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Abstract
Preterm infants showahigher incidence of cognitive, social, and behavioral problems, even in the absence ofmajormedical complications
during their stay in the neonatal intensive care unit (NICU). Several authors suggest that early-life experience of stress and procedural pain
could impact cerebral development andmaturation resulting in an altereddevelopment of cognition, behavior, ormotor patterns in later life.
However, it remains very difficult to assess this impact of procedural pain on physiological development. This study describes the
maturation of electroencephalogram (EEG) signals and heart rate variability in a prospective cohort of 92 preterm infants (,34 weeks
gestational age) during their NICU stay.We took into account the number of noxious, ie, skin-breaking, procedures theywere subjected in
the first 5 days of life, which corresponded to amedian age of 31weeks and 4days. Using physiological signalmodelling, this study shows
that a high exposure to early procedural pain,measured as skin-breaking procedures, increased the level of discontinuity in both EEG and
heart rate variability in preterm infants. These findings have also been confirmed in a subset of the most vulnerable preterm infants with a
gestational age lower than 29 weeks. We conclude that a high level of early pain exposure in the NICU increases the level of functional
dysmaturity, which can ultimately impact preterm infants’ future developmental outcome.
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1. Introduction

The survival rates of preterm infants increased in recent years, but
the incidenceof cognitive andbehavioral deficits remains higher than
in full-term infants even in the absence of specific cerebral lesions.34

Different authors describe that between 30% and 60% of the
preterm population show a lower cognitive and/or behavioral
outcome compared to their peers,33,35 without necessarily showing
any specific complication during their stay in the neonatal intensive
care unit (NICU).5

Several authors suggest that pain-related stress and repeated
procedural pain could play a role in the altered development of
cognition, behavior, and motor patterns of premature infants.21,48,53

Early-life painful experiences seem to impact the brain structure and

function on the cortical and subcortical levels.17,45,48 Both frontal and

parietal cortex volumes and thickness have been found to decrease

in case of procedural pain.45,48 Similarly, white matter connectivity

and thalamic volume are reduced in case of high numbers of early

skin-breaking procedures (SBPs), which count events like heel lance,

intramuscular injection, chest tube insertion, and central line

insertion.8,17 Therefore, the accumulation of procedural pain in the

NICUmight play a role in the lower cognitive andbehavioral outcome.

For example, Grunau et al22 found lower cognitive outcome scores at

18 months and more internalizing behavior in preterm infants that

underwent a high number of SBPs.
The impact of early-life pain onbrain development canbeassessed

through magnetic resonance imaging (MRI). This technique, which

mainly shows anatomical abnormalities, is not always available for

preterm babies.36 Electroencephalogram (EEG) is a complementary

technique, which provides insights in functional brain integrity and has

the advantage of being less invasive. The sensitization to pain and the

lowering pain threshold in premature infants19,22 can affect the

subplate neurons through excitotoxicity and apoptosis,53 resulting in

changes in brain volumes. Pain sensitization, intended as capacity to

discriminate noxious stimuli, can be measured in preterm infants by

means of cortical reactivity responses to the heel lance.18,19 Those

evokedpotentials normally are dispersed neuronal bursts on the scalp

up to 35-week gestational age (GA)18,47 and they are replaced by

mature evoked responses contributing to the EEG background

progression from a discontinuous to a continuous trace.42 Therefore,

one might also expect alterations of the spontaneous background

cortical oscillations due to pain-related stress.16 In addition, Jones

et al26 highlighted the relationship between infants’ heart rate variability

(HRV) and EEG evoked-potentials to noxious stimuli, whereas Cong
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et al10 showed specific changes in HRV in response to heel lance in
premature infants.

We hypothesized that pain-related stress increases electrophys-
iological dysmaturity, ie, a higher EEG discontinuity due to a higher
number of dispersed neuronal bursts and a higher HRV of long-term
oscillations. A quantitative analysis of EEG and HRV was used to
monitor decreasing rate of EEG discontinuity and increasing HRV,
respectively.23,31,32,41,55 Specifically, functional maturation charts
were obtained to understand whether a high level of SBPs can
induce dysmature patterns in EEG and HRV, suggesting an impact
on the developmental outcome of the patient.

2. Methods

The research protocol was examined and approved by the Ethical
Committee of University Hospitals Leuven (Belgium) as part of the
Resilience trial, which was registered at Clinical Trials.gov
(NCT02623400). The study was performed in accordance with
the Guidelines for GoodClinical Practice (ICH/GCP) and the latest
version of the Declaration of Helsinki.

2.1. Participants

A prospective cohort of (n 5 92) preterm infants was recruited in
the NICU of the University Hospitals Leuven (Belgium) between
July 2016 and July 2018, as part of a larger ongoing study on
preterm infant and parental resilience.

Parents of preterm infants born before 34-week GA and/or with a
birth weight (BW) less than 1500 g were approached for informed
consent within the first 3 days after birth. Exclusion criteria were
parental age,18 years,medical (somatic or psychiatric) condition in
parent(s) that impeded participation, absence or limited knowledge
of Dutch or English, major congenital malformation, or central
nervous system pathology (grade 3 or grade 4 intraventricular
hemorrhage or periventricular leukomalacia—brain ultrasounds
were conducted on postnatal days 1, 3, and 7, and then repeated
weekly) in the preterm infant at the time of consent.

2.2. Data acquisition

Medical and nursing electronic charts were reviewed from birth till
discharge home by a physician and by 2 GCP-qualified neonatal
research nurses. Variables that were obtained included GA at
birth, BW, illness severity at birth (eg, clinical risk index for babies -
CRIB score49), and the number of SBPs per day. Also, data on
neuroactive medications (caffeine, dopram, fentanyl, luminal,
chloral hydrate, dormicum, contramal, and catapressan) admin-
istered on the day of the recording were obtained. Caffeine was
routinely administered at a dose of 5 mg/kg.

