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. Analyzing heart rate variability (HRV) in preterm infants can help track maturational changes and

. subclinical signatures of disease. We conducted an observational study to characterize the effect
of demographic and cardiorespiratory factors on three features of HRV using a linear mixed-effects

: model. HRV-features were tailored to capture the unique physiology of preterm infants, including

. the contribution of transient pathophysiological heart rate (HR) decelerations. Infants were analyzed

. during stable periods in the incubator and subsequent sessions of Kangaroo care (KC) — an intervention

. thatincreases comfort. In total, 957 periods in the incubator and during KC were analyzed from 66

. preterm infants. Our primary finding was that gestational age (GA) and postmenstrual age (PMA)
have the largest influence on HRV while the HR and breathing rate have a considerably smaller effect.
Birth weight and gender do not affect HRV. We identified that with increasing GA and PMA, overall

© HRV decreased and increased respectively. Potentially these differences can be attributed to distinct

. trajectories of intra- and extrauterine development. With increasing GA, the propensity towards severe
HR decelerations decreases, thereby reducing overall variability, while with increasing PMA, the ratio of
decelerations and accelerations approaches unity, increasing overall HRV.

Continuously monitoring heart rate variability (HRV) offers an opportunity to non-invasively track the reg-
ulatory activity of the autonomic nervous system. For many decades, the visual and mathematical analysis of
HRYV has been employed across diverse clinical specialties such as obstetrics, cardiology and intensive care’.
. Furthermore, HRV has the diagnostic and prognostic potential for detecting and monitoring dysregulation due
© to disease across a broad spectrum of the population including fetuses, neonates and adults!2. For instance, myo-
- cardial infarction in adults is associated with reduced HRV which is predictive of mortality>*.
With regard to infants admitted to neonatal intensive care units (NICUs), estimates of HRV are known to be
. predictive of sepsis, with clinical studies showcasing that continuously displaying HRV-related scores can reduce
sepsis-associated mortality’. Since HRV is sensitive to dysregulation arising due to sepsis, characteristic changes
. in HRV may precede the manifestation of clinical signatures of the disease and can thus provide clinicians with a
. window of opportunity for preemptive therapeutic intervention. Notably, though, conventional features of HRV,
. originally developed for adults, may not be readily interpretable in NICU patients, because the vast majority of
: NICU patients are born prematurely (gestational age <37 weeks), and the characteristics of HRV in preterm
. infants are different from those in adults®-®. Primarily, this is because the autonomic nervous system of preterm
infants is underdeveloped and the multiple feedback and control loops responsible for homeostasis are not yet
fully developed and may not work synergistically”!°.
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Figure 1. An illustration of the methodology. HRV during periods in the incubator were modeled using the
first 30 minutes (indicated with an asterisk) of data from the period in the incubator during which, by design,
the infant was not being handled, thus yielding normative values of HRV. The first and last 15 minutes of

data during KC were excluded; the rest of the period was also used for statistical modeling (indicated with

an asterisk). The duration of KC could vary from one session to the other. Tx and Ty represent the periods of
transfer from the incubator to the parental chest and vice versa. A’ refers to the first minute on the parent’s chest;
‘B, to the first minute back in the incubator.

Concerning HRV, a commonly used feature - the standard deviation of normal-to-normal (SDNN) RR inter-
vals, where R is the peak of a QRS complex of the electrocardiogram (ECG), characteristically reflects overall
HRYV and is lowered in patients with myocardial infarction''. However, in septic infants, reduced HRV, even
though obvious to the eye, may not be fully captured by SDNN'2, This is because, unlike healthy adults, who
exhibit a heart rate (HR) pattern with an equal number of decelerations and accelerations, preterm infants are
susceptible to transient pathophysiological decelerations in HR'®. Such decelerations potentially result in sub-
stantially large values of SDNN, even in the absence of the small increases and decreases in HR that characterizes
healthy HRV, and which SDNN was initially designed to capture®. Likewise, while SDNN is usually lowered in
stressed adults'*, SDNN in preterm infants reduces during comfort, as evidenced by studies analyzing Kangaroo
care (KC)®® - a routinely employed therapeutic intervention, known to enhance comfort and improve autonomic
regulation - during which diaper-clad infants are held prone on the bare chest of one’s parent (typically) for
extended periods!™>!°.

Further adding to the complexity of interpreting HRV in preterm infants is the effect of demographic fac-
tors such as gender and maturation-related variables like gestational age (GA), postmenstrual age (PMA) and
birth weight (BW) that significantly modulate HRV even in term-born infants®'”-'°. Additionally, preterm infants
exhibit a broad range of HR and breathing rate (BR), the influence of which on HRV remains unclear®. A bet-
ter understanding and quantification of the effect of these cardiorespiratory regulatory mechanisms can help
improve caregiving by enabling the tracking of maturational changes as well as subclinical signatures of disease.

