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Abstract

Objectives: This study aimed to establish reference values
for heart rate frequency and variability indices in preterm
neonates admitted to a neonatal intensive care unit of a
tertiary care hospital during their first week of life.
Methods: In this retrospective cohort study, the General-
ized Additive Models for Location Scale and Shape frame-
work was employed to establish reference values for heart
rate indices across time-domain, frequency-domain and
nonlinear-domain in neonates considering gestational age,
postnatal age, sex and birth weight.

Results: Heart rate tracings of 594 neonates (45 % female;
median gestational age at birth 29° (IQR 26°-30°); 38 % birth
weight <p10, 6 % birth weight >p90) were analyzed. Refer-
ence values were established for 25 heart rate indices. Nearly
all heart rate indices were significantly influenced by
gestational age, postnatal age and sex. Baseline heart rate
decreased with gestational age, increased with postnatal age
and was higher in females. Heart rate standard deviation
increased with gestational age and postnatal age and was
lower in female. Inclusion of birth weight significantly
improved model fit for all HRV indices.
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Conclusions: This study highlights the importance of
considering gestational and postnatal age, sex and birth
weight when interpreting neonatal heart rate frequency and
variability in preterm neonates. These findings support the
need for personalized approaches for neonatal monitoring
and interpretation. Future research should validate these
values in larger, more diverse populations, including addi-
tional clinical factors such as neonatal complications and
medication administration, to determine their clinical
relevance.
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Introduction

In 2020, an estimated 13.4 million neonates were born pre-
term worldwide, a prevalence that has remained stable over
the past decade [1]. Premature birth, defined as birth under
37 weeks of gestation, significantly contributes to neonatal
and infant mortality, as well as long-term morbidity [2, 3].
The risk and severity of complications, including death, in-
crease as gestational age decreases, with prematurity being
a risk factor in over 50 % of all neonatal deaths [2, 3]. Neo-
nates born prematurely and requiring intensive care are
admitted to the neonatal intensive care unit (NICU). In the
NICU, continuous heart rate monitoring from admission to
discharge is mainly used to detect bradycardia, but also
provides valuable insights into autonomic control, physio-
logic variability, oxygenation and blood volume of the
neonate [4].

Heart rate regulation is primarily controlled by the
autonomic nervous system. The interaction between the
sympathetic and parasympathetic nervous systems results
in beat-to-beat fluctuations that facilitates dynamic adapta-
tion and maintenance of cardiovascular homeostasis [5].
These fluctuations, quantified as heart rate variability,
reflect the autonomic nervous system’s functional state and
maturation. Variations in heart rate variability is influenced
by physiological processes such as circadian rhythms, sleep-
wake cycles, postural changes, and ongoing autonomic
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maturation [6-10]. However, it can also indicate early signs
of distress [11, 12]. Reduced heart rate variability has been
associated with adverse outcomes, such as sepsis, necro-
tizing enterocolitis and adverse neurodevelopmental
outcome [13-15], underscoring its potential as a valuable
biomarker. Continuous monitoring of neonatal heart rate
variability can detect autonomic dysregulation, revealing
early signs of distress before the onset of overt symptoms of
conditions such as sepsis, respiratory distress and necro-
tizing enterocolitis emerge. This provides clinicians with the
opportunity for timely decision making and targeted inter-
vention, such as adjusting ventilatory support, initiating
medications, or closely monitoring of at-risk patients.

Reference values for heart rate can be valuable for
assessing neonatal wellbeing, as deviations from these estab-
lished reference values might reflect underlying distress.
Multiple studies have examined heart rate variability in ne-
onates using indices from time-domain [8, 16, 17], frequency-
domain [8-10, 16-20], and the nonlinear-domain [16, 17]. These
studies have investigated normative patterns while consid-
ering factors such as gestational age [8-10, 16, 19], postnatal
age [9, 10, 16], sex [9], sleep state [20], sleeping position [9], and
respiration [10, 19]. The majority of these studies were based
on short-term recordings or were limited to the first day oflife,
which provides only a partial view of early autonomic
development. And although reference values for heart rate
frequency have been reported across gestational and post-
natal ages [21], heart rate variability indices were not included
in that analysis. This leaves a gap in our understanding of
autonomic regulation during the early neonatal period.