Neonatal procedural pain exposure was defined as the sum of
all SBPs. To define these SBPs, we drew on the work of
Brummelte et al8 and Grunau et al,22 as well as the work of
Newnham et al. (2009) in the development of the Neonatal Infants
Stress Scale (NISS). We included medical procedures that yield a
score of 4 and 5 on the NISS such as chest tube insertion, central
line insertion, heel lance, intramuscular injection, eye examina-
tion, and other added nursing procedures such as wound care.
An overview of all procedures is reported in Table 1. Skin-
breaking procedures were counted for every category separately
for each day. If multiple attempts were conducted, each attempt
was counted as a single SBP.

We calculated the sum of SBPs in the first 5 days of life.
Subsequently, SBP scores were binarized (LOW SBPs vs HIGH
SBPs) with a threshold of 50 SBPs in the first 5 days of life to

detect patients who experienced a high number of SBPs, and
thus a high level of early procedural pain. This threshold was
based on earlier findings on the impact of early-life SBPs in
preterm infants8,17 and our analysis of the distribution of the
cumulative SBPs (discussed in the results section). This makes it
possible to compare the neuroanatomical changes reported by
these authors with the neurophysiological changes that we
describe. Brummelte et al8 and Duerden et al17 considered
procedural pain as the cumulated SBP up to their first MRI scan
(normally around postmenstrual age [PMA] 32 weeks or 21
postnatal days). Our first recording was planned to be as close as
possible to postnatal day 5. However, sometimes it had to be
conducted a few days earlier or later because of the preterm
infant’s unstable medical condition, or because of EEG equip-
ment or technician availability.

2.3. Electrophysiological data collection

Physiological data were measured at 3 different time points in
each patient. The recording protocol comprised a first measure-
ment within 5 days from birth (5 days), another session at 34
weeks PMA (34w), and a last measurement before discharge to
home. Measurements lasted for at least 3 hours as a rule, infants
underwent a 24-hour polysomnography (PSG) before leaving the
NICU, and therefore the last session was labeled as PSG. For
some patients, the recording schedule was adapted. For infants
born at 33 to 34 weeks GA, only one recording (representing the
first 2 coinciding recordings from birth) was performed because
their PMA was around 34w when they were 5 days old. Some
infantswere transferred to level II units in hospitals closer to home.
Therefore, not all infants have multiple recordings and, impor-
tantly, some SBP measures could not be tracked. However, we
strived for the readmission of infants to our hospital for the PSG
measurement before they went home. In total, 92 patients with
228 recordings and information about the number of SBPs were
analyzed. The Gantt chart in Figure 1 summarizes the number of
recordings and cumulated SBPs at the different timestamps.
More details are reported in the statistical analysis section.

Physiological data included EEG and ECG measurements.
EEGdatawere collected according to the 10 to 20 systemusing 9
monopolar electrodes (Fp1, Fp2, C3, C4, Cz, T3, T4, O1, O2) and
monitored with the OSG system (OSG BVBA, Brussels). Each
EEG signal was referenced to Cz, which was then excluded from
further analysis, leaving a total amount of 8 channels. ECG was
measured as single lead ECG and was used to derive the
tachogram or HRV signal as subsequent R-peak to R-peak
intervals. The R-DECO toolbox37 was used for R-peak detection.

Before any functional analysis, both EEG andHRV signals were
preprocessed to remove artefacts and define sleep states. To
remove movement-related and noncortical information, EEG
signals were band-pass-filtered between 0.5 and 20 Hz and
independent component analysis to filter electrooculogram was
then applied. The narrow filtering band is based on the
quantitative analysis of discontinuous EEGs by De Wel et al55

and of amplitude-integrated EEGs by O’Toole et al.40

EEG data were then used to define 2 processing epochs of 20
minutes each related to quiet sleep state and a combination of
awake and active sleep, which is called nonQuiet sleep (nQS).
The behavioral analysis was performed with the algorithms
described in,2,14 the probabilistic output of whichwas summed to
look for the two 20-minute epochs. Quiet sleep (QS) was derived
as a window around the maximum of a quiet-sleep probability
profile, whereas nQS as a window around the minimum.
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Before the extraction of any functional feature, the last step of
the preprocessing for both sleep stage epochs was a segmen-
tation in nonoverlapping sliding windows and a threshold filtering
according to the following criteria: SD above 50 mV, absolute
difference sample-to-sample above 50 mV, and absolute
amplitude above 200 mV.24 The size of each window was
different for each extracted variable and is specified in following
subparagraphs. It is important to highlight that a window was
excluded from the processing if more than 4 channels exceeded
one of the criteria thresholds.

Because the RR intervals of the tachogram can be affected by
premature ventricular contractions (PVC), the RR were corrected
37 and the modulation signal m(t) was derived using the integral
pulse frequency modulation model to investigate the autonomic
nervous system stimulation.3

2.4. Functional measurements

Different features were computed to track the functional
maturation of neonates during their NICU stay and assess the
level of dysmaturity in the electrophysiological signals, based on
previous studies.23,41,55 Dysmaturity in EEG signals was defined
as a discontinuity and persistence of delta waves,51 whereas
dysmaturity of HRV was defined as a higher amplitude of the
slow-wave oscillations.25 The computational steps to derive EEG
and HRV dysmature patterns are reported in the paragraph
below.

2.4.1. Amplitude-integrated EEG features

Clinicians normally rely on the amplitude-integrated EEG (aEEG) for
the assessment of brain maturity and the emergence of sleep-wake
cycle. The great advantage is the simplicity of interpretation
compared to a full-channel EEG.43 Therefore, we decided to quantify
the level of EEG dysmaturity with a more interpretable metric. The
aEEG was estimated by means of the range EEG and the
discontinuity of EEG features was quantified by means of range
EEG (rEEG) asymmetry.41 This variable quantifies the level of
dysmaturity by the difference in distance from the rEEG median to
lower and upper margin of rEEG itself. These 2 margins represent,
respectively, the 5th and 95th percentiles of the rEEG.38 Studies
show the higher the asymmetry, the higher the discontinuity of
EEG.39,41 Following the guidelines,41 the asymmetry was derived for
themost important EEG frequencybands,whichared5 (224)Hz,u
5 (42 8) Hz, a 5 (82 16) Hz, and b 5 (162 20) Hz. The rEEG is
computed for each channel andone signal is obtained by themedian
of all range EEGs to resemble the approach of aEEG. The rEEG was
derived for 2-second windows without overlap and all indices were
then grand-averaged for each sleep state.