In this study, we aim to characterize the influence of several demographic (GA, PMA, BW, gender) and car-
diorespiratory factors (HR and BR) on the autonomic regulatory mechanisms of preterm infants, as measured
by features of HRV. We develop a statistical model to describe the effects of these factors on several features of
HRY, including features specifically designed to capture the contribution of transient HR decelerations. Further,
we stratify the analysis for periods when the infant was in the incubator, which is where an infant remains for the
majority of the day versus periods of KC - a period of enhanced comfort.

Materials and Methods

Study design. To investigate autonomic regulation in preterm infants, we conducted a large observational
study in the level III NICU of Maxima Medical Center, the Netherlands. We analyzed HRV in two contrast-
ing conditions - in the incubator versus during KC. Routine patient monitoring (IntelliVue MX 800; Philips,
Baéblingen, Germany), including the acquisition of the ECG waveforms (sampling frequency of 250 Hz), the HR,
and the BR (processed via the patient monitor at a resolution of 1 Hz) continued throughout the admission of
the infant, including during KC. All data were saved in a data warehouse (PIIC iX, Data Warehouse Connect,
Philips Medical Systems, Andover, MA) from which it could be retrospectively acquired. For one year (between
Aug 2017 to Aug 2018), parents were requested to annotate the precise start and end times of KC (placement on
the parental chest and back in the incubator respectively) in a bedside diary. For all fully annotated KC sessions,
patient monitor data, beginning from the one-hour period before the start of KC (henceforth referred to as the
pre-KC period) until up to one hour after KC were extracted for analysis. As detailed in previous studies, in our
unit, as a matter of protocol, nursing care (typically scheduled for once every two hours) takes place immediately
before KC?'. Therefore, the first 30 minutes of the pre-KC period is typically free of nurse handling (a stressful
experience)?? and is considered to be an epoch representative of the incubator environment®8. The periods of
transfer, to and fro from the parental chest, can disrupt regulation and are likely stressful® - therefore we consider
the entire period of KC, excluding the first and last 15 minutes, as representative of the KC-period. This study
design is schematically shown in Fig. 1.
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Characteristics Median IQR
Gestational age (GA) (weeks) 28.8 27-30.4
GA < 28 weeks (n=27) 26.9 25.6-27.4
GA > 28 weeks (n=39) 30.3 29-31.1
Birth weight (BW), g 1155 950-1330
ELBW (BW < 1000g), g (n=22) 845 740-950
VLBW (1000g < BW < 1500g), g (n=37) | 1255 1139-1330
LBW (1500 < BW <2499¢), g (n=7) 1650 1621-1739
Length of stay in NICU, day 10.23 5-23.44
Number of KC sessions per infant 14.5 6-32
Duration of KC per session, min 100 81-120
PMA for all KC sessions, week 31 29.6-32.4
Postnatal age for all KC sessions, day 16 8-31

Table 1. Patient characteristics at birth and on the days corresponding to Kangaroo care sessions.
Abbreviations: IQR, interquartile range; ELBW, extremely low birth weight; VLBW, very low birth weight; LBW,
low birth weight; PMA, Postmenstrual Age.

Patient population. All infants admitted to the NICU during the study period were considered eligible for
enrolment into the study. Therefore, all parents were requested to participate by annotating KC sessions. Certain
KC-sessions were retrospectively excluded such as those performed during serious clinical conditions (e.g., sep-
sis, necrotizing enterocolitis, intraventricular hemorrhage grade III/IV) or conditions that interfered with breath-
ing (mechanical ventilation). Similar to previous research, we also excluded KC sessions that were shorter than
one hour and those with data missing in the pre- and during-KC periods®. During the study period, parents of
66 preterm infants maintained a KC diary. In total, 1407 KC sessions were annotated of which 450 sessions were
excluded according to the criteria mentioned above (mostly due to missing ECG data in the pre- and during-KC
periods), yielding a database of 957 KC sessions. Characteristics of the 66 infants and their corresponding 957 KC
sessions are shown in Table 1. Since the study was observational, the medical ethical committee of the hospital
approved the study by providing a waiver in accordance with the Dutch law on medical research with humans
(WMO). Informed consent was obtained from all parents filling in the bedside-diaries.

Signal processing for calculating HRV. A peak detection algorithm was used to detect the R-peaks in the
ECG recordings® following which four features of HRV, the SDNN, root mean square of successive differences
(RMSSD), percentage deceleration (pDec) and standard deviation of the deceleration (SDDec) were calculated
for the epochs representative of regulation in the incubator and during KC, as mentioned in the previous section®.
Similar to previous research, HRV-features were calculated every minute using a moving average window of the
past five minutes®.

