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Abstract

The objective of this longitudinal study, conducted in a neonatal intensive care unit, was to
characterize the response to pain of high-risk very low birth weight infants (< 1500 g) from 23
through 38 weeks post-menstrual age (PMA) by measuring heart rate variability (HRV). Heart
period data were recorded before, during, and after a heel lanced or wrist venipunctured blood
draw for routine clinical evaluation. Pain response to the blood draw procedure and age-related
changes of HRV in low-frequency and high-frequency bands were modeled with linear mixed-
effects models. HRV in both bands decreased during pain, followed by a recovery to near-baseline
levels. Venipuncture and mechanical ventilation were factors that attenuated the HRV response to
pain. HRV at the baseline increased with post-menstrual age but the growth rate of high-frequency
power was reduced in mechanically ventilated infants. There was some evidence that low-
frequency HRV response to pain improved with advancing PMA.
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INTRODUCTION

Painful procedures are suspected to contribute to poor neurodevelopmental outcomes in very
low birth weight (VLBW) neonates (Grunau, 2002). Clinical scales have been developed to
assess the behavioral expression of pain in preterm infants (e.g. Stevens, Johnston,
Petryshen, & Taddio, 1996), but there is as yet no gold standard for measuring pain in these
neonates. Behavioral responses to painful stimuli are less robust in VLBW neonates than in
their full-term counterparts (Johnston, Stevens, Yang, & Horton, 1995; Grunau, Holsti,
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Haley, Oberlander, Weinberg, Solimano, Whitfield, Fitzgerald, & Yu, 2005), and may be
more effectively used as a component of a pain scale based on multidimensional measures.
Heart rate variability (HRV) provides measures of autonomic state and has been
increasingly used as a measure of stress and of neonatal well-being (Porges, 1992;
Rosenstock, Cassuto, & Zmora, 1999; Pumprla, Howorka, Groves, Chester, & Nolan, 2002),
which suggests that it may be an informative measure of reactivity to painful events in ill
preterm infants who are able to mount only nonspecific and ambiguous behavioral distress
signals. Greater behavioral reactivity to various stimuli is associated with higher vagal tone,
as measured by HRV, in infants and children (Arditi, Feldman, & Eidelman, 2006;
Huffman, Bryan, del Carmen, Pederson, Doussard-Roosevelt, & Porges, 1998; Porges,
Doussard-Roosevelt, Portales, & Suess, 1994; Fox, 1989) as well as in fetuses (Smith,
Dmochowski, Muir, Kisilevsky, 2007).

Time and frequency domain measures of HRV have been studied in newborns during
routine heel lancing. A clear stress response is provoked when the heel was pricked and
squeezed (Johnston et al., 1995; Mclntosh, van Veen, & Brameyer, 1993). The heart rate
(HR) was observed to increase and low-frequency (LF) power decreased in response to pain
(Lindh, Wiklund, Sandman, & Hakansson, 1997; Grunau, Oberlander, Whitfield, Fitzgerald,
& Lee, 2001). Vagal tone has been reported to decrease during pain (Arditi et al., 2006).
Cumulative exposure to pain has been linked to cortisol levels and facial responses, but not
to HRV (Grunau et al., 2005). Long-term changes in the pain responses of formerly preterm
neonates have been reported (Grunau, Whitfield, & Petrie, 1994; Porter, Grunau, & Anand,
1999; Oberlander, Grunau, Whitfield, Fitzgerald, Pitfield, & Saul, 2000; Buskila, Neumann,
Zmora, Feldman, Bolotin, & Press, 2003). The cross-sectional studies reviewed above
confound age and health status. The youngest infants tested also tend to be the sickest.
Longitudinal studies have measured behavioral pain responses. Reduction in flexion reflex
threshold with repeated heel lances has been reported (Fitzgerald, Millard, & Mclntosh,
1989) and increasing maturational response to heelstick pain has been measured by
behavioral indicators (Johnston & Stevens, 1996; Williams, Khattak, Garza, & Lasky,
2009). Infants in a NICU anticipated painful events with increased HR between baseline and
the pickup of the leg at the beginning of a heelstick procedure (Goubet, Clifton, & Shah,
2001). It is evident that not all conclusions of the various studies can be reconciled with each
other. Mechanical ventilation has been observed to induce respiratory sinus arrhythmia in
preterm infants (van Ravenswaaij-Arts, Hopman, Kollee, Stoelinga, & van Geijn, 1995) but
its impact on HRV response to pain is not known.

The objective of our study was to assess the HR and HRV responses to painful procedures in
VLBW infants when followed longitudinally during their NICU stay. This is the first
longitudinal study of HRV as a measure of pain in infants in a NICU setting. The effect of
mechanical ventilation on post procedural HRV is unknown, and forms an important part of
our considerations for this study. Differences were tracked between the pain response to two
types of blood draw procedures used in this study, heel lance and venipuncture. As a post-
hoc objective, we sought to characterize correlations between physiologic measures and
behavioral pain responses.