In contrast to previous research, this study advances the
current understanding by analyzing continuous heart rate
measurements throughout the entire first postnatal week in
a large cohort of preterm neonates. Through the assessment
of heart rate frequency and variability indices across time-,
frequency-, and nonlinear-domains, it offers a comprehen-
sive characterization of autonomic maturation and its
modulating factors during early life. The aim of this study is
to establish reference values for heart rate frequency and
variability indices in the time-domain, frequency-domain
and nonlinear-domains in a population of neonates admitted
to the NICU of a tertiary care hospital during the first week of
life, born at a gestational age between 24" and 34, taking
into account sex. Furthermore, the influence of birth weight
on the heart rate indices is explored.

Materials and methods

Aretrospective cohort study was performed to analyze heart
rate measurements during the first week of life in the NICU
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of a tertiary hospital (Erasmus Medical Center, Sophia Chil-
dren’s hospital, Rotterdam, the Netherlands). Neonates born
between July 1, 2017 and December 31, 2021, with a gesta-
tional age ranging from 24*° to 34*® weeks, were eligible for
inclusion. Exclusion criteria included out-of-hospital birth or
no daily heart rate measurement available. Heart rate data,
gestational age at birth, date and time of birth, sex, and birth
weight were obtained from the hospital’s neonatal database.

Neonatal heart rate was continuously monitored using
the Infinity-M540 patient monitor (Dréger Medical, Liibeck,
Germany). The Infinity-M540 calculates the neonatal heart
rate by averaging the R-R intervals from the electrocardio-
gram over the most recent 10s of the measurement,
excluding the two longest and shortest R-R intervals [22]. It
provides an averaged heart rate reading every second, with
a measurement range of 15-300 beats per minute and a
resolution of 1 beat per minute. In case where electrocardi-
ography electrodes were not used, which is standard prac-
tice in neonates under 28 weeks gestational age, data from
the SET pulse oximeter module (Masimo, Irvine, California,
USA) connected to the M540 was utilized. The SET pulse ox-
imeter calculates heart rate from peripheral flow pulse data,
averaging the most recent 10s of measurement and
providing an output every second with a measurement
range of 25-240 beats per minute and a resolution of 1 beat
per minute [23]. Heart rate measurements from the Infinity-
M540 and SET pulse oximeter were considered equivalent,
as previous research found no statistically significant dif-
ference between average heart rates obtained from ECG and
SET pulse oximeter in newhorns [24].

The neonatal heart rate was continuously recorded 24 h
a day, covering all behavioral states. Neonates were pre-
dominantly in the supine position, consistent with standard
NICU care, although brief changes could occur during
routine medical care or during skin-to-skin contact.

Heart rate data analysis was performed using MATLAB
software (MATLAB 2023B, The MathWorks Inc.). Preprocess-
ing steps were performed prior to calculating the heart rate
indices: duplicate heart rate values with identical timestamps
were removed, values below 30 beats per minute and abhove
240 beats per minute were considered artifacts and were fil-
led as missing, and data gaps less than 20 s were filled using
cubic spline interpolation, only if the heart rate value before
and after the gap differed by less than 50 beats per minute.