Regarding the physiological implication of the features employed - the SDNN and RMSSD are commonly
used features of HRV. The SDNN captures overall HRV, whereas the RMSSD captures short-term or immediate
(from one beat to the next beat) variation, and thus these features provide complementary information. In adults,
this short-term variation specifically reflects changes driven by the (rapidly acting) parasympathetic nervous
system?® However, in preterm infants, previous research has shown that SDNN and RMSSD respond in a com-
parable manner®3. Therefore, owing to its simpler mathermatical construct, we retain SDNN for the primary
analysis while relgating the analytical results corresponding to the RMSSD to the appendix. Further, we included
in the analysis, two features specifically tailored for the physiology of preterm infants, termed pDec and SDDec.
Together, these capture the proportion of heartbeats that were decelerative and the extent of the transient deceler-
ations, reflecting regulatory instability®. pDec is defined as the percentage of NN-intervals longer than the average
NN-intervals of the past five minutes and reflects the propensity towards decelerations while the SDDec measures
the standard deviation of all NN-intervals contributing to pDec and measures the severity of decelerations®. In
the current study, we, therefore, analyzed the relationship between the SDNN, pDec and SDdec and relevant
demographic and maturational factors using statistical models. Results of the analysis corresponding to RMSSD
are shown in Online Appendix I. Online Appendix II shows changes in SDNN, pDec, and SDDec in response
to KC visualized on a minute-to-minute basis (mean + SEM) for the entire duration of pre-KC, the first and last
30 minutes of KC, and the entire duration of post-KC.

Statistical modeling. Linear mixed-effects models (LMM, fixed effects + random effects), an extension of
regression models, were used to characterize the relationship between independent variables and the three fea-
tures of HRV, the SDNN, pDec, and SDDeg, i.e., the dependent variables. The LMM approach allows for estimat-
ing the individual contribution of each independent variable to the dependent variable and can thus identify how
the independent variables relate to and influence the dependent variable.

The fixed effects (FE) correspond to all independent variables and any possible interactions that were coded
between them. Independent variables included infant-related demographic variables (GA, PMA, BW, and gen-
der) and the mean value of cardiorespiratory variables (HR and BR) of the period being analyzed (see Fig. 1). For
the KC-period, three additional independent variables - the gender of parent performing KC, the duration of KC
and pre-KC HRYV values, i.e., baseline values of HRV, were also included. Thus, there were 6 and 9 independent
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Independent variables Data type Median (IQR) Missing (%)
Gender Categorical Male: 45% KCs 0
Gender of the parent performing KC Categorical Mother: 61% KCs 3.8
Gestational age (GA), day Numerical 197 (188-209) 0
GA < 28 weeks (48% of KCs) Numerical 188 (177.5-189) 0
GA > 28 weeks (52% of KCs) Numerical 208 (201-213) 0
Postmenstrual age, day Numerical 218 (209-226) 0
Birth weight (BW), g Numerical 1030 (830-1275) 0
ELBW (<1000g), (49% of KCs) Numerical 830 (680-935) 0
VLBW (1000-1500g), (44% of KCs) Numerical 1275 (1120-1330) 0
LBW (1500-2499 g), (7% of KCs) Numerical 1765 (1640-1860) 0
Duration of KC, min Numerical 100 (81-120) 0
Pre-KC Numerical 160.4 (153.4-167.4) 0.1
Heart rate (bpm)
During-KC Numerical 159.5 (153.3-165.3) 0.3
Pre-KC Numerical 52.35 (45.6-60.6) 1.6
Breathing rate (brpm)
During-KC Numerical 49.5 (43.1-57.1) 1.5
Dependent variables Data type Median (IQR) Missing (%)
Pre-KC Numerical 24.33 (24.05-24.70) 0
SDNN (ms)
During KC Numerical 21(20.7-21.7) 0
Pre-KC Numerical 46.47 (46.36-46.74) 0
pDec (%)
During KC Numerical 45.80 (45.25-46.72) 0
Pre-KC Numerical 24.38 (23.96-25.05) 0
SDDec (ms)
During KC Numerical 22.14 (21.61-22.97) 0

Table 2. Independent variables and dependent variables for regression models. The ‘Missing’ column indicates
the percentage of values that were missing and were imputed. Abbreviations: KC, Kangaroo care; KCs, Kangaroo
care sessions; IQR, interquartile range; GA, gestational age; bpm, beats per minute; brpm, breaths per minute;
BW, birth weight; SDNN, standard deviation of normal to normal intervals; pDec, percentage of decelerations;
SDDec, standard deviation of decelerations.

variables respectively for the models corresponding to the pre- and during-KC period. Further, interaction terms
between GA and PMA (GA x PMA) and between BW and PMA (BW x PMA), for the sub-categories of GA and
BW in Table 1, were incorporated into the model because potentially, developmental trajectories after birth may
depend on characteristics at birth?.

