pain stimuli, reflected by the SD1.

 

CONCLUSION 

Although there are limitations of this 
study, these preliminary results suggest 
that Poincaré plot analysis might be effi-
cient in objectifying pain responses as oth-
er linear heart rate variability parameters, 
highlighting the need for further studies 
in neonatal pain (patho)physiology. As the 
simplest way in studying pain using non-
linear methods, the results of this study 
show that Poincaré plot analysis might 
have a promising value in pain research. 
Although there are questions still remain-
ing, further research is needed to evaluate 
the long-term effects of pain stimuli on 
nonlinear aspects of the human heart rate 
and autonomic nervous system.
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