Subsequently, heart rate indices from time-domain,
frequency-domain, and nonlinear-domain were calculated.
The heart rate indices and their definitions are presented in
Table 1 and Supplementary Material Appendix 1. The time-
domain indices included: average acceleration capacity
(AAC), average deceleration capacity (ADC), acceleration
phase-rectified slope (APRS), baseline, deceleration phase-
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rectified slope (DPRS), interval index (II), kurtosis, long term
irregularity (LTI), long term variability (LTV), median, root
mean square of the standard deviation (RMSSD), standard
deviation (SD), ratio between SD/RMSSD, skewness and
short term variability (STV). The frequency domain indices
included: normalized power in the very low frequency
(VLFn; 0-0.03Hz), low frequency (LFn; 0.03-0.15Hz),
movement frequency (MFn; 0.15-0.5 Hz) range and the ratio
between low frequency and movement frequency (LF/(MF)).
To calculate the frequency-domain indices a power spectral
analysis was performed using a Hann window with
sequences of length 256 and an overlap of 62.5%. The
nonlinear domain indices included: Higuchi fractal dimen-
sion (HFD), Lempel-Ziv complexity (LZC), Sample Entropy
(SamEn), the standard deviation of the Poincaré plot
perpendicular to the line-of-identity (SD1), the standard
deviation of the Poincaré plot along the line-of-identity (SD2)
and ratio between SD1/SD2. The heart rate indices were
calculated over one-minute, five-minute or 20 minute blocks
in accordance with established standards.

Table 1: Heart rate indices definitions. Definitions of the indices across
time, frequency and nonlinear domains are provided. Also the signal
length over which they are calculated is given.

Table 1: (continued)
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Index Definition Block
length

LTV® Long term variability quantifies the difference  1-min
between the maximum and minimum heart
rate value

Median Median heart rate is the middle heart rate  1-min
value when the heart rate values are ar-
ranged in ascending or descending order

RMSSD Root mean square of the standard deviation 1-min
of consecutive heart rate samples

SD/RMSSD Ratio of the standard deviation and root 1-min
mean square of the consecutive heart rate
samples

SD Standard deviation of consecutive heart rate 1-min
samples

Skewness Skewness measures the deviation of sym- ~ 5-min
metry of the heart rate distribution

STV® Short term variability quantifies the absolute 1-min
mean FHR difference on a sample-to-sample
basis

Frequency

domain®

VLFn Normalized power in the very low frequency 5-min
band [0-0.03]

LFn Normalized power in the low frequency band 5-min
[0.03-0.15]

MFn Normalized power in the movement fre- 5-min
quency band [0.15-0.5]

LF/MF Ratio between low frequency and movement 5-min
frequency

Nonlinear

domain®

HFD Higuchi fractal dimension quantifies the 5-min
regularity of the heart rate signal based on its
scaling properties

LzC Lempel-Ziv complexity quantifies the requ-  20-min
larity of the heart rate signal converted to a
sequence of symbols

SamEn Sample Entropy measures the regularity of ~ 5-min
the heart rate

SD1 Standard deviation of the Poincaré plot 5-min
perpendicular to the line of identity,
which is a measure for short-term
variability

SD2 Standard deviation of the Poincaré plot along 5-min
the line of identity, which is a measure for
long-term variability

SD1/SD2 Ratio between SD1 and SD2 5-min

Index Definition Block
length

Time domain

AAC Average acceleration capacity is an integral ~ 5-min
measure of all periodic acceleration-related
oscillations

ADC Average deceleration capacity is an integral ~ 5-min
measure of all periodic deceleration-related
oscillations

APRS Acceleration phase-rectified slope describes  5-min
the average increase in heart rate and time
length of the increase

Baseline Baseline heart rate is the mean level of the ~ 1-min
heart rate when accelerations and de-
celerations are excluded

DPRS Deceleration phase-rectified slope describes 5-min
the average decrease in heart rate and time
length of the decrease

I Interval index quantifies a coefficient of 1-min
variation and is defined as the standard de-
viation of consecutive heart rate samples
divided by the short term variability

Kurtosis Kurtosis measures the peakedness of the 5-min
heart rate distribution

LTI Long term irregularity quantifies the inter- 5-min

quartile range of the distribution of the modal

2periods of accelerations and decelerations are excluded; °the signal is first
detrended using a second order polynomial; ‘the signal is first detrended
and normalized.
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Patients in database from Excluded:
07/01/2017 - 12/31/2021 = No admission to NICU (n =
n=8902 7060)
NICU admission Excluded:
n=1842 = No consent (n=111)

= Birth outside hospital (n =
51)

= Gestational age outside 24-
34 weeks range (n = 51)

= Daily postnatal NHR data
unavailable (n = 1146)

Patients included:
n =594
(328 male / 266 female)

Figure 1: Flowchart of the inclusion and exclusion process for the study
cohort.

