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Abstract
Children born very prematurely (≤32 weeks) often exhibit visual-perceptual difficulties at school-
age, even in the absence of major neurological impairment. The alterations in functional brain
activity that give rise to such problems, as well as the relationship between adverse neonatal
experience and neurodevelopment, remain poorly understood. Repeated procedural pain-related
stress during neonatal intensive care has been proposed to contribute to altered neurocognitive
development in these children. Due to critical periods in the development of thalamocortical
systems, the immature brain of infants born at extremely low gestational age (ELGA; ≤28 weeks)
may have heightened vulnerability to neonatal pain. In a cohort of school-age children followed
since birth we assessed relations between functional brain activity measured using
magnetoencephalogragy (MEG), visual-perceptual abilities and cumulative neonatal pain. We
demonstrated alterations in the spectral structure of spontaneous cortical oscillatory activity in
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ELGA children at school-age. Cumulative neonatal pain-related stress was associated with
changes in background cortical rhythmicity in these children, and these alterations in spontaneous
brain oscillations were negatively correlated with visual-perceptual abilities at school-age, and
were not driven by potentially confounding neonatal variables. These findings provide the first
evidence linking neonatal painrelated stress, the development of functional brain activity, and
school-age cognitive outcome in these vulnerable children.
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1. Introduction
Children born very preterm (≤32 weeks) have an increased rate of intellectual impairment
[2,7], which is associated with atypical brain development [23,40–42]. There are
longstanding concerns that neonatal procedural pain may affect neurodevelopment in very
preterm children [16], but empirical data are scant. In very preterm infants, greater
cumulative neonatal pain-related stress has been associated with poorer cognitive and motor
development [21], altered developmental trajectory of stress hormone (cortisol) expression
[17,19], and impaired neonatal brain development [6]. This suggests that the impact of pain
is different in the very preterm neonate due to immaturity in the developing brain and the
stress and nociceptive systems [18]. Differential alterations in stress-system programming
also suggest that the effects of neonatal pain are different in children born at extremely low
gestational age (ELGA; 24 to 28 weeks) and at very low gestational age (VLGA; 28 to 32
weeks) [17,19]. Because of central sensitization in very preterm neonates, there are spinoff
effects of repeated pain such that changes in the tactile threshold are induced, depending on
prior events [18]. Thus the impact of neonatal pain in this population is more accurately
conceived as pain-related stress rather than being limited to nociception. Therefore we use
the term pain to denote pain-related stress.

Thalamocortical connectivity is undergoing various stages of development during the ELGA
and VLGA periods [32]and is critical for how sensory information, including pain, is
transmitted and processed in the neonatal brain [33]. The subplate, a transient structure
critical for development of thalamocortical connectivity, reaches peak size during the ELGA
period and is highly vulnerable to insult [38]. Thalamocortical interactions are critical for
cortical oscillations [25], which are vital for cognition and perception [52,64]. Therefore, we
compared long-term effects of pain in children born at ELGA compared to those born at
VLGA. The spectral structure of cortical oscillations, expressed in power ratios among
oscillations in different frequency ranges, develops throughout childhood [8,28] and is
altered in at-risk children [1,9,34]. Young adults born at extremely low birth weight display
an atypical ratio of low- to high-frequency power in resting brain rhythms [43], likely
reflecting the development of functional brain activity as alpha- and gamma-band
oscillations, which are understood to play reciprocal roles in cognition and perception
[12,15,22,26, 29,30,39,51].

Very preterm children often display selective difficulties at school age in visual-perceptual
abilities [eg, 4, 21, 60, 67]. We previously found alterations in the spectrum of spontaneous
neuromagnetic oscillations in school-age children born very prematurely (≤32 weeks
gestational age (GA)) [10] and demonstrated that such atypicalities are related to selective
difficulties in visual-perceptual abilities in this population [11]. In the present study, we used
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magnetoencephalography (MEG) to investigate spontaneous neuromagnetic activity in
schoolage ELGA, VLGA and full-term children. Among the preterm children, we examined
cumulative neonatal pain (adjusted for clinical confounders) in relation to spontaneous
neuromagnetic oscillations and to school-age visual-perceptual abilities. Due the distinct
phases of thalamocortical development occurring in the ELGA and VLGA periods, we
hypothesized that neonatal pain-related stress would impact primarily children born at
ELGA.