The DV's were the mean values of HRV features (SDNN, pDec, and SDDec) from the representative pre- and
during-KC periods respectively, thus giving rise to 6 regression models as each HRV-feature was modeled for
two periods. All independent and dependent variables corresponding to these models are characterized (median,
IQR) in Table 2. Missing data were imputed by replacing with the mean value of the data set.

Finally, the hierarchical structure of the data consists of infants and KC sessions within infants. This is incor-
porated as a random effect (RE) in an LMM in the form of a random intercept for each individual infant. In effect,
the RE-term corresponding to each infant was intended to quantify that aspect of inter-infant variability that
remains uncaptured in FEs, as well as to strengthen the assumption of independence between KC sessions, which
nevertheless were a day or further apart, typically. The ratio of the variance of the random intercept to the total
variance, also known as the intra-class correlation, was calculated to explain the overall variance in the HRV that
could be explained by infant-level clustering.

Model development and diagnostics. All independent variables under consideration were included in
the LMM since, based on calculating correlations between variables, there was little evidence of multicollinearity.
In general, correlations were low (typically <0.3), except for a moderate correlation between GA and BW (0.68)
which was expected. The purpose of the model was to unravel the influence of these two effects.

Concerning DVs, the LMM is more likely to be appropriate for DV that are roughly normally distributed.
Therefore, the SDNN and SDDec, which happened to have a skewed distribution, were log-transformed before
modeling. Post model development, several regression diagnostics procedures were used to assess the validity of
the models developed and to ascertain whether the statistical assumptions for regression modeling were satisfac-
torily met. These checks included generating the following:

1. Normal probability plots of the residuals of the regression model to assess whether the residuals were nor-
mally distributed.

2. Plots of fitted values versus the residuals to identify heteroscedasticity.

3. Plots of independent variables and residuals to determine whether there were any trends in the data
suggesting that the independent variables needed prior transformation, for instance, squaring or
log-transformation.

4. Plots of residuals versus leverage, with overlaid Cook’s distance contour plots to identify and character-
ize the effect of any outliers. Leverage measures how far an observation is from the mean value of the
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Period v R*with FE | R? with FE and RE | ICC
SDNN 0.06 0.18 0.15
Pre-KC pDec 0.12 0.26 0.19
SDDec 0.04 0.09 0.07
SDNN 0.13 0.23 0.12
During-KC pDec 0.29 0.42 0.19
SDDec 0.12 0.17 0.08

Table 3. The goodness of fit, as measured by the R?, for all six regression models with FE alone as well as the R?
and the intra-class correlation (ICC) for the model with both FE and RE.

remaining observations and in effect measures the unusualness of the observation. Cooks-distance is a
measure of the influence of an observation in changing the slope of the regression line.

5. The histogram of the RE to identify whether the random intercept was roughly normally distributed and
that no individual infant exhibits patterns distinctly different from the rest.

Model interpretation and statistical testing. The F-test was used to compare the results of the regres-
sion model incorporating only FEs to an intercept-only model while the log-likelihood ratio test was used to
compare the effect of adding REs to the FE-only model. The goodness-of-fit of all models was quantified by the
coefficient of determination, i.e., the adjusted R2.

Estimates of individual regression coefficients characterized the effect of each independent variable on the
dependent variable, thus allowing for conclusions regarding independent variables that added information to
one another, where the effect of each independent variable can be interpreted as the effect of that variable while
holding all other independent variables constant. For the interacting independent variables, if the interaction
was statistically insignificant, then only the main effects (average effect across all levels of the interacting variable)
were shown. If the interaction was statistically significant, main effects and interacting effects were discussed indi-
vidually. Appropriate contrast matrices were used to identify the p-values corresponding to these main effects.
Statistical significance was defined as a p-value < 0.05.

Since the SDNN and SDDec were log-transformed, in effect, the LMM modeled DVs which had a non-linear
relationship with the independent variables. Therefore, for ease of interpretation, instead of providing the regres-
sion table we plot the effect of all independent variables (with 95% confidence intervals, CI) against the suitably
transformed dependent variable, along with the corresponding p-values of the regression coefficient. For these
plots, the independent variable was varied between the 5 to 95\ percentile ranges of values, as estimated from
the dataset, while all other independent variables were held constant at their corresponding median levels. All
data were analyzed using Matlab R2017a Matlab (MathWorks).