Statistical analyses were performed with R (version
432, R Foundation for Statistical Computing, Vienna,
Austria). Baseline characteristics were determined using
descriptive statistics. The Generalized Additive Models for
Location Scale and Shape (GAMLSS) framework was
employed to establish reference values for the heart rate,
taking into account gestational age, postnatal age and sex
[25]. The GAMLSS framework allows for modeling of not only
the mean, but also the variance, skewness and kurtosis of
the heart rate distribution. In the sub-analysis, birth
weight percentile (<p10, >p10 & <p90, >p90) was added as
an additional explanatory variable to the model [26]. Based
on the data distribution, an appropriate model family
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distribution were chosen for model fitting, and the model
with the lowest generalized Akaike Information Criterion
was selected. The Likelihood Ratio test was used to assess
whether including explanatory variable in the sub-analysis
significantly improved model fit compared to the baseline
model, with significance set at 0.05. The model fit was
examined by comparing the predicted frequency to the
observed frequency below selected percentiles.

Results

Of 1,842 newborns who were admitted to the NICU, 1,248 ne-
onates were excluded based on predefined criteria (Figure 1).
The final sample consisted of 594 neonates, of whom 45 %
were female. The median gestational age at birth was 29*
(IQR: 26"°-30"). In this cohort, 38 % had a birth weight below
the 10th percentile of the birthweight curve, whereas 6 % had
a birth weight above the 90th percentile. Figure 2 illustrates
the distribution of neonates according to their gestational age
in full weeks at birth, categorized by sex.

Mortality occurred in 7 % of neonates, with a median age
at death of 14 days (IQR 7.8-29.5). Early-onset sepsis was
diagnosed in 2 %. Nasotracheal intubation was performed in
42 % of neonates, with a median age at initiation of 4.2 h IQR
1.5-23.7) and a median duration of 2.9 days (IQR 1.1-6.5).
Caffeine therapy was administered to 88% of neonates.
Vasoactive and inotropes medications were used in a subset
of infants and included adrenaline (5 %), alprostadil (0.3 %),
dobutamine (9%), dopamine (3%), fentanyl (12%),

Histogram gestational age in weeks

90 [—

Number of patients

40—

. \ \ \ \ \ \

[EFemale
IMale

24 25 26 27 28 29 30

Hioml

Gestational age (weeks)

Figure 2: Histogram of the number of patients included per gestational age in weeks and stacked by sex.
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isoprenaline (0.2 %), midazolam (4 %), milrinone (1 %),
noradrenaline (5 %), propofol (24 %), and vasopressin (0.2 %).

