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Pain activates cortical areas in the preterm newborn brain
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Abstract

To study the patterns of supraspinal pain processing in neonates, we hypothesized that acute pain causes haemodynamic
changes associated with activation of the primary somatosensory cortex. Forty preterm neonates at 28-36 weeks of gestation
(mean = 32.0) and at 25-42 h (mean = 30.7) of age were studied following standardized tactile (skin disinfection) and painful
(venipuncture) stimuli. Changes in regional cerebral haemodynamics were monitored by near infrared spectroscopy (NIRS)
over both somatosensory cortices in 29 newborns, and over the contralateral somatosensory and occipital areas in 11 new-
borns. Heart rate (HR) and peripheral oxygen saturation (SaO,) were recorded simultaneously with NIRS parameters: oxy-
genated [HbO,], deoxygenated, and total hemoglobin. Tactile stimulation produced no changes in HR or Sa0O,. HR increased
in the first 20s (p <0.001), while SaO, decreased during the 40 s after venipuncture (p < 0.0001). Following tactile or painful
stimulation, [HbO,] increased bilaterally regardless of which hand was stimulated (p <0.0001). Pain-induced [HbO,] increases
in the contralateral somatosensory cortex (p <0.05) were not mirrored in the occipital cortex (p > 0.1). Pain-related [HbO5]
increases were more pronounced in male neonates (p <0.05 on left, p <0.001 on right), inversely correlated with gestational
age (r=—0.53 on left, p <0.01; r=—0.42 on right, p <0.05) and directly correlated with postnatal age (r =0.75 on left,
p <0.0001; r=0.67 on right, p <0.0001). Painful and tactile stimuli elicit specific haemodynamic responses in the somatosen-
sory cortex, implying conscious sensory perception in preterm neonates. Somatosensory cortical activation occurs bilaterally
following unilateral stimulation and these changes are more pronounced in male neonates or preterm neonates at lower ges-
tational ages.
© 2006 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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—_— ‘ . 1. Introduction
Abbreviations: bpm, beats per minute; BW, birth weight; fMRI,

functional magnetic resonance imaging; GA, gestational age; HbH,

deoxygenated hemoglobin; HbO,, oxygenated hemoglobin; Hbtot,
total hemoglobin (=HbO, + HbH); HR, heart rate; NICU, Neo-
natal Intensive Care Unit; NIRS, near infrared spectroscopy; PNA,
postnatal age; r-CBV, regional cerebral blood volume; SaO,, peri-
pheral arterial oxygen saturation.
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Recurrent neonatal pain and stress occur routinely
during neonatal intensive care, particularly among the
extremely low birth weight preterm neonates (Johnston
et al., 1997; Simons et al., 2003; Stevens et al., 2003).
Analgesic or anesthetic drugs, whose long-term effects
are not yet fully understood (Anand and Soriano,
2004), may attenuate prolonged pain but may not be
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effective for the acute pain caused by invasive proce-
dures (Liu et al., 2004; Carbajal et al., 2005). Moreover,
a painful procedure like venipuncture for blood sam-
pling is not routinely preceded by any analgesic mea-
sures (Simons et al., 2003) and its repercussions on the
development of the cerebral cortex or sub-cortical struc-
tures are not yet understood.

Recent studies on adult subjects report that painful
stimuli are associated with circulatory and metabolic
changes in specific cortical and subcortical areas (Rin-
gler et al., 2003; Ohara et al., 2004). Objective evidence
for the supraspinal processing of pain in human neo-
nates, particularly those born preterm, is currently lack-
ing. Further, investigation of the mechanisms regulating
cerebral haemodynamics in the cortical areas processing
pain stimuli might be of great help in understanding the
influence of pain on neonatal brain plasticity and their
cognitive or behavioral outcomes (Winberg, 1998;
Anand et al., 1999b; Anand, 2000; Anand and Scalzo,
2000).