2. Methods
2.1. Subjects

We studied 54 preterm children: 22 were born at ELGA (24 to 28 wks) (10 girls, 12 boys;
mean age 7.74 years, SD = 0.39); and 32 were born at VLGA (28 to 32 wks) (21 girls, 11
boys; mean age 7.72 years, SD = 0.40). They were seen as part of a longitudinal study of the
long-term effects of neonatal pain on neurocognitive development in children born very
preterm [17,19,21]. Neonatal characteristics for the preterm group are provided in Table 1.
Twenty-five age-matched full-term control children (17 girls, 8 boys; mean age 7.61 years,
SD = 0.46) were recruited from the longitudinal study and from the community by
advertisement. Informed consent was obtained from each child and parent. Exclusion criteria
were major sensory, motor or cognitive impairment, current psychoactive medications (eg,
Ritalin for attention deficit hyperactivity disorder) or significant brain injury (periventricular
leukomalacia or grade III–IV intraventricular hemorrhage) as evidenced on neonatal cranial
ultrasound [50]. As expected, ELGA infants had significantly higher scores on all neonatal
risk and illness factors (eg, gestational age, illness severity, Supplemental Nutrition
Assistance Program (SNAP) II, number of skin-breaking procedures, and days of
mechanical ventilation, compared to VLGA infants (see Table 1). This study was approved
by the Clinical Research Ethics Board of the University of British Columbia and the
Research Ethics Board of the Children's and Women's Health Centre of British Columbia
and conforms to the Declaration of Helsinki.

2.2. MEG recording
Two minutes of spontaneous MEG activity was recorded from each child using a 151-
channel whole-head CTF system (VSM Med-Tech, Port Coquitlam, Canada). Children were
supine and viewed a “happy face” projected onto a screen positioned 40 cm above their
eyes. A research assistant accompanied the children in the recording chamber in order to
ensure that the child's eyes remained open and fixated on the visual stimulus. A log was kept
of each child's behavior, and we did not find that the ELGA or VLGA children had more
difficulty maintaining their focus. Data were digitized continuously at 1200 Hz. Fiducial
coils were attached at the child's nasion and left and right preauricular points and energized
at distinct high frequencies.

2.3. MEG analysis
To standardize head position relative to sensor locations between and within children,
fiducial coils were localized 30 times per second. Energy emitted by the fiducial coils was
removed using notch filters, and data were then aligned to a common position by performing
an inverse solution, data rotation and forward solution 30 times per second [66]. Data were
downsampled to 600 Hz, and ocular and nonocular artifacts were then removed using a
principal components analysis–based procedure [24]. To estimate the magnitude of cortical
oscillatory activity within functionally distinct frequency ranges, data were filtered into
alpha (8 – 14 Hz) and gamma (30 – 60 Hz) frequency ranges and power was calculated for
each frequency range at each of 151 sensors. Power was then averaged across all time points
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within the 2-minute recording period and subsequently averaged across all sensors to index
the global (cortex-wide) oscillatory activity within each frequency range.

The ratio of gamma to alpha power was then calculated for each child. This measure was
selected because it represents the normative structure of spontaneous neuromagnetic activity
and is sensitive to the development of functional cortical activity during childhood and its
alteration in clinical populations. Considerable evidence indicates that alpha oscillations are
the dominant rhythm during a resting or idling brain state [30,51]. Gamma oscillations,
conversely, characterize oscillatory brain activity relevant to active performance of cognitive
tasks [12,15,22,26,29,31]. Accordingly, engagement in a particular cognitive task has been
associated with reciprocal changes in alpha and gamma power [12,22,29,39], which has led
to the proposal that reciprocal changes in alpha and gamma power reflect shifts between
normative structures of cortical rhythmicity, reflecting spontaneous activity and task
processing [27]. Aberrant alpha-gamma relationships have been linked to abnormal brain
function in multiple clinical populations [35,36,44,55]. Development of the oscillatory
structure of spontaneous brain activity is related to child development [1,28], including
during the perinatal period that corresponds to premature birth [49]. Such ratio-based
techniques have been successfully employed by previous studies of the maturation of
functional brain activity during childhood [8,28] and its alteration in clinical child
populations [1,9,34,43]. In particular, alterations of the ratio between high- and low-
frequency oscillations has been reported in young adults born at extremely low birth weight
[43].