2.4.2. Multiscale entropy

A more refined maturity index of the neonatal EEG is the multiscale

entropy (MSE).7,11,55 It is based on the more common index of the

SampleEntropy,whichmeasures thepredictability of the signal. Its actual

definition is thenegativenatural logarithmof theconditionalprobability that

a data set of sizeN,which presents repetition of anm-points patternwith

a certain tolerance r,will alsopresent repetitionof anm11pointspattern

within thesame tolerance.30The tolerance r is normallydefinedas20%of

theSDof the signal. TheMSE is a generalized version of SampleEntropy

at different scales t, which means the signal is coarsely grained with a

moving average and downsample of order t. The advantage is 2-fold:

MSEdoesnot only contain the information of the regular SampleEntropy

at scale 1, but the coarse-grainingprocess enhances the slower patterns

in the computation of the sample entropy.
In general, the Sample Entropy is low in case of discontinuity and

early-life EEG and increases with age.56 Similarly, the area under the

MSE curve or the cumulated MSE for all scales, CI5+
t

MSE  ðtÞ, is
low in case of discontinuity and it increases with age.55 Thismetric is

known as the complexity index (CI) and is a general measure of

irregularity across scales. Therefore, theMSEwill investigate how the

matching probability varies for long-term variations (high scales or

low frequencies) and for short-term variations (small scales or high

frequencies), combining both the investigation of EEG discontinuity

and slow-wave patterns.
Complexity index was computed in 150-second nonoverlapping

windows and grand-averaged along the time course of each sleep

Table 1

Overview of all different SBP categories monitored in the study.

SBP categories: Punctures SBP categories: Ventilation SBP categories: Other

Venous or arterial blood sample Placing CPAP tube Placing thorax drain

Placing peripheral venous catheter Endotracheal aspiration Care thorax drain

Placing deep venous catheter Aspiration mouth and nose Placement gastrointestinal tube

Placing umbilical arterial and/or venous catheter Wound care

Lumbar punction Surgery

Intubation Eye examination

The first column is related to all puncture procedures, the second column is related to ventilation procedures, and the last one is related to other painful procedures.

CPAP, continuous positive airway pressure; SBP, skin-breaking procedures.

Figure 1. An overview of all recordings in the data set. The Gantt-chart-like
overview of all recordings for the different patients. The number of stacked bars
represents the number of recordings and the color is associated for the
recording time: blue for the first recording, red for the second recording at 34
w, and the yellow is the recording at discharge (PSG). The length represents
the cumulative amount of SBPs. In particular, the blue bar is the cumulated
SBPs up to first recording, whereas the red and the yellow bars have the
incremental values of cumulated SBPswith respect to the first recording. SBP,
skin-breaking procedures.
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state.15,44,55 Multiscale entropy was computed for each channel,
and each of these complexity indices was considered in the final
procedural pain analysis.

2.4.3. Heart rate variability power features

To assess dysmaturity based on the autonomic activity, the absolute
power of the HRV in the high-frequency (HF), low-frequency (LF),
and very-low frequency (VLF) bandswas computed. The band limits
were the following ones: HF 5 (0.2 2 4) Hz, LF5 (0.08 2 0.2) Hz,
and VLF 5 (0.0033 2 0.08) Hz.13 The power spectral density was
computed using the continuous wavelet transform (CWT), with

analytical Morlet as mother wavelet. The CWT computes an
instantaneous power spectrum of the signal and the band-power
can then be computed for each time sample. Consequently, power
time-series are obtained for the LF, HF, and VLF power. The CWT
was estimated in both QS and nQS using the entire 20 minutes and
power time-series were averaged over both epochs.

2.5. Statistical analysis

Statistical analysis was performed with MatLab (Mathworks, Inc). A
linear mixed-effect regression (LME) model was performed to
evaluate the association between functional measurements (HRV

Table 2

Summary of patient data set at different time points: SBPs (skin-breaking procedure at 5 days), GA (gestational age in weeks), birth

weight (ing), PMA (postmenstrual age inweeks) atdifferent recordingdates (5days, 34w,PSG),CRIBscore,APGARscoreat5minutes

from birth, and the number of days in mechanical ventilation and continuous positive airway pressure, caffeine treatment (number of

patients receiving treatment, standard dose 5 mg/kg) at first and second EEG measurements, and the ultrasound evaluation.

HIGH SBP (n 5 19) LOW SBPs (n 5 73) P

SBPs 60 [56.25-69.5] 31 [24-37] #0.01

GA (weeks) 26.57 [25.29-29.5] 32 [29.5-32.57] #0.01

PMA at 5 days (first rec) 28.57 [26.43-31.57] 32.86 [31-33.57] #0.01

PMA at 34w (second rec) 34.29 [33.71-34.29] 34.07 [33.86-34.29] 0.32

PMA at PSG (third rec) 39.93 [38.71-42] 38.43 [37.36-39.21] #0.01

Birth weight (g) 950 [820-1137.5] 1540 [1230-1800] #0.01

CRIB score 2 [1-4.75] 0 [0-1] #0.01

APGAR 5 min 8 [6.25-9] 8 [6-8] 0.14

Days of mechanical ventilation 2.5 [0-16.5] 0 [0-0] #0.01

Days of CPAP 41.5 [7.75-55.5] 4 [2-28] #0.01

Caffeine (at 5 days) 17 63 0.715

Caffeine (at 34w) 15 31 #0.05

Data are split in HIGH SBP (SBP$50) and LOW SBP (SBP,50). Data are median [IQR] except for the caffeine treatment. Data were compared between the low and high SBP groups using Mann–Whitney U tests for continuous
variables and x2 tests for categorical variables.

SBP, skin-breaking procedures; PMA, postmenstrual age.

Table 3

Summary ofmost vulnerable patient datawithGA£29weeks: SBP (skin-breaking procedure at 5 days), GA (gestational age inweeks),

birthweight (in g), PMA (postmenstrual age inweeks) at different recording dates (5 days, 34w, PSG), CRIB score, APGARat 5minutes

from birth, the number of days in mechanical ventilation and continuous positive airway pressure, caffeine treatment (number of

patients receiving treatment, standard dose 5 mg/kg) at first and second EEG measurements and the ultrasound evaluation.