A non-invasive technique, near infrared spectrosco-
py (NIRS), can detect subtle changes in the concentra-
tion of natural chromophores such as oxygenated
[HbO,] and de-oxygenated hemoglobin [HbH]. NIRS
was used simultaneously with functional magnetic res-
onance imaging (fMRI) or positron emission tomogra-
phy (PET) scans, which demonstrated the reliability of
the NIRS technique in monitoring cortical activation in
functional studies (Kleinschmidt et al., 1996; Hock
et al., 1997; Punwani et al., 1997). NIRS was used both
in adults (Meek et al., 1995) and newborn infants
(Sakatani et al., 1999; Bartocci et al., 2000; Meek,
2000) to monitor haemodynamic and oxygenation
adjustments related to the cerebral cortical processing
of specific stimuli. Franceschini et al. (2003) showed
that NIRS can detect cortical haemodynamic changes
related to tactile stimulation. Functional MRI and
EEG studies provide consistent evidence that painful
and tactile stimuli are associated with distinct patterns
of response within the human cerebral cortex (Chen
et al., 2002).

We hypothesized that acute pain activates the
somatosensory cortex in preterm neonates, associated
with significant metabolic changes in the cortical
areas associated with pain processing, which can be
measured by the NIRS technique. To compare the
cortical processing of tactile and painful stimulation,
we recorded the responses during gentle cleaning of
the skin (tactile stimulation) and during venipuncture
(acute pain). The NIRS device used in this study
recorded from two channels, placed bilaterally over
both somatosensory areas. To test for the specificity
of these responses, we compared the somatosensory
cortex with the occipital cortex, which is not primar-
ily involved in sensory processing for painful or tac-
tile stimuli.

2. Methods
2.1. Study group

This prospective study included 40 vaginally delivered new-
born infants, who fulfilled the inclusion criteria and required
blood sampling in the NICUs at Karolinska Hospital (Stock-
holm, Sweden) or Gaslini Hospital (Genoa, Italy). Cranial
and cardiac ultrasonography were performed on all subjects.
The inclusion criteria selected neonates born after 26 weeks
of gestation, postnatal age (PNA) more than 24 hours (h),
absence of congenital malformations affecting the brain circula-
tion or the cardiovascular system, ongoing intubation, and
mechanical ventilation, who had not received analgesic, anes-
thetic, or sedative drugs over the preceding 24 h (e.g., morphine,
fentanyl, phenobarbital, and midazolam). The Local Ethics
Committee approved the research protocol. Informed consent
was obtained from the parents of all enrolled subjects and
around 90% of the parents approached for this study gave their
consent.

2.2. NIRS settings

A double-channel near infrared spectroscopy device
(NIRO 300, Hamamatsu Photonics, Hamamatsu, Japan)
was used to monitor the changes in oxy-hemoglobin [HbO,],
deoxy-hemoglobin [HbH], and total hemoglobin [Hbtot] con-
centrations. The basic principles of this technique (JObsis,
1977), its use in functional studies (Villringer et al., 1997;
Benaron et al., 2000), and its reliability in studying cerebral
cortical responses in newborn infants (Sakatani et al., 1999;
Bartocci et al., 2000; Meek, 2000) have been described in
detail elsewhere.

Briefly, the NIRO 300 device produces light at four differ-
ent wavelengths (775, 810, 850, and 910 nm) by means of four
pulsed laser diodes. Each diode has a pulse frequency of
approximately 2 kHz, each pulse lasts about 100 ns, and aver-
age output power is about 1 mW. Through an optical fiber
cable, the emitter probe provides near infrared light, which is
detected by the receiver probe. The emitter and receiver probes
constitute one pair of optodes, located in a black semi-rigid
rubber holder, with an inter-optode distance of 4 cm and a dif-
ferential path-length factor (DPF) of 4.2 (Wyatt et al., 1990).

