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Abstract

Background: Altered brain development is evident in children born very preterm (24-32 weeks gestational age), including
reduction in gray and white matter volumes, and thinner cortex, from infancy to adolescence compared to term-born peers.
However, many questions remain regarding the etiology. Infants born very preterm are exposed to repeated procedural
pain-related stress during a period of very rapid brain development. In this vulnerable population, we have previously found
that neonatal pain-related stress is associated with atypical brain development from birth to term-equivalent age. Our
present aim was to evaluate whether neonatal pain-related stress (adjusted for clinical confounders of prematurity) is
associated with altered cortical thickness in very preterm children at school age.

Methods: 42 right-handed children born very preterm (24-32 weeks gestational age) followed longitudinally from birth
underwent 3-D T1 MR neuroimaging at mean age 7.9 yrs. Children with severe brain injury and major motor/sensory/
cognitive impairment were excluded. Regional cortical thickness was calculated using custom developed software utilizing
FreeSurfer segmentation data. The association between neonatal pain-related stress (defined as the number of skin-
breaking procedures) accounting for clinical confounders (gestational age, iliness severity, infection, mechanical ventilation,
surgeries, and morphine exposure), was examined in relation to cortical thickness using constrained principal component
analysis followed by generalized linear modeling.

Results: After correcting for multiple comparisons and adjusting for neonatal clinical factors, greater neonatal pain-related
stress was associated with significantly thinner cortex in 21/66 cerebral regions (p-values ranged from 0.00001 to 0.014),
predominately in the frontal and parietal lobes.

Conclusions: In very preterm children without major sensory, motor or cognitive impairments, neonatal pain-related stress
appears to be associated with thinner cortex in multiple regions at school age, independent of other neonatal risk factors.
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Introduction development of the cortical gray matter in very preterm rages
) ) ) ) ) at term equivalent [12]. Children born preterm show altered
Altered brain development is evident in children born very cortical thickness in childhood and adolescence [7,13-18]
preterm (24-32 weeks gestational age) in early infancy][aR8  gpecifically, thinner cortex has been reported in supesiod
at school-age [4,5], including reduced gray and white matte yemporal, middle frontal, anterior cingulate cortex, apaginal,
volumes in infancy, childhood and adolescence [6-10], @m®®  precuneus, and post central regions when compared to tenm bo
to term-born peers. Normal brain growth involves changes incontrols at school age [7,14]. In adolescents born prettimper
cortical thickness reflecting cellular maturational cbes related  grtex has been reported in the enthorhinal, temporal, and
to myelination and synaptic pruning [11]. Recent findingsf  arietal regions [13,16,18]. Thicker cortex has been rigbin
our group, in a separate cohort, showed delayed microsmict preterm children with periventricular leukomalacia, itfed on
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neonatal ultrasound and still evident on magnetic resonéviR) 2. Procedures

images at school age [14]. Little is known about the etiolagy Magnetic resonance imaging.MR| was performed using a
possible clinical risk factors underlying regional caafithinningin  standard 12 channel head coil on a Siemens 1.5 Tesla Avanto
children born preterm who do not have major brain injury. (Berlin, Germany) with VB 16 software. The following images

Early-life adversity in animal models, including maternal were acquired: a 3D T1 weighted SPGR sequence 18/ 9.2/ 256/
separation [19-22] and pain exposure [23—-27], inducestierg 1 mm/ 0/ 2566 256 (TR/ TE/ FOV/ Thickness/ Gap/ Matrix), axi-
changes in brain and behavior (reviews [28,29]). Infantah@ry  al FSE T2 4030/ 90/ 220/ 3 mm/ 0.1 mm/ 5126 354, axial FLAIR
preterm are exposed to weeks to months of hospitalizaticghen 8900/ 87/5 mm/1 mm/ 2566 154 and a 12 direction DTI se-
neonatal intensive care unit (NICU) during a period of rapid quence 7800/ 82/ 256/ 2 mm/0/ 1286 128 using B values of 700
neuronal proliferation and cell differentiation (e.g.felientiation  and 1000. All imaging sessions were performed without sedat
of subplate neurons, formation of synapses, selective ipguof On the study day, each child first had a session in a mock scann
neuronal processes and synapses). Repeated procedureimgnd to acclimatize to the noise and feeling of being in a MRI s@&nn
pain-related stress place very preterm infants at paatiaigk due ~ followed by the actual study scan. Children were instrudied
to the very rapid brain development and programming of stresremain still and watched a video during the sessions th&tdas
systems while they are in the NICU [30,31]. Given our presiou approximately 30 minutes.
findings that pain-related stress was associated withicglprain An experienced pediatric neuroradiologist (KP), blindedhe
development in the neonatal period [8], our aim was to evalua child’s medical history, assessed the MR scans for veritrice-
whether neonatal pain-related stress, quantified as thebeuof  galy, cerebellar hemorrhage and severity of white matferynas
skin-breaking procedures adjusted for confounding cliffiactors, ~ previously described [36]. No child had a severe brain injatr
is associated with variations in cortical thickness at ageatsina  school age (.e. no cerebellar hemorrhage, ventriculoipega
different cohort of children born very preterm. severe white matter injury [ie. 3 lesions or 2 with 5%

We hypothesized that greater neonatal pain-related stredd ~ hemisphere involved]).
be related to reduced cortical thickness, after adjustiog f Cortical thickness measuresRegional cortical thickness
confounding neonatal clinical factors associated withnpature ~ Was calculated using a topology aware technique originally
birth and neonatal care such as gestational age, numbeyobda Proposed by Gibson etal. [37] which modifies the normally

mechanical ventilation, early severity of ilness, suygénfection, ~ accepted method of calculating the thickness as the lerfdifieo
and morphine exposure. streamlines obtained from the well-established and viia