HIGH SBP (n 5 14) LOW SBP (n 5 17) P

SBP 65.5 [58-73] 40 [32-44] #0.01

GA 26.14 [25.14-26.86] 28.43 [26.71-28.71] #0.01

PMA at 5 days (First rec) 26.57 [26.21-28.64] 29.43 [27.54-29.68] 0.05

PMA at 34w (Second rec) 34.29 [34-34.29] 34 [33.86-34.14] 0.08

PMA at PSG (Third rec) 39.93 [39.29-42] 38.64 [38.14-40] 0.08

Birth weight 890 [800-1050] 1090 [905.5-1203.25] 0.1

CRIB score 2.5 [1-6] 2 [1-4.5] 0.64

APGAR 5 min 8 [5.75-9] 8 [6-8.75] 0.95

Days of mechanical ventilation 9 [0-19] 1 [0-1.5] 0.20

Days of CPAP 44 [35-80.5] 44 [36-55] 0.71

Caffeine (at 5 days) 12 14 0.80

Caffeine (at 34w) 12 16 0.43

Data are split in HIGH SBP (SBP$50) and LOW SBP (SBP,50). Data are median [IQR] except for the caffeine treatment. Data were compared between the low and high SBP groups using Mann–Whitney U tests for continuous

variables and x2 tests for categorical variables.

SBP, skin-breaking procedures.
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power, EEGcomplexity, and asymmetry) and early SBPs. To correct
for the effect of GA and PMA, the final regression model did not only
include the binary SBP, but also these 2 age-related variables as
fixed effects. The random effect was expressed by the group
represented by each patient and was considered for both the slope
coefficients and the intercept of the LME model. In addition, the
regression models were computed for both behavorial sleep states
(QS and nQS).

The significance of the association between early SBPs and
functional measurements was tested in 2 ways. To correct for the
multiple comparisons (multiple features coming from multiple
channels), the P-value of the SBP coefficient was corrected using
the false-discovery ratewitha50.05. The false-discovery rate (FDR)
can be applied to correct for the number of brain region locations in
case of channel-dependent features,17,45 but it can also be used to
correct for the total number of extracted features.20,27 False-
discovery rate was applied in our study to correct for the number of

features in the analysis and rank the features from the onewith most
significant association with SBPs to the least significant one. In
addition, the significant contribution of SBP in explaining the
maturational trajectory of the functional variables was assessed
using the log-likelihood ratio (LLR) test.4 This ratio test specifically
assesses whether adding “early SBPs” in the prediction model
reduces the variance of the residuals of amodel, which contains only
the age variables (PMA and GA). The full coefficient of determination
(R2) of the model including SBP group as well as the coefficient of
determination of the reduced model, with only GA and PMA (R2

Red),
was also computed. The decrease in error (%) when the SBP
variable is added to the model was also obtained together with the
associated log-likelihood statistics F, which is ultimately a log
transform of the error variances ratio.

In addition, two-way analyses of variance (ANOVAs) were
performed on our EEG and HRV variables of interest with SBP
group (low vs high) andmeasuring point (5 days, 34 weeks, PSG) as
independent variables. To investigate differences between preterm
infants in the high and low SBP at each measuring point,
Tukey–Kramer multiple comparison tests were subsequently
performed.

These models were tested for both the entire set of patients (n5
92) and for preterm infants with a GA #29 weeks (n 5 31). We
specifically focus on this more coherent group of extremely preterm
babies because they are most vulnerable to require intensive care
and are thus subjected to more SBPs.

3. Results

3.1. Patients demographics

Infant demographics and clinical characteristics are summarized in
Table 2 for the entire data set and in Table 3 for the early-GA data
set. As expected, patients with a higher number of cumulated SBPs
at 5 days also had a lower GA, a lower PMA at the moment of the
recording, higher CRIB score, and higher number of days of
mechanical ventilation and of continuous positive airway pressure
(Table 2). Caffeine treatment (yes/no) at 5 days and APGAR score
did not significantly differ betweenSBPgroups,whereas the number
of patients receivingcaffeinewasdifferent at 34weeksbetweenSPB
groups. In the subset of early-GA infants (,29 weeks), only BW
differed significantly between infants of the low and high SBPgroups
(Table 3). Only one patient from the high SBP group received
medication that could exert a central nervous system depressant
effect at the 34-week recording. However, the patient was kept in
the overall analysis because the medication was only provided
during one recording of the patient and because we did not observe

Figure 2. The average skin-breaking procedures during the NICU stay. The
chart of the skin-breaking procedures is displayed as average over the different
patients in the 2 groups, HIGH SBPs (SBPs $ 50) in magenta and LOW SBPs
(SBPs, 50) in green. The curves show the SBP dynamics during the neonatal
intensive care unit stay in the first 100 days. The average chart is represented by
the continuous thick line, whereas the upper bound and the lower bound

represent the error margin. The curve has been defined as mðtÞ6 sðtÞ
ffiffiffiffiffiffi

NðtÞ
p , where

m(t) is the mean of the patient distribution, s(t) is the SD, and N(t) represents the
number of patients. The variable t represents each postnatal day. The
exponential decay highlights that most procedural pain is concentrated in the
first days of life. NICU, neonatal intensive care unit; SBP, skin-breaking
procedures.

Figure 3. Distributions of SBPs data at 5 days. The histogram distributions for the cumulative amount of SBPs at 5 days from birth. The right panel shows the
distribution for the entire data set, whereas the second one depicts the distribution for the low gestational age data set (GA# 29weeks). The black continuous line
represents the median value of the distribution, the dashed line represents the mean, and the dotted dashed line is 75% quantile of the investigated distribution.
GA, gestational age; SBP, skin-breaking procedures.
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significant changes in the regression models when this recording
was omitted.