2.3. Study procedures

The study interval was divided into 3 main periods, period 0
(Po = baseline), period 1 (P; = tactile stimulus) for cleaning,
and period 2 (P, = painful stimulus) for the venipuncture.
Neonates were gently handled in their cot, the NIRS probes
were placed on the head, and the venipuncture site was identi-
fied visually. When the infant was in a quiet, awake, and stable
condition (behavioral state 3 according to Prechtl) (Prechtl,
1974) the various haemodynamic signals including NIRS were
recorded for a baseline period of at least 60 s (Py). During peri-
od 1, the dorsum of the right or left hand was stimulated for
30 s by disinfecting the skin with an alcohol-soaked, cotton
pad at room temperature. The onset of tactile stimulation
was marked on the NIRS recording and the following 60 s
were stored (P;). During this period, the neonate was quiet
and not moving. Venipuncture was performed by an expert
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Fig. 1. Flow diagram describing the study population (F, females; M, males).

neonatal nurse using a standard needle size (24 gauges,
0.75 in.) for all newborns and a 60 s period following the nee-
dle insertion was recorded for analysis (P,). The environment
around the infant during the experiment was kept as quiet as
possible, avoiding any kind of visual, auditory, and olfactory
external stimuli. Those newborns that showed prolonged epi-
sodes of crying and movements affecting the NIRS signal were
not considered for further analysis, thus excluding 6 of the 46
subjects monitored.

We analyzed the recordings from 40 subjects (20 females
and 20 males), as described in Table S1 and Fig. 1. For 29 neo-
nates (15 females), the 2 pairs of optodes were positioned over
the somatosensory cortex symmetrically on each side of the
head. The emitter optode was placed about 2 cm below and
slightly posterior to the C3/C4 position [according to the inter-
national EEG 10-20 system (Mehagnoul-Schipper et al., 2002;
Schroeter et al., 2002; Kuboyama et al., 2005; Suzuki et al.,
2005)]. The receiver optode was consequently positioned
4 cm above the emitter optode in order to illuminate the pri-

Nasion

mary somatosensory cortex and underlying structures (Fig. 2
and Figure S1 in supplementary material on-line). Eleven new-
borns were monitored with the 2 pairs of optodes placed on the
same side of the head: one pair overlying the somatosensory
cortex (as described above) and the other pair overlying the
occipital cortex. In these 11 newborns, the tactile and painful
stimuli were applied contralaterally to the side where the
optodes were placed.

2.4. Recording and data analyses

2.4.1. Heart rate and arterial oxygen saturation

Heart rate (HR) and arterial oxygen saturation (Sa0O,) data
were recorded by a HP monitoring system (Hewlett—Packard,
Boeblingen, Germany) simultaneously with the NIRS data.
Respiration was observed during the procedure. HR and
Sa0, average values were averaged at baseline and at 10, 20,
30, 40, 50, and 60 s after the tactile and painful stimuli, respec-
tively. Repeated-measures ANOVA and Newman—Keuls post

B Nasion

Fig. 2. Position of NIRS optodes (dark circles) placed in reference to the international EEG system (open circles). (A) Viewed from the left side.

(B) Viewed from the top.
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hoc tests were used to compare these values throughout the
experiment. Differences between males and females were ana-
lyzed by Student’s t-test for independent samples.

2.5. Near infrared spectroscopy

NIRS data were sampled every second during the baseline
(Py), tactile (P;), and pain stimulation (P,) periods and export-
ed to a computer via RS232 digital output. As the sampling
occurred every second, each of these periods contained 60
numerical values corresponding to the [HbO,] and [HbH] con-
centrations. [Hbtot] was calculated off-line by adding the
[HbO,] and [HbH] values (Wyatt et al., 1990). Values during
the period Py were subtracted from the P; and P, values for
each neonate, to calculate the [HbO,lyg, [HbH]yy and
[Hbtot]y;q values for tactile vs. baseline and painful vs. baseline
periods, respectively. An average for each measurement (from
the 60 measured values per period) was calculated for each
neonate, to describe the haemodynamic changes in the left
and right hemispheres during each study period (Py, P;, and
P,).

Using repeated-measures ANOVA and Newman—Keuls
post hoc comparisons, the Py curves for each side were com-
pared to the P; and P, curves of the same side, for [HbO,],
[HbH], and [Hbtot]. Student’s z-tests for independent variables
were used to compare [HbO, ]y values between the parietal
and occipital cortex (in neonates where both sets of optodes
were positioned contralateral to the stimuli), to compare
[HbO; 4 values between the ipsilateral and contralateral side,
to evaluate inter-hemispheric differences depending on whether
the left or the right hand was stimulated, and to compare the
differences between male and female infants. Correlations
between GA, BW, PNA, and duration of the venipuncture,
and magnitude of the NIRS response were performed by linear
regression analyses. Data were analyzed by the program Stat-
istica® (6.0, StatSoft 2001, Inc., Tulsa, USA), and p-values of
less than 0.05 were considered significant.