Table 2 presents a summary of the GAMLSS location test
statistics. The reference values and complete test statistics
are provided in Supplementary Material Appendix 2.
Gestational age influenced all indices except for LFn (Ta-
ble 2). With advancing gestational age, mean AAC, APRS, II,
LTI, LTV, RMSSD, SD/RMSSD, SD, skewness, STV, VLFn, LF/MF
ratio, Sample Entropy, SD1, SD2 significantly increased. In
contrast, ADC, baseline, DPRS, kurtosis, median, MFn, HFD,
LZC, SD1/SD2 ratio significantly decreased. Postnatal age
influenced all indices except for SD/RMSSD ratio (Table 2).
With advancing postnatal age, AAC, baseline, kurtosis, LTI,
LTV, Median, RMSSD, SD, STV, LFn, MFn, LF/MF ratio, HFD,
LZV, Sample entropy, SD1, SD2, SD1/SD2 ratio significantly
increased. The ADC, DPRS, II, skewness, VLFn significantly
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decreased. Male neonates exhibited significantly higher
mean AAC, APRS, LTI, LTV, RMSSD, SD/RMSSD, SD, skewness,
STV, LF/MF ratio, LZC, Sample Entropy, SD2. Female neo-
nates exhibited significantly higher mean ADC, baseline,
DPRS, median, MFn, SD1/SD2 ratio. Figure 3A illustrates the
relation among gestational age, postnatal age and baseline
heart rate for females. Figure 3B-G displays the corre-
sponding model reference curves for the baseline heart rate
for the initial 7 days after birth, categorized by the gesta-
tional age at birth in full weeks.

The likelihood ratio test statistics are presented in Table 3.
Corresponding model percentiles in weeks and GAMLSS sta-
tistics can be found in Supplement Material Appendix 3. In-
clusion of birth weight significantly improved model fit for all
indices. Figure 4A-F illustrate the relation among gestational
age, postnatal age, birth weight and baseline heart rate for

Table 2: Estimated coefficients for the location parameter (p) in the GAMLSS model for all heart rate indices.

Heart rate index

p estimate (SE)

Intercept Gestational age Postnatal age Sex

Time domain AAC —1.49 (0.08)° 0.09 (3.05e73)° 0.05 (3.84e73)° -0.12 (0.01)°
ADC 1.71(0.12)° —0.10 (4.86e73)° —0.03 (5.51e73)° 0.07 (0.02)°

APRS -0.19 (0.01)° 0.01 (4.88e7%¢ 8.82e7 (5.85e74 -0.02 (2.23e73)¢

Baseline 212.19 (1.77)¢ —2.32(0.06) 2.00 (0.08)° 0.81 (0.30)°

DPRS 0.18 (0.02)° —0.01 (6.10e7%° —4.62e73 (6.99e 74" 0.01 (2.11e73)

P 5.68 (0.15)° 0.07 (5.04e73)¢ -0.10 (5.75e )¢ 0.02 (0.02)

Kurtosis 437 (0.13) —0.05 (3.95¢73* 0.06 (3.14e73)° 9.69¢° (0.01)

LTP -3.12 (0.29)° 0.31 (1.01e7%)° 0.05 (0.01)° ~0.40 (0.05)°

LTV —8.54 (0.40)° 0.52 (0.01)° 0.20 (0.02)° -0.53 (0.07)°

Median 292.49 (1.75) ~5.10 (0.06)° 1.93 (0.08)° 0.72 (0.30)*

RMSSD 0.13 (0.04) 0.01 (1.26e73)° 0.02 (1.42e73)" —0.04 (5.39¢3)"

SD/RMSSD 0.92 (0.05)° 0.08 (1.76e73)° —3.87e73 (2.72¢79) —0.06 (0.01)°

SD -1.39(0.12)° 0.11 (4.36e73)° 0.07 (5.29e73)¢ -0.18 (0.02)°

Skewness —0.57 (0.09)° 0.03 (3.15e73)° —0.04 (3.56e73)° —0.06 (9.31e73)°

STV? -0.04 (0.02) 0.01 (6.47e7%" 1.13e72 (7.95e7% —0.02 (2.99e73)°

Frequency domain VLFn 0.97 (3.81e73)° 4.52¢7 (1.30e7% —4.66e7% (1.60e7%" -4.94e7* (6.11e7%
LFn 0.02 (3.39e73)° -1.39e7*(1.16e7% 4.22e73 (1.43e7% 2.61e74 (5.44e7%

MFn 9.77e73 (3.94e7%¢ —2.63e74(1.31e7) 3.41e7* (1.61e7°)¢ 1.33e74(6.32¢7)?