2.4. Psychometric testing
Subsequent to MEG recording, assessment of cognitive function was carried out by a
psychometrician. Because of the selective vulnerability of visual-perceptual abilities in
children born very prematurely [4,20,53,54,67], together with our previous findings that
altered MEG spectral structure in very preterm children is related to these abilities and not to
overall intelligence [11], we focused on measures of visual-perceptual abilities in the present
study. Specifically, we investigated relationships between MEG spectral structure,
cumulative neonatal pain, and the Perceptual Reasoning Index and Processing Speed Index
of the Wechsler Intelligence Scale for Children (WISC-IV) [65] and the Visual Perception
Subscore of the Beery-Buktenica Developmental Test of Visual-Motor Integration [5].

2.5. Neonatal data
A detailed and systematic nursing- and medical-chart review was carried out by a highly
experienced research nurse as described previously [21]. Variables included but were not
limited to birth weight, gestational age, early illness severity (SNAP-II) on day 1, days of
mechanical ventilation, daily dose of morphine and midazolam, number of surgeries, and
number of skin-breaking procedures (eg, heel lance, intramuscular injection, intravenous or
central line insertion). Measures were calculated from birth to term equivalent or hospital
discharge, whichever came first. Cumulative neonatal pain was operationalized as the sum
of all skin-breaking procedures. Cumulative exposure to morphine and midazolam was
calculated as the average daily dose (ie, intravenous dose plus converted oral dose) adjusted
for daily body weight, multiplied by the number of days the drug was given.

2.6. Statistical analysis
Child and demographic characteristics were analyzed using ANOVA to examine differences
among the groups (ELGA, VLGA and full term). Associations between the spectral
structure of spontaneous MEG oscillations and psychometric variables were analyzed using
Pearson correlations. To address the central study questions, first ANOVA was carried out
on the functional MEG data, with group and gender as between-child factors. Hierarchical
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regression was used to examine the relationship between cumulative neonatal pain and
resting brain activity, controlling for medical confounders associated with the number of
skin-breaking procedures in the preterm group only. To test whether greater cumulative
neonatal pain predicted the gamma-alpha index, we selected clinical medical neonatal
confounders a priori and simultaneously entered the neonatal confounder variables as
predictors into the first block of the hierarchical regression, then entered the number of skin-
breaking procedures (pain) into the second block, with the gamma-alpha index as the
outcome.

3. Results
3.1. Psychometric assessment

WISC-IV Perceptual Reasoning and Processing Speed Index scores and the Perception
subscore of the Beery-Buktenica Developmental Test of Visual-Motor Integration were
compared across the groups using 1-way ANOVA followed by Bonferroni post hoc
comparisons. The results are shown in Table 1.

3.2. Spontaneous MEG activity
The cortex-wide ratio of spontaneous gamma- to alpha-band neuromagnetic oscillations
differed significantly between the groups (F (2,78) = 5.54, P = 0.006); there was no
difference by gender (F (1,78) = <1, P = 0.93), and no group × gender interaction (F (2,78) =
<1, P = 0.81). Post hoc t-tests revealed that the ratio of gamma oscillations to alpha rhythms
was significantly higher in the ELGA group (mean = 0.333, SD = 0.149) compared to the
VLGA (mean = 0.232, SD = 0.119) and compared to the full-term controls (mean = 0.233,
SD = 0.069), t(52) = 2.76, P = 0.008, 95% CI .028- .174, and t(45) = 2.882, P = 0.007, 95%
CI .029-.171 respectively (Fig. 1). The VLGA and full-term groups did not differ (t[55] <1,
P = 0.97).

3.3. Spectral structure of spontaneous MEG oscillations and visual- processing abilities
The ratio of spontaneous gamma oscillations to alpha rhythms was negatively correlated
with the Perceptual Reasoning Index of the WISC-IV in ELGA children (r = −0.46, P =
0.033; Fig. 2A) but was not statistically significant for the VLGA children (r = −0.26, P =
0.155). The cortex-wide ratio of spontaneous gamma- to alpha-band was also negatively
correlated with the Visual Perception Subscore of the Beery Visual-Motor Integration in
children born at ELGA, but not at VLGA (r = −0.35; P = 0.127 and = −0.03, P = 0.868,
respectively; Fig. 2B). The Processing Speed Index was not significantly correlated with the
gamma-alpha ratio for the ELGA or VLGA children; r < 0.25. None of these measures was
significantly related to MEG activity for the full-term control group (each, r < 0.25).
Because of unequal sample sizes per group and the direct relationship of sample size to P
value, we used the approach of Cohen that r > .30 reflects a medium effect size. In summary,
visual-perceptual abilities but not speed of processing were related to the spectral
architecture of background neuromagnetic rhythmicity in ELGA children but not in VLGA
or full-term children.