Results

We analyzed 957 KC sessions in 66 preterm infants, 32 male, and 34 females. Their median GA was 28.8 (27-30.4)
weeks while their median PMA on days corresponding to KC sessions was 31 (29.6-32.4) weeks. For other demo-
graphic data, we refer to Table 1.

All six regression models were statistically significant (p-value < 0.001) with FEs alone; however, adding REs
improved the fit of all models to the data (p-value < 0.001). Table 3 provides the R? values for models with just the
FEs alone as well as for the models using both FEs and REs. Since R? increases upon adding REs, incorporating
infant-to-infant variability improves the goodness of fit of the regression models. Further, the intra-class correla-
tion, as shown in Table 3, gives an indication of the fraction of the total variation in HRV-features that is explained
by infant-level clustering.

Figures 2 and 3 show the plots corresponding to how each independent variable affects the features of HRYV,
along with whether the relationship was statistically significant. Figure 2 corresponds to the model of routinely
exhibited HRV, i.e., HRV modeled during a stable period in the incubator (pre-KC). Figure 3, on the other hand,
corresponds to how infants responded to KC with the inclusion of three additional independent variables to
the pre-KC model - the gender of parent performing KC, the duration of KC, as well as baseline levels of HRV
obtained from the pre-KC period.

Figure 2 shows that, as measured by the SDNN, the GA and PMA strongly influence overall HRV. The SDNN
reduces with increasing GA, while it increases with increasing PMA. Analyzing the contribution of transient
decelerations (pDec and SDDec) to overall HRV (SDNN) shows that the reduction in SDNN with increasing
intra-uterine development (i.e., increasing GA) is correlated with a reduction in the severity of decelerations
(SDDec) while the ratio of decelerations to accelerations (pDec) remains unaffected and remains, on average,
below 50%, throughout. In this regard, it appears that the GA and not the BW influences the developmental
trajectory of the autonomic nervous system. With increasing post-uterine maturation, i.e., PMA, pDec starts
increasing toward 50% while the SDDec remains largely uninfluenced (p-value > 0.05). As a result, overall HRV
reflected by the SDNN increases with increasing PMA. BR and HR also influence SDNN but in comparison to
GA and PMA, to a smaller extent. A higher HR is associated with a higher SDNN due to a propensity towards
fewer but more severe decelerations, while a higher BR is associated with lower SDNN. Gender and BW have no
apparent effect on HRV.

SCIENTIFIC REPORTS | (2019) 9:7691 | https://doi.org/10.1038/s41598-019-44209-z 5


https://doi.org/10.1038/s41598-019-44209-z

www.nature.com/scientificreports/

p <0.001 L p <0.001
p

600 1000 1400 170 190 210 230 170 190 210 230 Male Female 40 50 60 70 145 155 165 175
BW (g) GA (days) PMA (days) Gender Breathing rate (brpm) Heart rate (bpm)
Figure 2. Regression plots showing how the independent variables affect the SDNN (1* row), and pDec
and SDDec (2™ row) when the infant was in the incubator. Each column reflects an independent variable,
as annotated on the x-axes. The y-axes show the values of the HRV features after suitable transformation.
Statistically significant (p-value < 0.05) variables are in red.
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Figure 3. Regression plots showing how the independent variables affect the SDNN (1% and 3™ row), and pDec
and SDDec (2™ and 4" row) during KC. Columns reflect different independent variables, as annotated on the
x-axes. The y-axes show the values of the HRV features after suitable transformation. Statistically significant
(p-value < 0.05) variables are in red. The first two rows show those independent variables which were also
incorporated into the HRV-model while the infant was in the incubator while the last two rows show additional
Kangaroo care-related variables.

During Kangaroo care (Fig. 3), the overall HRV as reflected by the SDNN is principally affected by baseline
levels of SDNN measured in the incubator. Increasing duration of KC increases SDNN while GA and PMA have
no additional effect. Regarding pDec and SDDec, increasing the PMA results in pDec values that are closer to
50%. Similar to in the incubator, a higher HR reduced pDec while increasing SDDec. BR, BW, infant gender and
the gender of the parent performing KC did not influence HRV during KC.

Further, no interactions were statistically significant except the interaction between GA and PMA in the
model of pDec as a DV for the pre-KC period. This interaction plot is shown in Online Appendix III; briefly, with
increasing PMA, pDec increased at a faster rate in infants born less than 28 weeks GA versus those born after 28
weeks of gestation. Concerning model diagnostics, the tests were deemed satisfactory; exemplary examples of the
diagnostic plots are shown in Online Appendix IV.
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Discussion

In this study, we quantified the influence of several demographic and cardiorespiratory factors on the autonomic
regulatory mechanisms of preterm infants, as measured by HRV, during periods in the incubator versus during
periods of KC. To model how features of HRV are affected by these factors, we used a statistical approach and
specifically tailored features of HRV to capture the unique physiology of preterm infants.