3.2. Skin-breaking procedures

Figure 2 clearly shows that there is a peak in the number of SBPs
in the first days of life, followed by an exponential decay. In
particular, there is already a significant drop in SBPs after 5
postnatal days. The distribution of cumulated SBPs at 5 days is
reported for the entire data set and for the subset of patients with
GA #29 weeks in Figure 3. In the entire data set, the median
number of cumulated SBPs at 5 days is 34.5 and the distribution
has a fat-tail on the right. It implies that a median threshold would
give rise to more heterogeneous levels of SBPs in the high SBP
group. The early-GA distribution has amedian of 50 without a fat-
tail; therefore, it contains more similar high-level SBPs. Impor-
tantly, Figure 2 shows that, using this threshold, the difference in
the number of SBPs persists throughout NICU stay between
preterm infants in the low and high SBP groups.

3.3. Relationship between EEG and heart rate variability
functional variables and early skin-breaking procedures

The relationship between electrophysiological maturational trends
and early SBPswas examined for the entire data set and reported in

Tables 4 and 5. After FDR correction, early SBPs were negatively
associated with the EEG CI, during QS as well as nQS (eg, CI(FP2)
has BSBP521.585with P# 0.05 in nQS and CI(C3) has BSBP52
2.23 with P # 0.05 in QS). Early SBPs were also associated to an
increase in range EEG asymmetry in QS (eg, asym(u) with BSBP 5
0.051 with P # 0.01). For HRV, the power in the HF band was
positively associatedwith SBPs in bothQSandnQS (P(HF) hasBSBP

5 0.003 with P# 0.05 and has BSBP5 0.003 with P# 0.01 in QS).
These results imply that a high level of SBPs is associated with a
discontinuous EEG trace andwith a higher vagal tone after PMAand
GA correction.

The central role of SBPs is confirmed by the LLR test and the
decrease in error variance reported in Tables 4 and 5. In nQS, the
decrease in error variance ranges from 3.07% to 4.49% with an
associated improvement of R2 from R2

Red, whereas the decrease
oscillates between 2.95% up to 10% in the QS epoch. All the
reported variables had significant improvement in the regression
performance as indicated by the associated P-values.

The differences in maturational trends reported by Tables 4
and 5 are investigated at each recording time using the 2-way
ANOVA test. Based on the FDR ranking in Tables 4 and 5, we
reported CI(FP2) in nQS, asym(u) in QS and P(HF) in QS in
Figures 4–6.

In nonquiet sleep, we found a statistically significant interaction
effect between measuring point and SBP group on EEG CI

Table 4

Results of the linear mixed effect model for the nonquiet sleep (nQS) state in the ENTIRE data set.

Feature BSBP BGA BPMA MSE R2 R2Red FLLR D(%)

CI(Fp2) 21.585‡ 0.241‡ 0.669* 8.04 0.48 0.46 6.93‡ 3.23

P(HF) 0.003‡ 0.00008§ 0.00046* 0.00002 0.21 0.09 9.7† 4.49

CI(T4) 21.333‡ 0.266† 0.541* 7.11 0.42 0.4 6.58‡ 3.07

CI(O2) 21.229‡ 0.214‡ 0.691* 6.578 0.53 0.51 6.84‡ 3.19

Only the features that have a significant association with early skin-breaking procedure are reported. The values B represent the fixed-effect coefficients for the SBP, GA, and PMA variables with the associated significance level

(P-value). For each feature, the following parameters are reported: the mean-absolute error (MSE), the coefficient of determination R2, the coefficient of determination of the model with only GA and PMA (R2Red), the log-likelihood
ratio (LLR) F-statistics, and the decrease of error varianceD(%) with SBPs variable. The P-value is indicated with following symbols: * for P-value# 0.0001, † for P# 0.01, ‡ for P# 0.05, and § for not significant P-values. CI

stands for complexity index and P(HF) stands for HF power in the tachogram.

SBP, skin-breaking procedures; PMA, postmenstrual age.

Table 5

Results of the linear mixed-effect model for the QUIET sleep (QS) state in the ENTIRE data set.

Feature BSBP BGA BPMA MSE R2 R2Red FLLR D(%)

Asym(u) 0.051† 0.002§ 20.023* 0.005 0.62 0.56 12.72† 5.85

CI(C3) 22.223† 20.182§ 1.077* 9.739 0.62 0.59 11.68† 5.39

P(HF) 0.003† 0.00015§ 0.0003† 0.00002 0.13 0.01 22.41† 10.1

Asym(d) 0.048† 0.004§ 20.021* 0.005 0.55 0.491 1.02† 5.09

Asym(a) 0.056† 0.006‡ 20.022* 0.006 0.56 0.45 9.65† 4.47

CI(Fp2) 21.759† 20.211‡ 1.05* 7.93 0.65 0.63 8.78‡ 4.08

CI(O1) 22.137† 20.176§ 1.041* 8.828 0.63 0.59 10.53† 4.87

CI(O2) 21.705‡ 20.143§ 1.031* 7.468 0.67 0.61 9.03‡ 4.19

CI(Fp1) 21.628‡ 20.256‡ 1.058* 8.096 0.65 0.63 7.03‡ 3.28

CI(T3) 21.771‡ 20.099§ 1.027* 6.186 0.73 0.64 9.23‡ 4.28

Asym(b) 0.047‡ 0.005§ 20.02* 0.005 0.53 0.41 7.29‡ 3.4

CI(T4) 21.626‡ 20.133§ 1.017* 6.83 0.72 0.6 6.33‡ 2.95

Only the features that have a significant association with early skin-breaking procedure are reported. The values B represent the fixed-effect coefficients for the SBP, GA, and PMA variables with the associated significance level

(P-value). For each feature, the following parameters are reported: the mean-absolute error (MSE), the coefficient of determination R2, the coefficient of determination of the model with only GA and PMA (R2Red), the log-likelihood
ratio (LLR) F-statistics, the decrease of error varianceD(%) with SBPs variable, and the two-way ANOVA P-value associated with the SBP main effect. The P-value is indicated with following symbols: * for P-value# 0.0001, †

for P # 0.01, ‡for P # 0.05, and § for not significant P-values. CI stands for complexity index, P(HF) stands for HF power in the tachogram, and asymmetry is the asymmetry of rEEG in the different frequency bands.

ANOVA, analysis of variance; SBP, skin-breaking procedures.
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(F(2,178)5 6.62, P# 0.01). Figure 4 shows that the CI increases
over time (main effect of measuring point: F(2,178)5 42.17, P#
0.01). Simple main-effects analysis showed that preterm infants
in the high SBP group have a lower CI than children in the lowSBP
group at the 5-day recording (P # 0.01). This difference is not
statistically significant for the 34 weeks (P5 0.59) or PSG (P5 1)
recording.