METHODS

Data Collection

This was a prospective cohort study following VLBW infants over several weeks in the
NICU, ranging from 23 to 38 weeks post-menstrual age (PMA). Infants admitted to
Children’s Memorial Hermann Hospital NICU <30 weeks PMA at birth were eligible for the
study except those with major congenital anomalies (Table 1). Following parental informed
consent, infants were enrolled in the study within 72 hours of birth and then longitudinally
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followed weekly through 30 weeks and biweekly thereafter. Only one infant dropped out
during the study. Infants with major congenital anomalies were excluded due to short life
expectancy that could interfere with the longitudinal design. Infants were studied between 2
to 6 am before, during, and after a heel lanced or wrist venipunctured blood draw for routine
clinical evaluation while lying in a supine position. While most blood draws were done by
heel lances, venipunctures were done in a few infants. The wrist was squeezed during the
venipunctures to mimic heel lances as closely as possible.

Infants were videotaped during the entire recording session to document behavioral
responses to the painful stimulus. Heart rate and other vital sign data were recorded from the
electrodes and transducers used for routine clinical monitoring in the NICU. Data collection
began approximately 10 minutes before the painful procedure and continued for up to 10
minutes after the end of the painful procedure. The data were digitized and stored using PC-
based custom instrumentation (Quantum Automation Inc., Houston, Texas). Heel warmers
were used in the baseline period and skin was prepared with alcohol during the seconds
before the start of the pain phase. Times for heel warming and skin preparation were similar
across the study, while the time for heel squeeze varied depending on how fast blood was
obtained. Clinical status and medications were recorded in order to assess their effect on
HRV. The Institutional Review Board approved all studies.

There were 153 blood draw sessions from 38 VLBW infants. Precise timing of the blood
draw was determined from the video. Thirty-nine of the datasets were excluded because the
time of blood draw could not be determined with certainty from the videos, leaving 114
datasets from 35 VLBW neonates for the analysis. The duration of the painful procedure for
these 114 datasets ranged between 102 and 762 seconds, with a median value of 324
seconds. The 114 datasets included 43 sets that were collected when infants were
mechanically ventilated. A small fraction (10%) of blood draws were venipunctures through
the wrist while the rest were heel lances with snap-loaded lancets. Due to the paucity of
literature on this topic, realistic effect sizes could not be determined a priori; hence power
calculations were not done for this study.

ECG Signal and Power Spectrum

The signal from the electrocardiograph (ECG) was processed by a National Instruments data
acquisition module that digitized the signal at a rate of 1 kHz. Custom software programmed
in LabVIEW (National Instruments Inc., Austin, Texas) identified the R-wave of the QRS
complexes of the ECG signal (18) and generated a vector of interbeat intervals henceforth
referred to as the RR-series. HRV is studied by analysis of the RR-series.

Natural variability of the heart period resulted in RR intervals that were non-uniformly
sampled in time. Lomb’s algorithm (Lomb, 1976; Press, Teukolsky, Vetterling, & Flannery,
1992) is appropriate for computing the power spectrum for such non-uniformly sampled
data sets since it avoids the low-pass effect inherent in uniform resampling techniques
(Laguna & Moody, 1998; Chang, Monahan, Griffin, et al., 2001) The Lomb power spectrum
was computed on segments of 128 consecutive heart periods, with 50% overlap between
consecutive segments. A segment spanned a time interval of approximately 50-seconds,
depending on each infant's average heart rate. Longer segment lengths yield more reliable
estimates of low-frequency power, but also reduce the likelihood of achieving stationarity in
the segment, which is discussed in more detail below.

Stationarity requires that the mean and variance of the time series, or more generally its
probability distribution, be invariant in time (Rangayyan, 2002). Spectral measures are
reliable only when computed on stationary data segments. Large errors in estimates of the
power are introduced by artifacts such as missed QRS peaks, or false detections. Such errors
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may also be avoided by selecting segments that satisfy stationarity. We employed the
Kolmogorov-Smirnov test of equivalence of distributions on two partitions of each segment
(Shiavi, 1999). In our implementation of the stationarity test, the segment was partitioned
into 2 subsets and the alpha value was set at 0.01. Testing showed that over 60% of
segments passed the stationarity test in moderately noisy RR-series and that the mean
spectral power in either low-frequency (LF) or high-frequency (HF) band was lower on
segments that pass the stationarity test than in those that fail the test. Cubic polynomials
were used to detrend segments before testing for stationarity and computing the spectral
power.

The mean Nyquist frequency of the RR-series varied from segment-to-segment due to
variation in mean heart rate. Since the Nyquist frequency is an upper limit on reliable
information content of the power spectrum (CITE), it was required of each contributing RR-
series segment that the average Nyquist frequency exceed the upper limit of the HF-power
band. The power spectrum was averaged on all segments that passed the checks on
stationarity and Nyquist frequency, and summed within a LF-power band (0.05 to 0.25 Hz)
and a HF-power band (0.25 to 1.00 Hz) that is associated with respiratory sinus arrhythmia.
This yielded estimates of the heart rate variability in timescales between 4 and 20 seconds
(LF band) and between 1 and 4 seconds (HF band), approximately. The band-powers P;
were converted to decibels (dB) using a reference value of 0.02 Hz ms2: 10 log(P; /0.02).
This logarithmic conversion of units reduced the variability in the raw band powers and
resulted in more normal distributions. This process was repeated for each data recording
session for all infants in the study. All processing of the RR-series was done in MatLab 7.0/
R14 (The Mathworks, Inc., Lowell, Mass.).