Regression analysis demonstrated that GA and PMA had differing effects on the physiological mechanisms
affecting HRV. Increasing PMA increased SDNN while increasing GA reduced SDNN while holding all other
independent variables constant. Potentially these differences can be attributed to distinct trajectories of intra- and
extrauterine development. Gender and BW did not affect values of HRV, as found in a previous study as well’.

The reduction in SDNN with increasing GA was associated with a reduction in the extent of decelerations
(SDDec) while the percentage of decelerations (pDec) remained remarkably constant. Increasing PMA, on the
other hand, increased SDNN and this was driven primarily by an increase in the percentage of decelerations.
In fact, with increasing PMA, the pDec increased toward 50% while the SDDec remained largely unchanged.
The fact that with an increasing PMA, the pDec tends to increase towards 50% might be a reflection of increas-
ing maturity since the ratio of decelerations to accelerations that is close to unity has been described as healthy
in preterm infants!?. Similarly, increasing values of SDNN have been associated with increasing maturation in
previous studies, but since those studies do not stratify findings by GA and PMA, our analysis adds a novel
perspective®*>2°,

Increasing values of SDNN due to increasing PMA might be attributable to increasing myelination of the
parasympathetic nervous system that starts around week 30-31 weeks PMA®?. Greater myelination results in
faster-acting and more stable regulation with an enhanced capacity to respond to instantaneous environmental
changes®. Along the lines of Porges’ Polyvagal theory, we speculate that the high SDNN owing to severe decel-
erations in infants of low GA reflects immature autonomic regulation due to the unmyelinated branches of the
parasympathetic nervous system, as described previously®?. This argument is supported by the fact that pDec
remains unaffected by changes in GA, but increases toward 50% with increasing PMA. Remarkably, the effect of
prolonged intra-uterine development (i.e., increasing GA) on pDec and SDDec while the infant is in the incuba-
tor, is similar to the effect that KC exerts on HRV (pDec relatively unaffected, SDDec reduced). In other words, in
preterm infants, KC appears to temporarily improve autonomic regulation as seen with increasing developmental
maturity.

Concerning the factors affecting HRV during KC, the largest effect was that of baseline values of HRV, i.e.,
from the pre-KC period. However, despite adjusting for baseline HRV which already captures the contribution
of PMA, during KC, HRV was still affected by the PMA. This finding affirms previous results suggesting that the
response to KC is affected by the maturational state of the infant”8. While in the incubator, with increasing PMA,
pDec approaches 50% but by performing KC there appears to be further PMA-dependent catalysis that facilitates
pDec towards 50%.

During KC, other factors, barring the duration of KC, did not affect overall HRV. Increasing duration of
KC was associated with increasing HRV, but this finding was artefactual. Based on the clinical workflow in our
unit, during long KC sessions, we know that there is an increased likelihood of nursing care taking place (typ-
ically scheduled for once every two hours), which includes feeding and handling - well-known stressors that
tend to increase HRV2!. Upon performing the regression analysis while excluding KC sessions that were longer
than 3 hours, the effect of KC-duration on HRV disappeared entirely indicating that in the original analysis,
KC-duration did not affect HRV.

HR, on the other hand, did influence HRV, both during periods in the incubator as well as during KC. A
higher HR skewed the ratio of decelerations and accelerations; decelerations became fewer but more severe.
During periods in the incubator, this increased SDNN. A high HR is likely an expression of a high sympathetic
tone - in adults such a state tends to reduce HRV by adopting a steady and unvarying HR!. In preterm infants, a
high HR appears to increase the propensity towards extensive decelerations manifesting itself as a high SDNN,
not unlike the increased SDNN seen in fetuses in the third trimester of pregnancy during periods of increased
sympathetic tone*.

As opposed to the HR, BR had a less evident effect on HRV - higher BR reduced SDNN and SDDec, while
pDec remained unchanged. Since pDec remained unchanged, we speculate that the effect of BR on HRV is not
primarily due to changes in autonomic regulation, but rather owing to a reduction in the mechanical effect of
breathing on HRV. Faster and thus shallower breathing may modulate HRV to a lesser extent owing to reduced
respiratory period and depth32.

The strengths of this study include using a large dataset obtained from a sizable patient population for the
analysis. Further, we decomposed the effect of several key demographic and cardiorespiratory factors to identify
factors that independently affect HRV and thus autonomic regulation. Limitations of the study include the fact
that not all possible factors that may affect HRV, for instance, sleep-states and position of infants were accounted
for. Further, only a limited amount of data corresponding to extremely preterm infants (24-28 weeks GA and
PMA) was present, impairing specific analysis for this important group. Since regression outcomes cannot be
extrapolated, this is a limitation that should be addressed in future research. Additionally, since the study was of
an observational nature, we did not restrict nursing activity during long KC sessions. Finally, while we excluded
KC sessions during which infants were mechanically ventilated, in the analysis, we did not adjust for alternative
methods of respiratory support for spontaneously breathing infants.