3.4. Neonatal pain predicts spectral structure of spontaneous MEG in ELGA children
Given that only the preterm children were exposed to neonatal intensive care, the modeling
of relationships among neonatal factors was carried out only in these children. Because the
ELGA group was exposed to a greater number of skin-breaking neonatal procedures, the
variances differed in the ELGA and VLGA groups; further, the numbers of skin-breaking
procedures were not normally distributed. Therefore, we performed a log transformation on
the number of skin-breaking procedures. The variances of these log-transformed variables
did not differ between the ELGA and VLGA groups (Levene's Test for Equality of
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Variance, P = 0.656), and the distributions were successfully normalized (Shapiro-Wilk Test
of Normality for the ELGA, P = 0.472 and the VLGA, P = 0.717 groups). Moreover,
cumulative morphine and days of mechanical ventilation were not normally distributed, so
we applied a log transformation to these predictors as well.

Hierarchical regression was conducted: Block 1 comprised group (ELGA or VLGA) and
gender as factors; neonatal clinical confounders: number of surgeries; cumulative morphine
(daily intravenous and oral doses calculated for equivalence, adjusted for daily weight);
early illness severity (SNAP II on day 1; and days of mechanical ventilation. Block 2
comprised number of skin-breaking procedures (cumulative pain) and an interaction term
group (ELGA or VLGA) × number of skin-breaking procedures, with spontaneous gamma-
alpha MEG activity as the outcome. The results of the hierarchical regression (Table 2)
showed that after controlling for the neonatal confounders, the gamma-alpha ratio differed
significantly in the ELGA compared to the VLGA group (P = 0.043) and was predicted by
cumulative pain (number of skin breaking procedures; P = .039), and there was a significant
interaction between the groups (ELGA and VLGA) and cumulative neonatal pain (P =
0.029). No other neonatal variables were significantly associated with the gamma- to alpha-
band ratio. We considered all possible interaction terms; only the interaction between the
subgroup and neonatal pain was significant. The normal probability plot showed a linear
pattern, indicating that the normal distribution is a good model for this dataset. R2 changed
from .19 in Block 1 to .28 in Block 2 (R2 change P = 0.077). The R2 of the final fitted model
was 0.28, P = 0.047. To explicate the significant interaction between groups (ELGA and
VLGA) and cumulative neonatal pain, the relationship between neonatal pain (adjusted for
confounders) and the gamma-alpha ratio was plotted separately for the ELGA and VLGA
groups (Fig. 3). Standardized regression coefficients are provided in Table 3. With a
complex regression model including both categorical and correlated continuous predictor
variables, a standardized coefficient may be larger than 1 [47], as is the case in our results.

To check for multicollinearity, Pearson correlations among the neonatal predictors were
examined (Table 3). Condition indexes and the variance inflation factor (VIF) of the
regression model were computed to detect multicollinearity. The maximum Condition Index
for the final model was 20.03 (Condition Index <30) and VIF was 3.01 (VIF <5), which
indicated the regression had insignificant multicollinearity. However, due to the relatively
high bivariate correlations between days of mechanical ventilation and cumulative morphine
exposure (r = 0.75; P < .0001) and number of skin-breaking procedures (r = .74; P < .0001),
the hierarchical regression model was rerun excluding mechanical ventilation from the
neonatal variables in Block 1. The results remained the same, with the interaction between
the ELGA and VLGA groups and the number of skin-breaking procedures being statistically
significant (P = .012). Therefore, we had confidence that the finding was stable. R2

improved significantly from .17 in Block 1 to R2 .28 in Block 2 (change in R2; P = 0.04); the
R2 of the final fitted model was 0.28; P = 0.027.

We then reran the hierarchical regression to examine whether postnatal steroid exposure
(days on dexamethasone) and postnatal benzodiazepine exposure (days on midazolam)
might alter the results of the main model. Neither medication was significantly associated
with the ratio of alpha- to gamma-band activity (each P > 0.192).