3. Results
3.1. Study population

The neonates were born at 28-36 weeks of gestation
(mean 32.0) and were studied at 25-42 h (mean 30.7)
after birth (Table 1 in supplementary material on-line).
The painful stimulation lasted for 35-60 s. No differenc-
es occurred between male and female infants in the GA
(males 31.4 vs. females 32.7 weeks), PNA (males 32.0 vs.
females 29.5 h), BW (males 1841 vs. females 1958 g), or
duration of venipuncture (males 46.7 vs. females 49.8 s).
The GA, PNA, BW, and duration of the venipuncture
were also similar among neonates receiving left- or
right-hand stimulation.

3.2. Heart rate and arterial oxygen saturation
During tactile stimulation, no significant changes

occurred in the HR (p > 0.05) and SaO, (p > 0.05) val-
ues. The HR increased significantly with acute pain

(repeated-measures ANOVA, p <0.001) with differences
from baseline level noted at 10 and 20 s following veni-
puncture, but not at 30 s (baseline 138.5 bpm (£11.5);
after venipuncture, at Pjo: 171.8 bpm (411.2) and
Pyy: 1749 (£15.5); post hoc Newman-Keuls tests,
p<0.001) (Figure S2 in supplementary material on-
line). No differences occurred in the HR responses
between female and male infants or between neonates
receiving painful stimulation on the right vs. the left
hand (p > 0.05). The SaO, values decreased significantly
(repeated-measures ANOVA, p <0.0001), with differ-
ences noted from 10 to 40s following venipuncture
(baseline 96.1% (42.3); after venipuncture, at P
92.3% (£1.9), at Py 89.2% (%1.0), at P3g 91.6%
(£2.3), and at P4 91.4 (+1.9); post hoc Newman—Keuls
tests, p <0.001) (Figure S2 in supplementary material
on-line). No differences occurred in SaO, values between
male and female neonates or between the two sides of
the venipuncture (p > 0.05). None of the subjects
showed apnoeic episodes during the experiment. No cor-
relation between the magnitude of HR increase and GA
or PNA was found.

3.3. NIRS data

Neuronal activation within cortical areas is coupled
with regional changes in cerebral blood volume
(r-CBV), thus reflected in the [HbO,] changes measured
by NIRS. We found increases in the [HbO,] concentra-
tions in both hemispheres after tactile stimulation, with
further increases following painful stimulation (Fig. 3
and Figure S2 in supplementary material on-line). The
response to pain was greater in the male neonates than
in female preterm neonates (p <0.05 for the left hemi-
sphere and p <0.001 for the right hemisphere; Fig. 4).
Following tactile stimulation, no differences were
recorded between the [HbO,] changes on the right and
left sides (p > 0.5 after stimulation of the right hand;
p > 0.5 after stimulation of the left hand). In contrast,
venipuncture on the right hand stimulated greater
[HbO,] increases in the left hemisphere as compared to
right hemisphere (p <0.01), whereas venipuncture in
the left hand showed no differences between the right
and left hemispheres (p>0.1; Fig. 5). The latency
between the skin puncture and a significant increase in
[HbO,] compared to the baseline was 2 s both in females
and in males (repeated-measures ANOVA, p <0.0001
and post hoc Newman-Keuls test, p <0.01).

The [HbO,] increases after pain were directly corre-
lated with postnatal age (r=0.75 for the left hemi-
sphere, p <0.0001; »=0.67 for the right hemisphere,
p <0.0001). The magnitude of pain-induced [HbO,]
increases was negatively correlated with the GA
(r=—0.53 for the left hemisphere, p <0.01; r = —0.42
for the right hemisphere, p < 0.05) (Figure S4 in supple-
mentary material on-line). No correlation occurred
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Fig. 3. Changes in [HbO,] values occurring on the left side (circles and continuous line) and on the right side (squares and dotted line) in all subjects,
regardless of which hand was being stimulated. The figure shows significant [HbO,] increases from baseline in both hemispheres following tactile and
painful stimulation (does not denote differences between the two hemispheres) (Wilk’s lambda = 0.1945, F4 36) = 37.28, p <0.0001; Newman—Keuls
post hoc tests: baseline vs. tactile *p < 0.001; baseline vs. venipuncture *p < 0.001; tactile vs. venipuncture *p < 0.001). Vertical bars denote the 95%

confidence intervals and the middle points denote the mean values.