Repeated Measures

Repeated measures within a single blood draw session were termed phases and were treated
as a categorical variable, while the post-menstrual age varied between repeated recordings
and was treated as a continuous numerical variable. Four repeated measures of HR and HRV
were extracted from each recording (Fig. 1), corresponding to four phases: baseline (3 to 1
minutes before blood draw), pain (0 to 2 minutes after blood draw), early recovery (2 to 4
minutes after the blood draw was completed), and late recovery (5 to 7 minutes after the
blood draw was completed). Recovery was measured in two windows because it was not
clear a priori which times should be used for monitoring HRV during recovery. Spectral
powers within each band were averaged over all qualifying segments of RR-series that were
contained within the phase-windows. It is assured that at least one segment of approximately
50-second duration contributes to a 2-minute phase. Since heel-squeezing too has an impact
on HRV (Lindh, Wiklund, & Hakansson, 1999) the “end” of the painful procedure here was
defined to be the end of the entire procedure, when the person administering the procedure
departed from the vicinity of the infant. Heel lancing and squeezing occurred within seconds
of each other and were treated as a single event in this study. Infants often responded with
muscle tension and movement during the procedure, causing the RR-series to be noisy,
especially during the blood draw. In such instances stationarity was violated and the data for
a phase were not available. Of 456 repeated measures for the 114 data sets included in this
study, 377 (83%) qualified for inclusion in the models presented below. For the baseline,
pain, early recovery, and late recovery, the numbers of missing values were 17, 30, 11, and
21, respectively. Missing values were not replaced. The linear mixed models used for data
analysis incorporate empirical Bayes estimation technique for handling missing data.

The very nature of this study meant that the heart rate and its variability were dynamically
changing in time in response to the pain. The limited time width of the phases allowed us to
analyze the response. Sensitivity of the results to the width of phase-windows was assessed
by repeating the data analysis with 3-minute phase-windows instead of 2-minute phase-
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windows. Compared to the 2-minute phases defined previously, the wider baseline phase
began 1-minute sooner and other phases ended 1-minute later. Wider phase-windows lead to
fewer missing data points since there is a greater chance that the window contains at least
one subinterval that satisfies the stationarity condition. The competing effect is that time
resolution of the response to pain is lowered with wide windows. With 3-minute phase-
windows the total number of missing values dropped from 17% to 13%; by phase the
number of missing values were 10, 21, 7, 19 for the baseline, pain, early recovery, and late
recovery, respectively. The wider baseline phase was between 4 and 1 minutes before the
beginning of the blood draw, and the wider pain phase was during 0-3 minutes from the
beginning of the painful procedure. The wider early and late recovery phases were from 2-5
and 5-8 minutes after the end of the painful procedure.

Linear Mixed Models

Age related changes in the LF and HF-power bands and HR were analyzed with linear
mixed-effects models (Pinheiro & Bates, 2000; Diggle, Heagerty, Liang, & Zeger, 2002),
with fixed-effects that were representative of the population and random-effects that varied
between individuals. The longitudinal growth curve models were stratified by the type of
blood draw, phase, and mechanical ventilation status. All models that are described here are
for the case that had 2-minute phase-windows. Secondary models involving 3-minute phase-
windows are briefly described in the Results section. The following model, computed with
the method of maximum likelihood, was found to fit the data well for the LF power:

2.0 3
Yii=Bo+B1 pij+Bavij+Bazij+Batii+Bst;+Pet;+B7vipij+Bszij pij+Botijpij+boit+buitij+&ij,

where yjj is the HRV power of infant i at observation j, pjj is the phase (baseline, during
pain, early recovery, late recovery), vjj is the type of blood draw (heel lance, venipuncture),
zjj is the mechanical ventilation status (no, yes), tjj is the PMA that was centered at 30
weeks, B’s denote coefficients of fixed effects, bgj and b, are random-effect intercept and
slope of infant i, and &jj is the error term. The reference level for measuring contrasts was set
to heel lanced, non-ventilated, and baseline phase. The type of blood draw vjj was bivalued,
(0 when infants were heel lanced; 1 when venipunctured). The ventilation variable zj; was
also bivalued (0 when infants were not mechanically ventilated during a recording; 1
otherwise). The phase pjj had four levels, so each term involving pjj in the equation
represents three terms (0 for the baseline phase; 1 for each of the other three phases).