4. Discussion
We provide the first evidence linking neonatal pain-related stress, functional brain activity,
and visual-perceptual abilities at school age in children born at ELGA. Our findings
underscore the influence of cumulative neonatal procedural pain on the long-term
neurodevelopment of extremely preterm children and illuminate the relationships among
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specific aspects of adverse neonatal experience, the altered development of functional brain
activity, and the variability in selective developmental difficulties in domains such as visual-
perceptual ability observed in these children, even in the absence of neurological
impairment. It is important to note that our findings diverged depending on relative maturity
at birth, in that spontaneous neuromagnetic activity was atypical only in the ELGA children
and was associated with neonatal pain-related stress and school-age visual-perceptual
abilities only in this group. These findings provide new vistas onto how critical periods in
the development of specific brain systems underlying particular functional domains, such as
visual-perceptual abilities, may establish neonatal windows of heightened vulnerability to
factors such as neonatal procedural pain-related stress. We found that exposure to morphine
analgesia did not ameliorate associations of neonatal pain with functional brain activity,
which is important information for guiding optimal clinical care of ELGA infants. This
indicates that current pharmacological strategies to control neonatal pain may not be
effective in mitigating the long-term influence of procedural pain on selective
developmental difficulties prevalent among very preterm children. The use of hierarchical
regression as the statistical approach provided the advantage of investigating the relationship
among neonatal skin-breaking procedures, MEG activity and school-age outcome,
independent of the effects of multiple medical confounders associated with prematurity.
Using this approach, we demonstrated that the observed effects were not driven by
confounding variables, such as early illness severity, mechanical ventilation, surgery, or
postnatal morphine exposure. Our findings of relationships among cumulative neonatal pain,
functional brain activity, and school-age cognitive outcome extend recent reports that pain
[6] and stress [58] are associated with altered structural and functional brain development
during the neonatal period, and that neonatal procedural pain is related to altered
development of very preterm children in the first 2 years of life [17,19].

The discovery that the spectral architecture of spontaneous brain oscillations is altered and is
related to cumulative neonatal pain-related stress and visual-perceptual abilities in ELGA
but not VLGA children may relate to the distinct phases of development occurring within
thalamocortical systems within the 24- to 28-week and the 29- to 32-week gestational
periods [32]. This has implications on how painful stimuli are processed within the
developing central nervous system [33]. Brain responses reflecting the processing of
nociceptive stimuli are evident in the neonatal brain [57] and undergo dramatic maturation
during the developmental epoch corresponding to very preterm birth [14]. The importance of
this developmental period to the maturation of oscillatory brain activity is evidenced by
progressive changes in the spectral composition of EEG recordings throughout the preterm
period [48,49], and hemodynamic investigations of functional connectivity (fcMRI) have
uncovered altered thalamocortical interactions in preterm infants [59]. Recent MRI findings
from our research group concerning a different cohort of very preterm infants also suggests
that early procedural pain, rather than pain throughout the NICU course, may be associated
with altered brain development [6].

Altered structural thalamocortical connectivity has also been reported in very preterm
children [3,13]. The generation of cortical oscillations, including those in the alpha and
gamma frequency ranges, depend critically on thalamocortical interplay [25,36], and
reduction in resting alpha power coincident with increased prevalence of gamma rhythms is
associated with multiple pathological conditions that have been attributed to alterations in
thalamocortical connectivity [35,44,55]. Such aberrations in the normative constitution of
background cortical rhythmicity likely reflect disturbances in basic oscillatory mechanisms
underlying the generation of cognition and perception [36,52]. The reciprocal relationship
between gamma- and alpha-band oscillations plays a special role in the orchestration of
cognitive and perceptual dynamics because alpha oscillations are relevant to an inhibited
cortical state [20,27] and characterize idling or resting brain activity [51], whereas local

Doesburg et al. Page 7

Pain. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



gamma rhythms (>30 Hz) have been linked to active recruitment of brain regions and
information processing [15,26,31]. It has been demonstrated that young adults born at
extremely low birth weight express an altered ratio of low-frequency to high-frequency
brain oscillations [43]. We have previously demonstrated altered expression of resting alpha
oscillations in very preterm children (≤32 weeks GA) [10] and have shown that this atypical
spectral structure of functional cortical oscillations is related to selective problems in visual-
perceptual abilities in this group, rather than to general intelligence [11]. Our findings in the
present study suggest that neonatal pain-related stress may be one factor that impacts the
development of cortical oscillatory activity, which depends critically on thalamocortical
mechanisms [25] and plays a critical role in the generation of cognition and perception
[25,52,64].