In conclusion, autonomic regulation in preterm infants is distinctly affected by intra- versus extra uterine
maturation. With increasing GA, the propensity towards few but severe pathophysiological HR decelerations
appears to decrease which in turn tends to reduce overall variability. With increasing PMA, on the other hand,
the ratio of decelerations and accelerations approaches unity which contributes to an increase in overall HRV. By
helping unravel the factors modulating the autonomic regulatory mechanisms in preterm infants, we foresee the
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results of our study in contributing towards individualizing care, tracking the maturational trajectories of preterm
infants and in predicting disease.

References

1.

2.

3.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

32.

Acharya, U. R,, Joseph, K. P, Kannathal, N., Lim, C. M. & Suri, J. S. Heart rate variability: A review. Med. Biol. Eng. Comput. 44,
1031-1051 (2006).

Task Force of the European Society of Cardiology. Heart rate variability - Standards of measurement, physiological interpretation,
and clinical use. Eur. Heart J. 17, 354-381 (1996).

La Rovere, M. T, Bigger, J. T., Marcus, F. I, Mortara, A. & Schwartz, P. ]. Baroreflex sensitivity and heart-rate variability in prediction
of total cardiac mortality after myocardial infarction. ATRAMI (Autonomic Tone Reflexes After Myocard. Infarction) Investig. Lancet
351, 478-484 (1998).

. Carpeggiani, C. & Emdin, M. Personality traits and heart rate variability predict long-term cardiac mortality after myocardial

infarction. Eur. Heart Journal 26, 1612-7 (2005).

. Fairchild, K. D. et al. Septicemia mortality reduction in neonates in a heart rate characteristics monitoring trial. Pediatr. Res. 74,

570-575 (2013).

. Kommers, D. R. et al. Features of Heart Rate Variability Capture Regulatory Changes During Kangaroo Care in Preterm Infants. J.

Pediatr. 182, 92-98.e1 (2017).

. Kommers, D. R. et al. Changes in autonomic regulation due to Kangaroo care remain unaffected by using a swaddling device. Acta

Paediatr. 0-2, https://doi.org/10.1111/apa.14484 (2018).

. Kommers, D. et al. Unlike Kangaroo care, mechanically simulated Kangaroo care does not change heart rate variability in preterm

neonates. Early Hum. Dev. 121, 27-32 (2018).

. Longin, E., Gerstner, T., Schaible, T., Lenz, T. & Konig, S. Maturation of the autonomic nervous system: Differences in heart rate

variability in premature vs. term infants. J. Perinat. Med. 34, 303-308 (2006).

Chatow, U., Davidson, S., Reichman, B. L. & Akselrod, S. Development and maturation of the autonomic nervous system in
premature and full-term infants using spectral analysis of heart rate fluctuations. Pediatr. Res. 37, 294-302 (1995).

Buccelletti, E. et al. Heart rate variability and myocardial infarction: systematic literature review and metanalysis. Eur. Rev. Med.
Pharmacol. Sci. 13, 299-307 (2009).

Griffin, M. P. & Moorman, J. R. Toward the Early Diagnosis of Neonatal Sepsis and Sepsis-Like Illness Using Novel Heart Rate
Analysis. Pediatrics 107, 97-104 (2001).

Ducrocq, J. et al. Vasomotor reactivity in premature neonates at term. Biol. Neonate 82, 9-16 (2002).

Kim, H.-G., Cheon, E.-J., Bai, D.-S., Lee, Y. H. & Koo, B.-H. Stress and Heart Rate Variability: A Meta-Analysis and Review of the
Literature. Psychiatry Investig. 15, 235-245 (2018).

Conde-Agudelo, A. & Diaz-Rossello, J. L. Kangaroo mother care to reduce morbidity and mortality in low birthweight infants.
Cochrane Database of Systematic Reviews 2016 (2016).

Boundy, E. O., Dastjerdi, R., Spiegelman, D. & Wafaie, W. Kangaroo Mother Care and Neonatal Outcomes: A Meta-analysis.
Pediatrics 137, 1-16 (2016).

Koenig, J. & Thayer, J. E. Sex differences in healthy human heart rate variability: A meta-analysis. Neurosci. Biobehav. Rev. 64,
288-310 (2016).

Rakow, A., Katz-Salamon, M., Ericson, M., Edner, A. & Vanpée, M. Decreased heart rate variability in children born with low birth
weight. Pediatr. Res. 74, 339-43 (2013).