Model exploration began with the full model involving 3-way interaction among the fixed
effects, p * z * t, and was systematically reduced to retain essential terms only. Differences
in pain response to heel lances and to venipuncture were modeled with an interaction term v
* p. Polynomial dependences on t were explored up to rank five. A cubic dependence was
found that served to modulate the linear growth rate at the ends of our observation range.
The possibility of linear dependence of the power in recovery on the duration of the painful
procedure was also investigated, but found to be unnecessary. The Aikaike Information
Criterion (AIC) was used for model selection. The need for heterogenous variances in the
strata and an autocorrelation structure nested within phase were also explored with AIC, and
were found to be unnecessary. Model diagnostics satisfied linearity and homogeneity
assumptions.

The procedures were repeated in constructing models for the HF-power and for the HR. The
best model for HF-power was similar to that for the LF-power, but the terms involving the
type of blood draw (v) and the interaction between age and phase (t * p) were not
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significant. Instead, the interaction term between age and ventilation (t * z) was present in
the model for HF power:

2. 53
Yii=Po+P1 pij+Bazij+B3tij+Paty+Bst;+Bezij pij+Brtizij+ boi+ buitii+&ij.

Six outliers were removed from the models for HF power. Each of the six observations was
confirmed to have arisen from RR-series with high-frequency noise and HF power values
exceeded the box defined by 1.5 interquartile ranges above the 3'd quartile of the
distribution. HR data was obtained from stationary segments of the RR-series and the
following model was effective:

)
Yij=Bo+P1 pij+Bavij+Bazij+Batij+B5t;+Pevipij+B1zijPij+PBstijpij+boi+biitii+bauizij+baitizij+€ij,

where Yij; is the HR, by; and bs; are random-effect coefficients corresponding to ventilation
and interaction of age with ventilation, and other coefficients and variables are as described
previously. Degrees-of-freedom per subject were more than sufficient to allow the additional
random-effects. The AIC statistic indicated that within-subject autoregressive AR(1)
structure stratified by phase was of benefit to the model. Plots of residuals indicated that
linearity and homogeneity assumptions were met and there were no outliers. Statistical
analysis was done in S-PLUS 7.0 (Insightful Corp., Seattle, Washington).

Behavioral Pain Response

RESULTS

Video recordings were analyzed for behavioral pain responses in a subset of blood draw
sessions (n=21) for which infants’ faces and bodies were clearly visible in the video, and
HR, HRV were available for all phases. The Neonatal Infant Pain Scale (NIPS) was utilized
to score behavioral responses (Lawrence, Alcock, McGrath, Kay, MacMurray, & Dulberg,
1993). NIPS behaviors were scored in 1-minute intervals throughout each phase of the blood
draw using Noldus Observer 5.0 (Noldus Information Technology, The Netherlands). The
behaviors included facial expression (grimace), crying, respiration (irregular or regular), arm
movement, leg movement, and state of arousal. Each component behavior was scored as the
highest level reached by the newborn for each minute. The total NIPS score for each minute
was the sum of individual behavior scores, and ranged from 0 to 7 (all behaviors except
crying were scored as 0 or 1, crying was scored as 0, 1, or 2). Inter-rater reliability computed
on ten randomly chosen blood draw sessions showed agreement ranging from 78.9% for
facial expression to 95.0% for respiration. NIPS measurement methods are discussed in
more detail in Williams et al (2009).

We restrict our attention here to studying the relationship of NIPS scores to HR and HRV
data. Principal components analysis with varimax rotation (Mardia, Kent, & Bibby, 1979)
was used to measure the relationships between the variables. For improved linearity and
isolation of the response to pain, each variable was transformed to represent the change from
baseline measurement.

In response to the painful stimulus, the LF and HF-powers decreased significantly during the
heel lanced blood draw procedure. The —5.6 dB drop in LF-power (Table 2, Fig. 2) was
sharper than the —1.8 dB drop in HF-power (Table 3, Fig. 3). The powers recovered to near-
baseline levels in early and late recovery phases. The HRV response was mirrored in the HR
data by an increase of 13.6 bpm after the painful stimulus (Table 4, Fig. 4). Subsequently,
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the HR dropped to 3.7 bpm above the baseline rate in early recovery and was maintained at
3.4 bpm above baseline in the late recovery phase. LF-power was 6.8 dB higher and HR was
—5.8 bpm lower (Tables 2 and 4, Figs. 2 and 4) during the pain phase in venipunctured
infants relative to the heel lanced infants.

The response to pain differed sharply by mechanical ventilation status as noted by
significant interactions between ventilation and phase in each longitudinal model (Tables 2,
3, and 4). In mechanically ventilated infants, the LF, HF-powers and HR were almost
unchanged from phase to phase (Figs. 2, 3, and 4). The interaction terms between ventilation
and the pain phase were of opposite sign as terms for the main effect of the pain, effectively
canceling out the drops in powers and increase in heart rate observed in the spontaneously
breathing infant. HF-power increased by 2.9 dB during the pain phase in ventilated
newborns compared to a —1.8 dB decrease in non-ventilated newborns.