Synchronization of oscillatory activity has been purported to reflect functional coupling
relevant to the formation of task-dependent networks supporting cognition, perception and
motor control [62,63], and the disturbance of such mechanisms has been linked to various
neurological and neuropsychiatric conditions [56]. Oscillatory mechanisms of long-range
connectivity show maturation throughout childhood [61], and alterations in inter-regional
oscillatory communication have been identified in conditions affecting childhood cognitive
development [37,46]. We previously demonstrated altered long-range alpha-band MEG
synchronization during visual short-term memory retention in very preterm children (≤32
weeks GA), which included children born at both ELGA and VLGA, and showed that these
atypicalities were correlated with visual-perceptual ability in the very preterm group [11].
Such results, taken together with the findings of the present study, indicate that changes in
the expression of oscillatory brain activity, both during task performance and at rest, may
play an important role in understanding the biological basis for the considerable variability
in functional outcome in preterm children who escape brain injury and major intellectual,
sensory and motor impairment [45,60]. Moreover, the results presented here demonstrate
how the development of specific aspects of brain activity relevant to cortical activation and
the formation of functional networks can be traced to particular attributes of adverse
neonatal experience during developmental windows of heightened vulnerability. The finding
that the structure of spontaneous oscillatory brain activity (gamma-to-alpha ratio) is not
correlated with visual-perceptual abilities in full-term children indicates that these observed
alterations in functional brain activity are related to developmental factors specific to
prematurity, rather than to typical development. Here we demonstrated that global patterns
altered spontaneous MEG activity in ELGA children and revealed relationships between
cumulative neonatal pain-related stress and visual-perceptual abilities, thus providing the
foundation for future research that investigates changes in oscillatory structure within
specific brain systems and outcome in other functional domains.

We have presented the first evidence linking neonatal pain-related stress, functional brain
activity, and school-age visual perceptual abilities in children born very prematurely. Our
study was very conservative, in that we excluded children with major neonatal brain injury
or major sensory, motor or cognitive impairment, as well as children on medications for
attention deficit hyperactivity disorder. We also demonstrated that associations between
spontaneous neuromagnetic activity, neonatal pain, and visual-perceptual abilities are
specific to children born at ELGA. This discovery of the selective sensitivity of developing
systems underlying functional brain oscillations during the ELGA maturational window to
repeated procedural pain, together with this elucidation of relationships between
development of cortical rhythmicity and school-age cognitive outcome in very preterm
children who escape major impairment, reflects an important step toward mapping the
effects of clinical care in the NICU on the neurodevelopment in these children.
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Fig. 1.
Group differences in the spectral structure of spontaneous MEG oscillations. The dot
represents an outlier.
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Fig. 2.
Correlations between MEG spectral structure and visual-perceptual abilities, indexed by (a)
the perceptual reasoning index of the WISC-IV; and (b) the visual perception subscore of
the Beery VMI.
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Fig. 3.
Interaction effects are illustrated by showing the regression slopes for the ELGA and VLGA
groups separately. Associations between neonatal pain and spontaneous MEG oscillations
for the ELGA and VLGA groups, adjusted for medical confounders (number of surgeries,
cumulative morphine, illness severity, and number of days on mechanical ventilation) are
displayed as the plot of the residuals computed from regression analysis.
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Table 2

Results of hierarchical regression showing that the relationship between greater cumulative neonatal pain
(adjusted for neonatal confounders) and the ratio of spontaneous gamma oscillations to alpha rhythms at age 7
years differs depending on the extent of prematurity at birth (extremely low gestational age or very low
gestational age).

Model β P value

Block 1a

 Preterm group (ELGA, VLGA) −.214 .321

 Gender −.029 .843

 Number of surgeries −.200 .301

 Cumulative morphine (daily doses adjusted for weight) −.042 .900

 Illness severity day 1 SNAP II .042 .818

 Days of mechanical ventilation .321 .261

Block 2b

 Preterm group (ELGA, VLGA) 3.577 .043

 Gender −.058 .678

 Number of surgeries −.280 .150

 Cumulative morphine (daily doses adjusted for weight) −.156 .631

 Illness severity day 1 SNAP II .079 .652

 Days of mechanical ventilation −.073 .839

 Cumulative pain (number of skin breaking procedures) 2.122 .039

 Preterm group (ELGA, VLGA) × cumulative pain −2.962 .029

a
Neonatal factors associated with prematurity and cumulative pain; chart review was conducted from birth to term equivalent age.

b
Cumulative pain and the interaction of preterm group (ELGA, VLGA) × cumulative pain was added to the model.
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