LF/MF —17.02 (0.45)° 0.84 (0.02)° 0.40 (0.02)° —0.26 (0.08)°

Nonlinear domain HFD 1.67 (0.01)¢ -1.31e=3(3.17e7%" 8.48e7 (4.11e7% —3.70e7* (1.87e73)
LzC 0.60 (0.01)° —0.01 (4.36e7%" 7.50e73 (5.30e74¢ —8.41e73 (2.05e73)°

SameEn 0.29 (0.02)° 0.00 (5.71e74¢ 8.83e73 (6.37e7 -9.42e73 (2.56e73)"

SD1 0.02 (2.60e3)° 5.63e74(9.01e7) 2.64e73 (1.08e74 —2.42e7* (4.35e7%)

SD2 —0.20 (0.03)° 0.02 (1.10e73)° 0.01 (1.10e73)° —0.02 (4.38e73)°

SD1/SD2 0.20 (4.43e73) —3.44e73 (1.49e74" 1.97e73 (1.36e7% 2.27e73 (5.23e7%¢

?p<0.05, °p<0.01, p<0.001. AAC, average acceleration capacity; ADC, average deceleration capacity; APRS, acceleration phase-rectified slope; BW, birth

weight; DPRS, deceleration phase-rectified slope; GA, gestational age; GAMLSS, generalized additive models for location scale and shape; HFD, Higuchi
fractal dimension; HR, heart rate; II, interval index; LFn, normalized power in the low frequency band; LF/MF, ratio between low frequency and movement
frequency; LTI, long term irregularity; LTV, long term variability; LZC, Lempel-Ziv complexity; MFn, normalized power in the movement frequency band; PNA,
postnatal age; RMSSD, root mean square of the standard deviation; SamEn, Sample Entropy; SE, standard error; SD, standard deviation; SD1, standard

deviation of the Poincaré plot perpendicular to the line of identity; SD1/SD2, ratio of standard deviation of the Poincaré plot perpendicular to the line of
identity and standard deviation of the Poincaré plot along the line of identity; SD2, standard deviation of the Poincaré plot along the line of identity; SD/
RMSSD, ratio of the standard deviation and root mean square of the standard deviation; STV, short term variability; VLFn, normalized power in the very low

frequency band.
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Figure 3: Graphical representation of the relationship among gestational age, postnatal age, baseline heart rate in females. (A) Mesh plot. (B-G) Model
reference curves for the initial 7 days after birth, categorized by gestational age at birth in full weeks. The solid yellow line indicates the p50, the dotted
green lines p25 and p75, the dashed blue lines p3 and p97. This figure displays only a subset of gestational ages (24, 26, 28, 30, 32, 34 weeks).

females and display the corresponding reference curves for
the baseline heart rate for the initial 7 days after birth, cate-
gorized by the gestational age at birth in full weeks. At
24 weeks of gestational age neonates with a hirth weight
above the 90th percentile exhibit the highest baseline heart
rate and neonates below the 10th birth weight percentile
exhibit the lowest. At 34 weeks gestational age, the highest
baseline heart rate postnatal is observed in neonates with a
birth weight above the 10th percentile and the lowest baseline

heart rate is observed in neonates with birth weight between
10th and 90th percentile.

Discussion

This study is the first to establish reference values for heart
rate frequency and variability indices in the time-domain,
frequency-domain and nonlinear-domain during the first
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Table 3: Likelihood ratio test for the inclusion of birth weight percentile
in the GAMLSS model for all heart rate indices.