LF and HF-power showed growth with PMA of the infant (Fig. 5). The linear growth was
modulated by a cubic term that reduced the growth rate at the edges of our observation
region from 23 to 38 weeks PMA. In non-ventilated infants, the linear portion of the growth
rate of HRV power was 1.0 dB/week in the LF band (Table 2) and 0.9 dB/week in the HF
band (Table 3). The growth rate of HF-power was reduced substantially, by —0.5 dB/week,
in infants receiving mechanical ventilation. At PMA 30 weeks, the expected power in the LF
band was 28.1 dB, and in the HF band it was 22.4 dB. The expected HR at PMA 30 weeks
was 165.5 bpm. HR had a quadratic dependence on PMA (Table 4), increasing from 149.8
bpm at 24 weeks to 167.2 bpm at 32.7 weeks, after which it declined with age, reaching
164.8 bpm at 36 weeks.

Small changes in the pain response were observed as the infant matured. The significant
interaction term between PMA and the late recovery phase in the models for LF-power
(Table 2) and HR (Table 4) show that LF-power differential in late recovery increased at the
rate of 0.5 dB/week and HR differential decreased by —1.0 bpm/week (Fig. 6).

Random intercepts and PMA slopes reduced AIC in each model. Moreover, the standard
deviation of the random intercepts in the LF and HF-power models exceeded the residual
standard deviation (Tables 2 and 3). Taking account of the variation of levels and growth
rates between individuals was therefore important in the modeling efforts. The HR model
improved by addition of the interaction between ventilation and PMA as a random effect.

Longitudinal models based on data from 3-minute phase-windows yielded results that were
similar to those obtained from 2-minute phase-windows described above. The type of blood
draw and mechanical ventilation status continued to be statistically significant factors in the
pain response. Among the differences were small but significant increases in the LF and HF
powers in early recovery that were negated in the ventilated infants. The cubic modulation
of growth rate was found to be unnecessary in the HF model. The heart rate model differed
in the following respects: the heart rate was not significantly elevated over baseline in the
early and late recovery phases; the reduction of heart rate in late recovery with increasing
PMA was not significant, but increase in heart rate in the pain phase with increasing PMA
acquired significance.

As another test, the data with 2-minute phase-windows were analyzed after retaining only 61
data sets that had not a single missing spectral power in any of the phases. The model for
HF-power changed most, showing no significant pain response. However, the tendencies
remained identical to the results obtained from the complete data, suggesting that there was
insufficient statistical power in the model for the reduced set. Both LF and HF powers
increased with age, but the growth rates were lower and cubic modulation was unnecessary.
The LF power and heart rate continued to show a distinct response to pain of approximately
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the same magnitudes as described previously, and mechanical ventilation continued to be an
important factor that differentiated the responses to pain. The pain-response results for the
HF power presented herein may therefore be considered less robust than the responses of LF
power and heart rate. There were too few venipunctured blood draws in this reduced set for
a meaningful study of differences between responses to heel lance and to venipuncture.

It was observed from the principal components analysis (Table 5) that change of NIPS
scores from the baseline were loaded strongly on the second principal component while HR
and HRV variables were loaded more strongly on the first component. The first two
principal components accounted for more than 75% of the variance.

DISCUSSION

Reduction of HRV was observed in both bands for non-ventilated neonates during the heel
lance procedure, accompanied by an increase in HR. The HF-power reduced significantly
during the pain phase, although the —1.8 dB magnitude of the reduction in HF-power was
smaller than the —5.6 dB reduction in LF-power. HR increased by 13.6 bpm in the 2 minutes
following the pain stimulus. These observations are in qualitative agreement with prior
studies (Lindh et al., 1997; Grunau et al., 2001) and in agreement with reports of reduced
vagal tone when the infant is distressed by illness or pain (Arditi et al., 2006; Porges, 1992;
Porter, Porges, & Marshall, 1988; van Ravenswaaij-Arts et al., 1995). It has also been
suggested that infants might react to a painful stimulus with a fear paralysis reflex that is
characterized by bradycardia and temporary inhibition of the sympathetic nervous system
(Lagercrantz, Edner, Runold, & Yuan, 1995; Lindh et al., 1999).

It has been reported (Lindh et al., 1997) that HR increased and LF-power decreased in
response to pain in preterm infants. Arditi et al (2006) found an increase in HR and decrease
in vagal tone (HF-power) in response to a heel-prick procedure in healthy neonates. In a
cross-sectional design, Grunau et al (2001) studied pain in 136 VLBW infants of 32 weeks
PMA and found that the LF power and HF power decreased during blood collection
followed by an increase in the recovery period. They used 200-s windows for data
collection, and the recovery period was defined to begin immediately after the last contact.
Although we found a tendency for increased powers in the early recovery period, the
increases were not statistically significant, likely due to the later timing of our early recovery
phase, from 2 to 4 minutes after last contact. Mean HR was reported by Grunau et al (2001)
to increase from 160.4 bpm at baseline to 184.4 during squeeze, and easing to 171.4 bpm
during recovery. An early study involving 35 preterm infants (Mclntosh et al., 1993)
reported an increase in HRV during a 5-minute period that included a heel-prick, which is in
contrast to three later studies, including the present one. However, it may possibly be
explained by the wide window that was used that included the recovery period in which
HRYV tends to increase (Grunau et al., 2001). Note that despite the use of common
terminology such as LF and HF bands, the frequency limits of the bands varied between
studies. Furthermore, differences in factors and units of measurement of band powers make
quantitative comparisons of HRV between studies a difficult task. Despite the differences in
study design, spectrum calculation methods, and models of data analysis, it is clear that our
findings of HR and HRV response to pain are in qualitative agreement with previous studies
by Lindh et al (1997) and Grunau et al (2001).