In quiet sleep, we found a statistically significant measuring point-
by-SBPs group interaction effect for asym(u) (F(2,208) 5 8.52, P#
0.01,Figure 5). As expected, rEEG asymmetry decreased over time
(main effect ofmeasuringpoint F(2,208)5101.71,P# 0.01). Simple
main-effects analysis showed a higher rEEG asymmetry in preterm
infants in the high SBP group compared to the lowSBP group at the
first measuring point at 5 days (P # 0.01). This difference was still
marginally significant at the 34-week recording (P 5 0.05). For the
last recording (PSG), rEEG asymmetry did not statistically differ
between the low and high SBPs groups (P5 0.72). Figure 6 shows
that the HF oscillations increase over time (main effect of measuring
point: F(2,191) 5 5.97, P # 0.01), but statistically significant
interaction effect between measuring point and SBP group is found
(F(2,191)54.56,P# 0.01). The simplemain-effect analysis showsa

higher P(HF) in the high SBPs group at the PSG recording time (P#

0.01), but there is no difference for the 5-day (P5 0.43) or 34w (P5
1) recording time.

The results for the patients with a GA below 29 weeks are
reported in Table 6 only for QS. The variables in nQS did not pass
the FDR test. Similarly to the entire data set, the HF power and the
asymmetry in the alpha and theta bands in QS have a positive
association with the SBPs variable (P(HF) has BSBP 5 0.005 with
P , 0.01 and asym(alpha) has BSBP 5 0.064 with P # 0.05).
Unlike the entire data set, the sympathetic tone P(LF) is also
significantly associated with the SBPs variable (P(LF) has BSBP 5
0.009 with P , 0.05). The LLR test and F-statistics support the
significant decrease in error variance and improvement in R2. The
change in error ranges from 6.38% to 13.2%.

Based on FDR ranking, we reported the asym(a) in QS and
P(HF) in QS in Figures 7 and 8 and we showed the results of
simple main-effect analysis based on the ANOVA test. In a subset
analysis of infants with ,29 weeks GA, we found a significant
SBP-by-measuring point interaction on rEEG asymmetry in quiet
sleep (F(2,71)5 3.86,P5 0.03). Asymmetry decreased over time
(main effect of measuring point: F(2,71)5 61.61,P# 0.01). At the

Figure 4. Complexity index (CI) in nonquiet sleep. The figure shows the association with CI and early skin-breaking procedure (SBPs). Data are reported for the
entire data set during nQS. The left panel shows how the CI maturational trend differs in case of high SBPs (magenta curve, SBPs$50) compared to low SBPs
(green curve, SBP ,50). The blue/green triangles represent the patient with low SBPs (N 5 73) and red/orange circles the high SBPs (N 5 19). The right panel
shows the boxplot trend as output of the two-way ANOVA: the division between HIGH SBPs and LOWSBPs is reported for each recording time. The CI increases
over time (main effect of measuring point: F(2,178)5 42.17, P# 0.01), but statistically significant interaction effect between measuring point and SBPs group is
found (F(2,178)5 6.62,P# 0.01). The simple main-effect analysis shows a lower complexity in HIGHSBPs group at the 5-day recording (P# 0.01, indicated as **
in the figure), but there is no significant difference for the 34-week (P 5 0.59) or PSG (P 5 1) recording time. ANOVA, analysis of variance.

Figure 5. Range EEG asymmetry in QUIET sleep. The figure shows the association between rEEG asymmetry in the theta band (asymm) and early skin-breaking
procedures (SBPs) Data are reported for the entire data set during QUIET sleep (QS). The left panel shows how the asymmetry maturational trend differs in case of
high SBPs (magenta curve, SBPs$50) compared to low SBPs (green curve, SBP, 50). SBPs seem to increase the level of asymm throughout the development
HF oscillations. The right panel shows the boxplot trend as output of the two-way ANOVA: the division between HIGH SBPs and LOW SBPs is reported for each
recording time. The asymmetry decreases over time (main effect of measuring point: F(2,208) 5 101.71, P # 0.01), but statistically significant interaction effect
betweenmeasuring point and SBP group is found (F(2,208)5 8.52,P# 0.01). The simplemain-effect analysis shows a higher asymmetry in the HIGHSBPs group
at the 5-day recording (P# 0.01, indicated as ** in the figure) and amarginal significant difference for the 34weeks (P5 0.05, indicated as * in the figure). The rEEG
asymmetry does not statistically differ between HIGH and LOW SBPs groups at PSG recording time (P 5 0.72). ANOVA, analysis of variance.
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34-week recording, infants in the high SBP group showed a
significantly higher rEEG asymmetry than the infants in the low
SBP group (P 5 0.02). At the recording at 5 days and the PSG
recording, this difference did not reach significance (P5 0.91 and
P 5 0.98, respectively). A significant SBP-by-measuring point
interaction on P(HF) is found in quiet sleep (F(2,67) 5 3.49, P 5
0.04). High-frequency oscillations also increase over time (main
effect of measuring point: F(2,67) 5 6.49, P # 0.01). Post hoc
analysis showed that this difference in HF oscillations between
the high and low SBP groups is only significantly different at the
last, PSG, recording (P 5 0.04).

4. Discussion

In this study, we confirmed our hypothesis that a high number of
early skin-breaking procedures in premature infants are associ-
ated with a dysmature EEG. We also found that a high amount of
SBPs is associated with a higher heart-rate variability.

Data were collected in a neonatal unit where a lot of attention is
given to monitoring and minimizing pain and discomfort, and
where individualized developmental care and family integrated
care principles are fundamental to the unit’s care philosophy.
Nevertheless, this study confirms that preterm infants experience

a high amount of skin-breaking procedures during their NICU
stay.