Heart rate index Covariate

Birth weight percentile

X (df) p-Value

Time domain AAC 115.25 (6.51) <0.001
ADC 44.92 (7.58) <0.001

APRS 139.56 (7.77) <0.001

Baseline 94.59 (7.81) <0.001

DPRS 81.55 (7.82) <0.001

i 22.44 (7.89) <0.001

Kurtosis 19.59 (7.94) <0.001

LTI 101.17 (8.02) <0.001

LTV 116.83 (8.07) <0.001

Median 46.36 (8.17) <0.001

RMSSD 201.14 (9.37) <0.001

SD/RMSSD 265.81 (9.40) <0.001

SD 78.01 (9.51) <0.001

Skewness 243.49 (9.75) <0.001

STV 164.68 (9.96) <0.001

Frequency domain VLFn 175.98 (9.98) <0.05
LFn 150.13 (9.99) <0.01

MFn 172.88 (10.00) <0.001

LF/MF 253.41 (10.35) <0.001

Nonlinear domain HFD 83.72(10.53) <0.001
LzC 84.36 (10.54) <0.001

SamEn 104.67 (10.85) <0.001

SD1 83.55 (10.85) <0.001

SD2 137.87 (10.89) <0.001

SD1/SD2 167.12 (11.26) <0.001

AAC, average acceleration capacity; ADC, average deceleration capacity;
APRS, acceleration phase-rectified slope; BW, birth weight; DPRS,
deceleration phase-rectified slope; GA, gestational age; GAMLSS,
generalized additive models for location scale and shape; HFD, Higuchi
fractal dimension; HR, heart rate; II, interval index; LFn, normalized power
in the low frequency band; LF/MF, ratio between low frequency and
movement frequency; LTI, long term irregularity; LTV, long term variability;
LZC, Lempel-Ziv complexity; MFn, normalized power in the movement
frequency band; PNA, postnatal age; RMSSD, root mean square of the
standard deviation; SamEn, Sample Entropy; SD, standard deviation; SD1,
standard deviation of the Poincaré plot perpendicular to the line of identity;
SD1/SD2, ratio of standard deviation of the Poincaré plot perpendicular to
the line of identity and standard deviation of the Poincaré plot along the line
of identity; SD2, standard deviation of the Poincaré plot along the line of
identity; SD/RMSSD, ratio of the standard deviation and root mean square
of the standard deviation; STV, short term variability; VLFn, normalized
power in the very low frequency band.

week of life. The research focuses on a cohort of neonates
admitted to a NICU, with gestational ages between 24 to
34*% weeks, and considers sex and birth weight influences.
The established reference values offer significant insights
into heart rate frequency and variability trends in preterm
neonates during the first week of life, which could be useful
for clinical monitoring in the NICU.
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Similar to the observations by Cardoso et al. (2017) [6],
Kiselev et al. (2024) [8], Chatow et al. (1995) [19], de Souza
Filho et al. (2019) [27], Krueger et al. (2010) [28], Lavanga et al.
(2021) [29] and Voss et al. (2015) [30], our results demon-
strated that both gestational age and postnatal age signifi-
cantly influenced nearly all heart rate variability indices
across time-domain, frequency-domain, and nonlinear-
domain. This consistent pattern across studies supports the
notion that maturation of the autonomic nervous system is
accompanied by a progressive increase in heart rate vari-
ahility. The observed correlation between advancing gesta-
tional and postnatal age and enhanced heart rate variability
suggests a concurrent development of both sympathetic and
parasympathetic regulation during early postnatal adapta-
tion in preterm neonates. Our findings therefore reinforce
the concept of heart rate variability as a reliable marker of
ANS maturation.

Sex was found to influence all indices with the exception
of II, kurtosis, VLFn, LFn, HFD and SD1. The observation of
sex-related differences in heart rate variability, particularly
in the time-domain, reflects underlying physiological dis-
tinctions between males and females. This finding aligns
with previous research that identified sex differences in
heart rate among fetuses, neonates and older pediatric
populations [28, 30-32], with females exhibiting higher heart
rates than males. However, Cabal et al. (1980) did not identify
significant sex differences [33], which may be attributable to
limitations in sample size or methodological differences. The
appearance of the sex differences so early in life suggest that
these differences are not merely the result of postnatal
development, but may be rooted in fundamental physio-
logical processes.