The attenuated response to pain from venipuncture that was found in LF-power and HR in
this study parallels the behavioral measurements of reduced pain reported in other studies
(Shah, Taddio, Bennett, & Speidel, 1997; Larsson, Tannfeldt, Lagercrantz, & Olsson, 1998;
Eriksson, Gradin, & Schollin, 1999; Logan, 1999; Shah & Ohlsson, 2004; Ogawa, Ogihara,
Fujiwara, Ito, Nakano, Nakayama, Hachiya, Fujimoto, Abe, Ban, Ikeda, & Tamai, 2005). It
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should be noted that our study was not designed to probe differences between pain levels in
heel lance and venipuncture. Slightly less than 10% of blood draws were by venipuncture,
therefore a more balanced design aimed toward studying HRV differences between the types
of blood draw would be desirable to bolster our incidental finding.

Mechanical ventilation status, which has not received attention in previous studies, was
found to be an important discriminating factor. The stress response to pain, as measured by
HR and HRV, was substantially reduced in mechanically ventilated neonates. On the other
hand, mechanical ventilation was associated with lower growth rate of HF-power. This
result parallels a report that mechanically ventilated VLBW infants had lower growth of HF
power than LF power with advancing age (Smith, Doig, & Dudley, 2004). In that study
neither growth rate achieved statistical significance, while we observed statistically
significant growth of LF power in mechanically ventilated infants. The LF and HF-powers
increased in time, particularly for infants that were not mechanically ventilated, and the
intersection of curves (Fig. 5) suggests that any advantage offered by mechanical ventilation
to boost HRV may be prior to 33 weeks PMA. It is not clear whether mechanical ventilation
served to reduce the stress response or whether the lowered stress response may be
attributed to the sicker state of the ventilated infant. Usage of pain medications was low
(Table 1) and it may be ruled out as a factor in the reduced pain response in ventilated
infants. The low use of pain medications in our study population was due to a practice in our
NICU that is guided by evidence of longer need for mechanical ventilation in infants who
are on narcotics (Bhandari, Bergqvist, Kronsberg, Barton, & Anand; NEOPAIN Trial
Investigators Group, 2005). Pain medications were only used for major procedures but not
used routinely in ventilated infants. Non-pharmacological pain relief measures such as
containment were equally used in both groups. Another possible interpretation of the
findings is that mechanical ventilation affects HRV parameters strongly enough to mask
stress response.

Growth of HRV with increasing PMA has been reported earlier (Doussard-Roosevelt,
Porges, & McClenny, 1996; Sahni, Schulze, Kashyap, Ohira-Kist, Myers, & Fifer, 1999;
Khattak, Padhye, Williams, Lasky, Moya, & Verklan, 2007) and is in agreement with our
results. Our models also incorporated a significant cubic modulation term, suggesting that
growth was reduced near both ends of our observation range from 23 to 38 weeks. One of
the questions of interest was to measure changes in the response to pain as the neonate
matures. In this regard, a tendency toward increased HR in older neonates in the pain phase
was noted, however it was statistically significant only when the wider 3-minute phase-
window was employed. Age-related changes were present in the late recovery phase, 5to 7
minutes after the end of the painful procedure. The response of LF-power to the pain
stimulus, as measured by the difference between LF-powers in the late recovery and
baseline phases, increased at the rate of 0.5 dB/week. Similarly, the response of the HR to
the pain stimulus, as measured by the difference between HR in the late recovery and
baseline phases, decreased by —1.0 bpm/week. The increased LF-power and decreased HR
in late recovery with increasing PMA suggests that sympathetic inputs are restored more
quickly as the infant matures. Changes in HR and HRV response to pain over the course of
weeks have not been reported in previous studies, to the best of our knowledge.

Baseline HR increased from 24 to 32.7 weeks PMA and decreased thereafter. This departure
from the expectation of monotonically decreasing HR may be due to infants having learned
to anticipate the painful blood draw in the minutes before the procedure began. Although
generally asleep, a cue for anticipation may have been provided by the heel-warmer that was
applied at the beginning of data collection, approximately 6—7 minutes before the beginning
of the time-window of our baseline phase.
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Lindh et al (1999) made a distinction between lancing and squeezing and found that LF
power increased during lancing but decreased during squeezing. A limitation of our study is
that it did not distinguish between lancing and squeezing. The two events occurred within
seconds of each other and were treated as a single pain stimulus. Another limitation is that
separation between effects of maturation and habituation on the pain response was not
possible in our study design. The growth of HF and LF power with advancing age in the
baseline phase lends support to the view that we observed maturational changes in the
response to pain, however the impact of habituation cannot be ruled out. Measuring the
maturation of pain responses of neonates continues to be an important field of investigation
that may lead to improvements in the neonates’ experiences in the NICU. Venipuncture
contributed to reduced pain over heel lance, as measured by the response of HRV and HR. It
appears that mechanical ventilation is an important factor in the neonatal pain response that
needs further study.