Developmental studies show that both EEG and HRV are
expected to change with infant’s development. If electrophysi-
ological patterns in these signals keep the traits and grapho-
elements, which are typical of early GA, they are labelled as
dysmature. The 2 main features of dysmature EEG, which are
discontinuity and slow-wave persistence, are all expected to
significantly decrease with development (Pavlidis et al, 2017b;
Wallois, 2010). As demonstrated in previous studies,41,55 EEG
complexity increases with increasing PMA, whereas range EEG
asymmetry is higher in the first week of life and has a downward
trend with development. For HRV, the band-power of the main
HRV tones (VLF, LF, and HF) are all expected to increase with
infants’ development.9,12,25

To the best of our knowledge, this is the first study that shows
the effect of pain-related stress on the functional maturation of the
brain and the autonomic nervous system in premature infants.
Our results show that a high number of early skin-breaking
procedures is significantly associated to an EEG with lower EEG
complexity and higher rEEG asymmetry, which can imply a
dysmature EEG31,32,41,55 and a higher HRV. Although the level of
SBPs is strongly correlated with GA and PMA (Tables 2 and 3) as
expected, the association between EEG and HRV variables and
SBPs was not only confirmed after controlling for age at birth and
age at recording, but was also supported by the decrease in
prediction error when procedural pain was entered in the model.
Simple main-effect analyses shows at which recording time the
functional variables statistically differ between high and low SBPs
groups. Post hoc analyses confirm that EEG shows dysmature
traits in the first weeks of life, whereas the vagal tone is higher at
PSG in the infants that experience a high amount of SBPs. Similar
results were obtained in the early-GA group in terms of an
association between high SBPs, dysmature EEG, and greater
HRV. Interestingly, the results tend to be similar in the QS state
(Tables 5 and 6), whereas no significant differences were found
in nQS for the early-GA group compared to the entire data set.

Early pain might act on the infant’s development through
different mechanisms, mainly sensitization to pain of the central
nervous system and lowering sensory threshold.19 Early pain and
injuries might developmentally regulate nociceptive pathways,
such as hyperinnervation of the periphery and increasing
receptive fields of the dorsal horn of neurons.46,50 This peripheral

Figure 6. High-frequency oscillations in QUIET sleep. The figure shows the association between HF oscillations of the tachogram P(HF) and early skin-breaking
procedure (SBPs). Data are reported for the entire data set during QUIET sleep (QS). The left panel show how P(HF) maturational trend differs in case of high SBPs
(magenta curve, SBP $50) compared to low SBPs (green curve, SBP , 50). SBPs seem to increase the power of HF oscillations. The right panel shows the
boxplot trend as output of the two-way ANOVA: the division betweenHIGHSBPs and LOWSBPs is reported for each recording time. TheHF oscillations increases
over time (main effect ofmeasuring point: F(2,191)5 5.97,P# 0.01), but statistically significant interaction effect betweenmeasuring point andSBPgroup is found
(F(2,191)5 4.56, P# 0.01). The simple main-effect analysis shows a higher P(HF) in HIGH SBPs group at the PSG recording time (P# 0.01, indicated as ** in the
figure), but there is no difference for the 5-day (P 5 0.43) or 34w (P 5 1) recording time. ANOVA, analysis of variance; HF, high-frequency; SBP, skin-breaking
procedures.

Table 6

Results of the linear mixed-effect model for the quiet sleep

(QS) state in the patients with a GA below 29 wks.

Feature BSBP BGA BPMA MSE R2 R2Red FLLR D(%)

P(HF) 0.005† 0.002† 0.00057* 0.00003 0.27 0.16 10.48† 13.2

Asym(a) 0.064‡ 0.006§ 20.021* 0.005 0.7 0.58 6.52‡ 8.43

P(LF) 0.009‡ 0.002§ 0.001* 0.00014 0.31 0.18 7.9‡ 10.1

Asym(u) 0.05‡ 0.005§ 20.024* 0.005 0.74 0.66 4.88§ 6.38

Only the features that have a significant association with early skin-breaking procedure are reported. The

values B represent the fixed-effect coefficients for the SBP, GA, and PMA variables with the associated

significance level (P-value). For each feature, the following parameters are reported: the mean-absolute error
(MSE), the coefficient of determination R2, the coefficient of determination of the model with only GA and PMA

(R2Red), the log-likelihood ratio (LLR) F-statistics, the decrease of error variance D(%) with SBP variable, and

the two-way ANOVA P-value associated to the SBP main effect. The P-value is indicated with following
symbols: * for P-value# 0.0001, †for P# 0.01, ‡for P# 0.05, and § for not significant P-values. P(HF) and

P(LF) stand for HF and LF power in the tachogram, respectively, whereas asymmetry is the asymmetry of rEEG

in the different frequency bands.

ANOVA, analysis of variance; GA, gestational age; NICU, neonatal intensive care unit; SBP, skin-breaking

procedures; PMA, postmenstrual age.
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sensitization might lead to the central sensitization, which can
affect the central nociceptive pathways and thalamus. Conse-
quently, the thalamocortical projections will be abnormally
distributed because their topography and structural organization
are activity-dependent.17 In premature infants, any impact on the
thalamus development and thalamocortical connectionswill have
a direct impact on the cortical activity because the high-amplitude
delta bursts type of activity is a result of the predominance of the
subcortical centers.29,43 During the development of thalamo-
cortical projections, the axons of the thalamus will contend the
activity on the cortex. If early pain disrupts the thalamocortical
connections, the activity on the cortex will also be different.17

Previous research showed that pain stimulation might induce
higher delta activity and delta brushes, which are diffused over the
entire cortex due to underdeveloped cortico-cortical connec-
tions, as also supported by fMRI studies.52 This widespread
diffused delta activity is present up to 35 weeks of GA, before it is
replaced by a mature cortical response at full-term age.47 We
therefore speculated that neonatal pain might induce a different
brain rhythmicity, especially in terms of d band, and might lead to

a greater discontinuous tracing on the cortex, as also shown in
Figures 4–6. Because pain-related stress and cumulated pain
might ultimately induce a diffused delta-burst activity,18,26,47 pain
can ultimately increase the discontinuity of the EEG and
contribute to a more dysmature pattern. Therefore, the greater
rEEG asymmetry and the lower EEG complexity are the result of a
more dysmature tracing.