between the [HbO;] increases and the duration of veni-
puncture (r = —0.17 for the left hemisphere, p > 0.1;
r = —0.12 for the right hemisphere, p > 0.5), or between
[HbO,] increases and BW (r=—0.34 for the left
hemisphere, p>0.05; r=—0.18 for the right hemi-
sphere, p > 0.1).

Neonates monitored with NIRS on the contralateral
side (n=11) from venipuncture showed significant
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Fig. 4. Comparison of the cortical [HbO,] increases between the
female (black columns) and male (white columns) neonates following
venipuncture. Males showed a more pronounced increase in [HbO5]
compared to females (¥p <0.05 on the left and **p <0.001 on the
right; Student’s ¢-tests). Columns denote mean values and bars
standard deviations.

[HbO;] increases over the somatosensory cortex
(ANOVA, p <0.01, baseline vs. tactile p < 0.05; baseline
vs. pain p <0.01; tactile vs. pain p <0.01, Newman-—
Keuls post hoc tests), but no significant changes
occurred over the occipital cortex (ANOVA, p > 0.05;
baseline vs. tactile p > 0.1; baseline vs. pain p > 0.1; tac-
tile vs. pain p > 0.5; Newman-Keuls post hoc tests)
(Fig. 6).

microMol/L

[HbO2 ]diff [HbO2 ]diff
venipuncture on the left hand venipuncture on the right hand

Fig. 5. Differences in cortical [HbO,] changes following venipuncture
on the left or the right hand. Black bars denote [HbO,] increases on the
left hemisphere and white bars on the right hemisphere. When the
venipuncture occurred on the right hand, there was a more pro-
nounced increase in [HbO,] over the left hemisphere (*p <0.01,
Student’s t-test), but no significant differences occurred following
venipuncture on the left hand (p > 0.05). Columns denote mean values
and bars standard deviations.



114 M. Bartocci et al. | Pain 122 (2006) 109-117

—o— [HbO,] parietal
-8- [HbO,] occipital

[HbO,] microM/L

baseline

tactile venipuncture

Fig. 6. Differences between cortical [HbO,] values during simultaneous recordings from pairs of optodes located over the somatosensory cortex
(continuous line) and the occipital cortex (dotted line). Significant changes occurred over the parietal area (repeated-measures ANOVA, *p <0.01;
baseline vs. tactile p < 0.05; baseline vs. pain p <0.01; tactile vs. pain p = 0.01, Newman-Keuls post hoc tests), but not over the occipital area
(repeated-measures ANOVA, p > 0.05; p > 0.1 baseline vs. tactile; p > 0.1 baseline vs. pain; p > 0.5 tactile vs. pain Newman-Keuls post hoc tests).
Data from 11 neonates presented as mean values and 95% confidence intervals (vertical bars).

4. Discussion

In preterm newborn infants, unilateral tactile or pain-
ful stimuli elicited bilateral increases in cortical [HbO5]
concentrations, implying increases in regional cerebral
blood flow that resulted from changes in metabolic
activity within the somatosensory cortical areas.
Responses to pain were greater in preterm boys than
in girls and were greater over the left hemisphere when
venipuncture occurred on the right side. The latency
between venipuncture and cortical activity was compa-
rable to that of adults (Spiegel et al., 1996) and was sim-
ilar in male and female neonates. A negative correlation
occurred between pain-induced cortical activity and ges-
tational age, consistent with the ontogeny of pain
thresholds in preterm neonates (Fitzgerald et al.,
1988), but a positive correlation occurred with the post-
natal age, consistent with a postnatal decay of fetal inhi-
bition (Greenough et al., 1990).