Behavioral information about pain response from the NIPS scores was loaded strongly on
the second principal component while the physiological variables of HR and HRV were
loaded more strongly on the first component. These components are orthogonal, which
indicates that the behavioral information content was to a large degree independent of
physiological information. This provides a basis to expect that multidimensional models
involving behavioral and physiological variables (e.g. Gibbins, Stevens, McGrath, Yamada,
Beyene, Breau, Camfield, Finley, Franck, Johnston, Howlett, McKeever, O’Brien, &
Ohlsson, 2008) may provide a more complete picture of pain responses than either
component can on its own.
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Figure 1.

Example of an individual heart rate and spectral power of heart rate variability and the four
phases or windows utilized for longitudinal study. Relative to the time of the pain stimulus,
the baseline phase extended from —3 to —1 minutes and the pain phase was from 0 to 2
minutes. The early and late recovery phases extended from 2 to 4 and 5 to 7 minutes after
the end of the painful procedure.
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Figure 2.

Longitudinal model estimates of fixed-effects at 30 weeks post-menstrual age show changes
in low-frequency (LF) power before, during, and after the painful procedure. Two curves are
shown for ventilated and non-ventilated infants with heel lanced blood draws. A third curve

represents the pain response to venipuncture in non-ventilated infants.
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Figure 3.

Longitudinal model estimates of fixed-effects at 30 weeks post-menstrual age show changes
in high-frequency (HF) power before, during, and after the painful procedure in ventilated
and non-ventilated infants.
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Figure 4.

Longitudinal model estimates of fixed-effects at 30 weeks post-menstrual age show changes
in heart rate before, during, and after the painful procedure. Two curves are shown for
ventilated and non-ventilated infants with heel lanced blood draws. A third curve represents
the pain response to venipuncture in non-ventilated infants.
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Figure 5.
Longitudinal model estimates of fixed-effects show growth of baseline low-frequency (LF)
power and high-frequency (HF) power differentiated by mechanical ventilation status.
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Figure 6.

Maturational changes in the response to pain in late recovery (5 to 7 minutes after last
contact). The difference of low-frequency (LF) power between the late recovery phase and
the baseline phase increased with neonatal age (top panel) while the difference of heart rate
(HR) between late recovery and the baseline phases decreased with neonatal age (bottom
panel).
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Patient Demographics

Table 1

Total number of Infants (n)

Number of Studies
Gender Males:
Females:
Mean GA at birth £ SD
Race: Black
White
Hispanic

Mean Birth Weight + SD
5 minutes Apgar scores 0-3:

4-7:
8-10:

Any IVH (Grade 1 to 4)

Grade 3-4 IVH/ PVL

RDS at birth requiring surfactant

Postnatal dexamethasone used (during study)
Pain Medications used (during study)

Dopamine used (during study)

38"

206 (153 with blood draw)
14 (37%)

24 (63%)

255 Wks = 2
15 (39%)

12 (31%)

11 (30%)

850 gms + 240
32 (80%)

3 (7%)

16 (43%)

19 (50%)

2 (1%)

9 (4%)

6 (3%)

11 (29%)

4 (10%)

*
Data from a subset of 35 infants satisfied our inclusion criterion for analysis that required accurately known timings of blood draws.
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Parameters for longitudinal model of low-frequency HRV™ and 95% confidence intervals (Cl).

Table 2

Est. Lower Upper  p-value

Coef. Cl Cl
Intercept (dB) 28.08 25.93 30.23 <0.001
Phase: Pain (dB) -5.59 -7.42 =-3.77 <0.001
Phase: Early Recovery (dB) 1.23 —0.47 2.92 0.166
Phase: Late Recovery (dB) —-0.83 —2.56 0.90 0.359
Venipuncture (dB) 1.59 -1.76 4.94 0.363
Ventilation (dB) -0.78 —2.76 2.60 0.582
PMA (linear growth rate; dB/week) 0.98 0.39 1.57 0.002
PMAZ (quadratic growth rate; dB/week?) 0.03 -0.04 0.0 0.432
PMA3 (cubic growth rate; dB/week3) —0.021 —0.039 —0.004 0.021
Venipuncture * Phase: Pain (dB) 5.19 0.80 9.59 0.024
Venipuncture * Phase: Early Recovery (dB) ~ 0-01 —42¢ 425 0.998
Venipuncture * Phase: Late Recovery (dB) -1.35 —5.88 3.18 0.567
Ventilation ™ Phase: Pain (dB) 5.18 2.32 8.03 0.001
Ventilation * Phase: Early Recovery (dB) —2.57 —5.28 0.15 0.070
Ventilation ™ Phase: Late Recovery (dB) 0.87 -1.95 3.69 0.554
PMA ™ Phase: Pain (dB/week) -01¢ -058 030 0530
PMA * Phase: Early Recovery (dB/week) 0.07 —0.35 0.48 0.752
PMA * Phase: Late Recovery (dB/week) 0.49 0.07 0.92 0.028
Random Intercept, SD (dB) 4.62 3.43 6.23
Random PMA (slope), SD (dB/week) 0.70 0.45 1.09
Residuals, SD (dB) 4.52 4.17 4.90