Birth weight influenced all HRV indices, suggestion that
birth weight plays a role in the autonomic regulation and
development processes of the newborn. These findings are
consistent with a previous study by Rakow et al. (2013) [34],
that demonstrated an association between low birth weight
and reduced heart rate variability in children, indicating
that autonomic control may be adversely affected by low
birth weight. In contrast to our findings, the study by Tveiten
et al. (2020) [32] did not observe a significant influence of
birth weight on heart rate. This discrepancy may be
explained by the inclusion of primarily term neonates in
their study, in which the effect of birth weight on autonomic
regulation may be less pronounced compared with preterm
populations.

The unique strength of this study lies in the compre-
hensive nature of the heart rate variability analysis,
including multiple domains (time, frequency, and nonlinear)
within a vulnerable population, namely preterm neonates.
By providing reference values for heart rate frequency and
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Figure 4: Graphical representation of the relationship among gestational age, postnatal age, birth weight, and baseline heart rate in females. (A-F)
Model reference curves for the initial 7 days after birth, categorized by gestational age at birth in full weeks. The solid yellow line indicates the p50 for birth
weight >p90, the dotted green line indicates the p50 for birth weight 2p10 & <p90, the dashed blue line indicates the p50 for birth weight >p90. This figure

displays only a subset of gestational ages (24, 26, 28, 30, 32, 34 weeks).

variability indices during the critical first week of life, cli-
nicians can gain deeper insights into autonomic function
and maturation in preterm infants. This output data has the
potential to guide early diagnosis and treatment strategies
for neonates at risk of cardiovascular instability or devel-
opmental delays. Moreover, this study emphasized the
importance of considering multiple factors, gestational age,
postnatal age, sex, and birth weight, when interpreting heart
rate data in neonates. The observation that these factors
significantly affect heart rate frequency and variability
indices underscores the need for personalized approaches to
neonatal monitoring. These findings highlight the potential
to integrate this data into automated systems for signal and
trend analysis of neonatal heart rate, enabling early warn-
ing systems to detect abnormalities in real-time and predict
clinical deterioration enabling timely intervention. These
physiological variables can have a considerable impact on
the interpretation of heart rate variability as a clinical tool.
In addition, heart rate variability indices may hold potential

as biomarkers for evaluating neonatal health and predicting
long-term outcomes related to autonomic nervous system
function and development. The study also has limitations.
The inclusion of a population admitted to the NICU could
have affected the generalizability of the findings, as predic-
tive models may be more accurate when they include a
control group tailored to gestational age, postnatal age and
sex. Additionally, clinical factors such as neonatal compli-
cations and medication administration were not taken into
account, which could have influenced heart rate variability
outcomes. Also, the clinical relevance of the found differ-
ences has not yet been studied.

Overall, this study provides new insights into the early
postnatal maturation of the autonomic nervous system in
preterm neonates. By integrating time-domain, frequency-
domain, and nonlinear-domain analyses, we identified distinct
influences of gestational age, postnatal age, sex, and birth
weight on heart rate variability. These findings emphasize that
multiple clinical factors must be considered when interpreting
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neonatal heart rate dynamics, underscoring the potential of References

heart rate variability indices as sensitive markers of early
autonomic function and clinical stability.

Conclusions

This study established reference values for heart rate fre-
quency and variability indices in preterm neonates during
their first week of life, with particular attention to the in-
fluence of gestational age, postnatal age, sex, and birth
weight. These findings enhance our understanding of early
autonomic development in neonates and support the use of
heart rate variability as a clinical tool for monitoring
neonatal health. Future research should focus on validating
these reference values in larger and more diverse pop-
ulations and exploring the potential of heart rate variability
as a predictive biomarker for long-term outcomes in pre-
term infants. The influence of sex, birth weight and other
clinical factors on heart rate variability during early life
warrants further investigation, particularly in relation to its
potential implications for individualized neonatal care.
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