Bucher et al. (1995) reported that r-CBYV, as reflected
by [Hbtot] variations, may increase, decrease or remain
unchanged after heel puncture in preterm babies, with
wide differences among subjects. In contrast, Brazy
(1988) showed that [Hbtot] and [HbH] increased during
crying in newborn infants. In abstract form, Meek
(2000) reported unilateral somatosensory activation by
NIRS in full-term infants, whereas Slater et al. (2004)
recently presented functional cortical activity following
heelsticks in seven neonates at 29-42 weeks GA. In con-
trast, our studies included a larger sample size and data
were obtained only from preterm neonates, with tightly
controlled gestational and postnatal ages.

The NIRS methods can detect blood flow fluctua-
tions in the cerebral micro-vasculature, that are coupled
with cortical neuronal activation in newborn and adult
subjects (Kleinschmidt et al., 1996; Obrig and Villringer,
1997; Meek et al., 1998; Sakatani et al., 1999; Bartocci
et al., 2000; Benaron et al., 2000). Although multi-chan-
nel NIRS prototypes have been introduced with encour-
aging results (Boas et al, 2001), most of the
commercially available devices only allow the use of
two pairs of optodes. This may represent a limitation
when studying the responses to painful stimuli, which
simultaneously involve multiple areas of the brain (Nar-
singhani and Anand, 2000; Hofbauer et al., 2001).

In our studies, NIRS optodes were placed over the
post-central gyrus (Fig. 2 and Figure S1 in supplementa-
ry material on-line) bilaterally to illuminate the somato-
sensory cortex and contiguous cortical areas, that are
postulated to be involved in pain processing from adult
studies (Narsinghani and Anand, 2000; Price, 2000). We
also studied 11 newborns by placing pairs of optodes
over the contralateral parietal and occipital cortex, to
exclude the possibility that haemodynamic changes in
the somatosensory cortex may reflect global increases
in cerebral blood flow, resulting from an increased car-
diac output following pain (Morison et al., 2001). Audi-
tory (Sakatani et al., 1999), visual (Meek et al., 1995,
1998), and olfactory (Bartocci et al.,, 2000) stimuli,
which can confound the pain-induced NIRS responses,
were reduced as much as possible during these studies
and recordings with movement artifact were discarded.

The changes in HR and SaO, following pain are con-
sistent with previous studies (Van Cleve et al., 1995;
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Morison et al., 2001), but do not explain the [HbO,]
changes noted over the somatosensory cortex. The
[HbO,] changes persisted over the entire 60-s period
which was analyzed, whereas changes in HR and
SaO, were transient, lasting 20-30 s only. Moreover,
following venipuncture, SaO, were decreased, whereas
cortical [HbO,] values increased significantly. In many
neonates, though not reported in these results, the
[Hbtot] values remained significantly above the baseline
for 2-3 min, well after the changes in HR and SaO, had
subsided.

Gender differences in pain-related cortical activation
also occur in adult subjects. Noxious thermal stimula-
tion, as recorded by PET in the contralateral prefrontal
cortex, insula, and thalamus, was perceived with greater
intensity and produced greater cortical activity in adult
women than in men (Paulson et al., 1998), whereas vis-
ceral pain caused greater activation of supraspinal areas
in men than in women (Berman et al., 2000). Gender-
based differences in pain behavior occur during the neo-
natal period (Guinsburg et al., 2000), but do not persist
in pre-pubertal children (Hogeweg et al., 1996). Female
preterm neonates showed more robust facial expressions
of pain than males following acute pain, but no differ-
ences occurred with multidimensional assessments of
pain in the same study (Guinsburg et al., 2000). The
greater cortical activation observed in males, both con-
tralateral and ipsilateral to the venipuncture, implies
increased neuronal activation in the underlying brain
regions. This activation can either lead to surround-acti-
vation or surround-inhibition of adjacent neurons (Der-
dikman et al., 2003), or may be coupled to other
neuronal circuits involved in pain modulation or pain
affect (Hofbauer et al., 2001; Coghill et al., 2003; Singer
et al., 2004). Another factor that has to be kept in mind
as possible explanation of gender-related neurovascular
difference is linked to hormonal differences. Reproduc-
tive hormones may potentially affect pain perception,
including estrogen, oxytocin, or other hormones. In
adult subjects, estrogens play a role in migraine head-
aches by affecting dural vasculature directly and perhaps
indirectly by altering the levels of ionized magnesium
(Lichten et al., 1996). Multiple studies show that estro-
gens can have either excitatory or inhibitory effects with-
in the CNS, mediated via different estrogen receptors
activating different types of neurons; for example, with
inhibition of EAA-induced activity in the solitary tract
nuclei by 17-B-estradiol (Woolley, 1999a,b; Kelly and
Levin, 2001; Xue and Hay, 2003). Oxytocin and hypo-
cretin also may modulate sensory input, particularly in
regions of the brain and spinal cord related to pain per-
ception and autonomic tone (Bodnar et al., 1984; van
den Pol, 1999). Further investigations using fMRI or
other imaging techniques are required to identify specific
structures involved in the gender-based differences of
supraspinal pain processing in preterm neonates.