*
Based on data extracted in 2-minute phase windows.
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Parameters for longitudinal model of high-frequency HRV” and 95% confidence intervals (CI).

Table 3

Est. Lower Upper  p-value
Coef. Cl Cl
Intercept (dB) 22.39 20.76 24.01 <0.001
Phase: Pain (dB) -1.79 =3.12 —0.46 0.010
Phase: Early Recovery (dB) 0.67 —-0.59 1.93 0.306
Phase: Late Recovery (dB) —-0.02 -1.30 1.26 0.974
Ventilation (dB) 1.75 —-0.20 3.70 0.084
PMA (linear growth rate; dB/week) 0.93 0.53 1.33 <0.001
PMA?Z (quadratic growth rate; dB/week?) ~ 0.01 —0.04 0.6 0.798
PMA?Z (cubic growth rate; dB/week3) —0.014 -0.027 -0.001 0.043
Ventilation * Phase: Pain (dB) 2.93 0.83 5.03 0.007
Ventilation ™ Phase: Early Recovery (dB) —1-41 ~ —3.43  0.60 0.176
Ventilation ™ Phase: Late Recovery (dB) 0.42 —1.64 2.49 0.692
PMA ™ Ventilation (dB/week) —0.5¢ -1.00  -0.09 0.022
Random Intercept, SD (dB) 351 2.59 4.76
Random PMA (slope), SD (dB/week) 0.42 0.24 0.75
Residuals, SD (dB) 3.46 3.19 3.75

*
Based on data extracted in 2-minute phase windows.
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Table 4

Parameters for longitudinal model of heart rate™ and 95% confidence intervals (CI).

Est. Lower  Upper p-value

Coef. Cl Cl
Intercept (bpm) 165.53 161.34 169.73 <0.001
Phase: Pain (bpm) 13.59 10.38 16.80 <0.001
Phase: Early Recovery (bpm) 3.66 0.69 6.64 0.019
Phase: Late Recovery (bpm) 3.36 0.33 6.40 0.034
Venipuncture (dB) 3.16 -3.89 10.20 0.390
Ventilation (bpm) -1.77 -8.70 5.7 0.625
PMA (linear growth rate; bpm /week) 1.25 0.19 2.30 0.023
PMAZ (quadratic growth rate; bpm/week?) -0.23 -0.39 -0.07 0.005
Venipuncture * Phase: Pain (dB) —8.96 1748 -0.43 0044

Venipuncture * Phase: Early Recovery (dB) —4.60 —12.82  3.63 0.284

Venipuncture * Phase: Late Recovery (dB) —2.81 —11.58  5.96 0.538
Ventilated ™ Phase: Pain (bpm) -11.0¢ -16.17 -591  <0.001
Ventilated * Phase: Early Recovery (bpm) 220 -7.06 267 0389
Ventilated * Phase: Late Recovery (bpm) —4.16 —9.26 0.95 0.118
PMA * Phase: Pain (bpm/week) 0.60 —0.20 1.40 0.147

PMA * Phase: Early Recovery (bpm/week) —0.43 —117 0.32 0.275

PMA ™ Phase: Late Recovery (bpm/week) —0.99 -1.76 —0.22 0014
Random Intercept, SD (bpm) 8.62 6.29 11.82

Random Ventilation, SD (bpm) 8.08 4.03 16.20

Random PMA (slope), SD (bpm/week) 1.80 1.13 2.89

Random PMA ™ Ventilation, SD (bpm/week) 272 134 5.54
Residuals, SD (bpm) 9.22 8.48 10.02
Autocorrelation AR(1) coefficient -0.25 -0.38 -0.11

*
Based on data extracted in 2-minute phase windows.
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Principal component loadings on NIPS, HR, and HRV variables with summary of component variances. Each

variable was represented as change from baseline for improved capture of pain response.

Principal Components
Comp.1 | Comp.2 | Comp.3 | Comp.4
NIPS -0.124 0.873 —-0.387 0.271
HR —0.590 0.222 0.158 —0.760
LF-power 0.604 0 —-0.550 -0.577
HF-power 0.521 0.434 0.723 —0.128
Standard Deviation 1.378 1.064 0.708 0.683
Proportion of Variance | 0.475 0.283 0.125 0.117
Cumulative Proportion | 0.475 0.758 0.883 1.000
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