Clearly, other subtle factors or causes of this persistence EEG
dysmaturity cannot be excluded. However, Doesburg et al16

also found that a different brain rhythmicity was associated with
cumulated pain, which was associated to reduced visual–
perceptual abilities, and Grunau et al. showed that pain-related
stress is associated with a lower cognitive outcome.22 In
parallel, several authors have shown that a dysmature EEG in
premature infants is associated with worse cognitive out-
come.6,28,54 Furthermore, early-life pain and the resulting
disruption of thalamocortical pathways are also associated with
a lower cognitive outcome.17 Therefore, our results might
provide the functional link that can discriminate infants at risk
for developmental delay: a higher SBP loadmight induce amore

Figure 7.Range EEGasymmetry in early-GA patients. The figure shows the association between the rEEG asymmetry in the alpha band (asymm, Left Panel A) and
early skin-breaking procedures (SBPs). Data are reported for the patients with gestational age below 29weeks during QUIET sleep (QS). The left panel shows how
the asymm trend differs in case of high SBPs (magenta curve, SBP $50) compared to low SBPs (green curve, SBP ,50). Skin-breaking procedures seem to
increase the level of asymm throughout the development. The right panel shows the boxplot trend as output of the two-way ANOVA: the division between HIGH
SBPs and LOW SBPs is reported for each recording time. A significant SBP-by-measuring point interaction on rEEG asymmetry is found in quiet sleep (F(2,71)5
3.86,P5 0.03). Asymmetry also decreases over time (main effect ofmeasuring point: F(2,71)5 61.61,P# 0.01). At the 34-week recording, infants in the high SBP
group showed a significantly higher rEEG asymmetry than the infants in the low SBP group (P5 0.02, indicated as * in the figure). At the recording at 5 days and the
PSG recording, this difference did not reach significance (P5 0.91 and P5 0.98, respectively). ANOVA, analysis of variance; GA, gestational age; rEEG, range
EEG.

Figure 8.High-frequency oscillations in early-GA patients. The figure shows the association with the vagal tone (P(HF)) and early skin-breaking procedures (SBPs).
Data are reported for the patients with gestational age below 29 weeks (n5 31) during QUIET sleep (QS). The left panel shows how the P(HF) maturational trend
differs in case of high SBPs (magenta curve, SBP$50) compared to low SBPs (green curve, SBP,50). SBPs seem to increase the power of HF oscillations. The
right panel shows the boxplot trend as output of the two-way ANOVA: the division between HIGHSBPs and LOWSBPs is reported for each recording time. The P-
value associated to the ANOVA is reported on y-axis, whereas the output of the Tukey–Kramer multiple comparison test is reported below each boxplots group. A
significant SBP-by-measuring point interaction on P(HF) is found in quiet sleep (F(2,67) 5 3.49, P 5 0.04). High-frequency oscillations also increases over time
(main effect of measuring point: F(2,67)5 6.49, P# 0.01). Post hoc analysis showed this difference in HF oscillations between the HIGH and LOW SBP group is
only significantly different at the last, PSG, recording (P5 0.04, indicated as * in the figure). ANOVA, analysis of variance; GA, gestational age; HF, high-frequency.
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dysmature EEG, which is related to a lower development
outcome. Currently, follow-up developmental testing is taking
place in our patient sample so we will be able to link the current
results with developmental outcome measures in the future.

Unlike EEG, the results related to HRV are somewhat
counterintuitive. Normally, a lower heart-rate variability in pre-
mature infants is associated to a lower mental outcome25 and the
maturation of autonomic nervous system is characterized by an
increase in short-term and long-term HRV, which means an
increase in HF and LF oscillations.12 Based on the cortical
findings, one would expect that a higher SBPwould decrease the
HRV power in different bands. However, both HF and LF
oscillations seem to increase with increasing age and increasing
SBP. The increase in short-term and long-term variations of the
tachogram might be the consequence of a faster autonomic
nervous system development to modulate the noxious response.
This might be a further consequence of central pain sensitization
and the alteration of the stress response at autonomic nervous
system control level and the HPA axis.17,21,53 However, this
hypothesis requires further testing in future studies.

A notable difference regards the sleep states: QS substantially
presents more significant associations between stress and
functional features than nQS. Similar to HRV, definitive conclu-
sions cannot be drawn, but it is interesting to note that the greater
number of associations are revealed in the calmest behavioral
state with the most discontinuous EEG tracing.1 This can be a
further proof that early-life stress can induce a more discontin-
uous EEG, with a long-lasting effect to infant’s physiology that
goes beyond a simple sleep interruption or deprivation. However,
QS is the latest state to mature and is typically characterized by a
discontinuous tracing, which is one of the main traits of
dysmaturity.1 Therefore, the association between stress and
dysmaturity might be easier to investigate in this stage than in
nQS, which is normally a mix of active sleep and awake with a
more continuous tracing.

Another crucial point regards the most vulnerable patients,
who have GA #29 weeks. Duerden et al. found a stronger
association between SBPs and the thalamic volume17 in
extremely preterm infants. One might expect that the association
between SBPs and EEGdysmaturity ismainly driven by the young
GA of the patients with high SBPs. We did, however, confirm the
link between high SBPs, EEG dysmaturity, and higher HRV in the
GA #29 weeks subgroup. Therefore, the current results show
similar EEGdysmaturity andHRVbehavior for both the entire data
set and the vulnerable patient group in case of high SBPs.
Interestingly, this similarity is present only for the QS state,
whereas the results were not confirmed during nQS in the early-
GA group. This similarity in the calmest state of the sleep cycle
might further support the long-lasting effect of stress on sleep
architecture and physiology.

5. Conclusions

The current study aimed to quantify the association between early
SBPs and EEG and HRV functional trends in preterm infants. We
found a more discontinuous EEG and a larger HRV in infants that
were exposed to high levels of early procedural pain. These
dysmaturity patterns provide further evidence that central pain
sensitization in premature babies might affect their future
development and cognitive and behavioural outcome. Pain and
stress assessment through functional monitoring might help
clinicians to optimize their pain treatment at cot-side. Because
the early-life experience in the first days of life is crucial for future
development, the use of EEG and HRV might complement

clinicians’ guideline about analgesia to ameliorate the neuro-
developmental outcome of the patients.
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