Patural, H. ef al. Autonomic maturation from birth to 2 years: normative values. Heliyon 5 (2019).

Alonzo, C. J. et al. Heart rate ranges in premature neonates using high resolution physiologic data. Journal of Perinatology 1-4,
https://doi.org/10.1038/s41372-018-0156-1 (2018).

Joshi, R. et al. A Strategy to Reduce Critical Cardiorespiratory Alarms due to Intermittent Enteral Feeding of Preterm Neonates in
Intensive Care. Interact. ]. Med. Res. 6, €20 (2017).

Sizun, J., Ansquer, H., Browne, J., Tordjman, S. & Morin, J. F. Developmental care decreases physiologic and behavioral pain
expression in preterm neonates. J. Pain 3, 446-450 (2002).

Rooijakkers, M. J., Rabotti, C., Oei, S. G. & Mischi, M. Low-complexity R-peak detection for ambulatory fetal monitoring. Physiol.
Meas. 33,1135-1150 (2012).

Yau, K. I. & Chang, M. H. Growth and body composition of preterm, small-for-gestational-age infants at a postmenstrual age of
37-40 weeks. Early Hum Dev 33, 117-131 (1993).

Selig, E A., Tonolli, E. R,, Silva, E. V. C. M. D. & Godoy, M. E D. Heart rate variability in preterm and term neonates. Arq. Bras.
Cardiol. 96, 443-449 (2011).

Sahni, R. et al. Maturational changes in heart rate and heart rate variability in low birth weight infants. Dev. Psychobiol. 37, 73-81
(2000).

De Rogalski Landrot, I. et al. Autonomic nervous system activity in premature and full-term infants from theoretical term to 7 years.
Auton. Neurosci. Basic Clin. 136, 105-109 (2007).

. Porges, S. W. The polyvagal theory: phylogenetic substrates of a social nervous system. Int. J. Psychophysiol. 42, 123-46 (2001).
. Porges, S. W. The polyvagal perspective. Biol. Psychol. 74, 116-143 (2007).
. Schneider, U. et al. Human fetal heart rate variability-characteristics of autonomic regulation in the third trimester of gestation. J.

Perinat. Med. 36, 433-441 (2008).

. Overbeek, T.J. M., Van Boxtel, A. & Westerink, J. H. D. M. Respiratory sinus arrhythmia responses to cognitive tasks: Effects of task

factors and RSA indices. Biol. Psychol. 99, 1-14 (2014).
Joshi, R. et al. Cardiorespiratory Coupling in Preterm Infants. J. Appl. Physiol (2018).

Acknowledgements
This research was performed in the framework of e/MTIC. This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-profit sectors.

Author Contributions

Rohan Joshi: study design, technical analysis, writing. Deedee Kommers: study design, patient inclusion and data
collection, writing. Chengcheng Guo: initial technical analysis, initial writing (master thesis). Jan Willem Bikker:
statistical analysis and expert review. Loe Feijs: conceptual and textual review. Carola van Pul: review of technical
analysis, writing. Peter Andriessen: clinical expert opinion, physiological interpretation, review, writing.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44209-z.

SCIENTIFICREPORTS| (2019) 9:7691 | https://doi.org/10.1038/s41598-019-44209-z 8


https://doi.org/10.1038/s41598-019-44209-z
https://doi.org/10.1111/apa.14484
https://doi.org/10.1038/s41372-018-0156-1
https://doi.org/10.1038/s41598-019-44209-z

www.nature.com/scientificreports/

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:7691 | https://doi.org/10.1038/s41598-019-44209-z 9


https://doi.org/10.1038/s41598-019-44209-z
http://creativecommons.org/licenses/by/4.0/

	Statistical Modeling of Heart Rate Variability to Unravel the Factors Affecting Autonomic Regulation in Preterm Infants

	Materials and Methods

	Study design. 
	Patient population. 
	Signal processing for calculating HRV. 
	Statistical modeling. 
	Model development and diagnostics. 
	Model interpretation and statistical testing. 

	Results

	Discussion

	Acknowledgements

	Figure 1 An illustration of the methodology.
	Figure 2 Regression plots showing how the independent variables affect the SDNN (1st row), and pDec and SDDec (2nd row) when the infant was in the incubator.
	Figure 3 Regression plots showing how the independent variables affect the SDNN (1st and 3rd row), and pDec and SDDec (2nd and 4th row) during KC.
	Table 1 Patient characteristics at birth and on the days corresponding to Kangaroo care sessions.
	Table 2 Independent variables and dependent variables for regression models.
	Table 3 The goodness of fit, as measured by the R2, for all six regression models with FE alone as well as the R2 and the intra-class correlation (ICC) for the model with both FE and RE.