Crying begins to influence cerebral haemodynamics
after a time span of about 5 min, perhaps related to
changes in venous return or intrathoracic pressure, rath-
er than to a functional response. Our observations show
a functional activation of the somatosensory cortex dur-
ing the initial, “silent” phase, between the pain stimulus
and a behavioral response. The latency and duration of
these responses are also consistent with the parallel-seri-
al model of affective pain processing (Price, 2000) and
with recent mapping of cortical activity following acute
pain in adult subjects (Ibinson et al., 2004; Ohara et al.,
2004).

The number of painful procedures in the NICU may
determine the patterns of subsequent pain processing in
preterm neonates (Johnston and Stevens, 1996). There-
fore, we studied all neonates between 25 and 42 h after
birth, so that they were not exposed to widely disparate
numbers of painful stimuli. A gradual loss of fetal inhi-
bition or an increased excitability resulting from early
pain exposure may explain why the postnatally older
newborns responded with more pronounced increases
in [HbO,] (Taddio et al., 2002; Liu et al., 2004). Multiple
lines of clinical evidence, anatomical and neurophysio-
logical data indicate lower pain thresholds in early
development (Anand, 1998; Fitzgerald et al., 1988), con-
sistent with greater cortical [HbO,] responses in the
more immature  preterm  neonates  following
venipuncture.

Bilateral activation of cortical areas occurred in all
infants, regardless of the side of venipuncture. We pos-
tulate that the NIRS beam was not exclusively confined
to the S1 area, but also sampled other regions such as S2
cortex/anterior insula, the ventral premotor area, and
the anterior cingulate cortex, areas that are implicated
in bilateral pain processing (Coghill et al., 1999; Ibinson
et al., 2004; Ohara et al., 2004). Changes in the NIRS
signal are coupled to the neuronal firing activity in syn-
aptic terminals, regardless of whether excitatory or
inhibitory neurotransmitters are released, therefore any
correlation with pain intensity or other perceptual qual-
ities of acute pain is speculative and cannot be based on
these data.

There is, however, widespread uncertainty about the
cognitive ability or sensory awareness of newborn
infants (Zelazo, 2004). Clinicians or scientists may char-
acterize premature infants essentially as unconscious
automata, capable of reflexive responses only (Anand
et al., 1999a; Zelazo, 2004). The lateralization of pain
processing, the latency and duration of these responses,
their gradations across gestational age and postnatal
age, and the neuroanatomical location of these respons-
es (parietal vs. occipital) suggest that preterm infants
may be consciously processing the acute pain from veni-
puncture. These data suggest a reconsideration of the
prevalent notions regarding pain and consciousness in
early human life (Anand and Maze, 2001).
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In conclusion, using a non-invasive technique to
monitor preterm neonates, we found that tactile and
painful stimuli specifically activate somatosensory
cortical areas. Male neonates show greater responses
to pain than female neonates, whereas all preterm new-
borns at lower gestations and older postnatal ages
showed progressively increasing cortical responses to
venipuncture. We propose that collateral pain circuits
are activated simultaneously in the preterm neonate
and that future correlations with behavioral responses
and also with other methods of studying functional cor-
tical activity will elucidate the clinical importance of
these findings.
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