Laplacian streamlines method [38,39]. This implementatises
FreeSurfer surfaces to enforce separation of volumetninados,
which is important where adjacent gyri/ sulci may abut. e th
1. Sudy Design and Participants original implementation, the abutting gyri/ sulci can lead
Participants were part of a larger longitudinal study ofjgarm overestimation of cortical thickness, which is avoided st
effects of neonatal pain-related stress on neurodeveloprme  Custom implementation, thereby giving more accurate ttesk in
children born very preterm (24—-32 weeks gestation) e.g3@1  regions where topological issues such as touching gyriroemd
who were admitted to the level Il NICU at British Columbia's No difference in thickness calculated in other regions.detecting
Women’s Hospital between 2000 and 2004. Out of 106 childrerd"o0Up-wise maps of statistically significant thicknessaieges,
seen at age 7 years, 43 refused magnetic resonance imagriy (v FreeSurfer and Laplacian-streamlines based volumetritiods
leaving 63 school-age children, 2 were not scanned, 61 weteér lead to similar results [40]. The coupled surface methoaldishes
MRI. From the 61 preterm children that underwent MRI scans attn€ inner surface initially and propagates that mesh to ferot
age 7 years, 13 were excluded due to poor quality MR images dugHrface thus preserving the corresponding points incatpay the
to movement artifact and one for missing neonatal clinieahdin ~ 10POlogy dictated by the inner and the outer surfaces of thy g
addition, two children with periventricular leukomalaq@avL) ~ Matter in the volumetric Laplacian streamline thicknessipo-
and/or intraventricular hemorrhage (\VH) grade 3 or 4 on !@tion as described in [41] as the arc length of the stremlof
neonatal ultrasound and confirmed on MR at age 7 years (authd"® solution of Laplace’s equation on the cortical mantle.
KP) were excluded, and three left handed children were drdu Cortical thlckness was calculated for each |nd|V|duaIrbm|ng
to eliminate the eflect of handedness on cortical thicknesd"® Ségmentation output from the preprocessing step, wihere

asymmetries [33,34]. We included in our study three veryeyne output obtaine_d is the pial surfaqe for e_ach subject wheoh ea
infants diagnosed on neonatal ultrasound with IVH grade 2 or vertex has a thickness value associated with it. The sigfzaszd to

(two infants with IVH grade 1) and six children that showed define the outer and inner boundaries in our methods were
minimal to moderate white matter injury @ lesions) on MR constructed using an automated cortical surface recaristnu

. ethod developed by Dale and Fischl [42,43]. The 66 brain
scans at school-age, one of which had IVH grade 1 on neonatal < ; . ;
ultrasound. None of the cortical thickness measures fosethe 'c9'°0NS of mter_est ROIs) us_ed n t.h.'s study were parelidty
children were outliers compared to the rest of the SampleFreeSurfer using the Desikan-Kiliany Atlas, an automated
therefore they were included in the study. All of the childre labeling system developed and validated by Desikan et4]. [4

. Clinical data collection. Medical and nursing chart review
scanned had an 1Q score above 70 on the Wechsler Intelligenc g

- © . 6t neonatal data from birth to term equivalent was carrietl ou
Scale er Ch_lldren ~4 Ed [35], and none had a major sensory or by highly trained neonatal research nurses. Data collected
motor impairment. The final study sample comprised 42 right

handed children (38% boys). included, but was not limited to, birth weight, gestatiorzaje

. . GA), number of days on mechanical ventilation and/or
The study was approved by the Clinical Research Ethics Boar ) nu Y ! venat

fth . itv of British Columbi d th itich lutab scillation, illness severity on day 1 (Score for Neonatali®
of the University of British Columbia and t e British Co umb  ppysiology [SNAP]- Il [45]), number of surgeries, preserafe
Children’'s and Women’s Research Ethics Board. Written

) . culture proven infection, and cumulative dose of morphifiee
informed consent was obtained from parents and assent fforgmyjative dose of morphine was calculated (intravenowse do
children. plus converted oral dose) as the average daily dose adjisted

Materials and Methods
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daily body weight, multiplied by the number of days the drug employed to correct for multiple comparisons between brain
was given, as we have used previously [8,31]. We quantifiedregions for CPCA and GENLIN.

neonatal pain-related stress as the number of skin-brgakin
procedures (e.g., heel lance, peripheral intravenous otrale
line insertion, chest-tube insertion, tape removal, angogas-
tric tube insertion) during the stay in the NICU, as previpus Demographic and neonatal clinical data are presented in
used [8,31,46]. Each attempt at a procedure was counted asable 1. Children were scanned at a median age of 7.8 years

one skin-break; all nursing staff in our NICU have been tedin (nterquartile range [IQR] 7.7-8). During their NICU staliese
to precisely record each attempt. children underwent a median of 74 (IQR 45-136) skin-bregkin

procedures.

3. Satistical Analysis Since child age may contribute to variations in cortical

Principal component analysis (PCA) is a method of datadevelopment [11], we performed correlations between age at
reduction of large sets of related variables by reducingnthea MR scan and cortical thickness and no statistically sigaift
few vectors of weightings that best explain the variancejlevh @ssociations were found, after Bonferroni correction faritiple
losing as little information as possible. Each extractedtore ~ Comparisons. Given that gender differences in corticalktigss
referred to as a “component’, accounts for a portion of taeal ~ have been reported in adolescence [53], we conducted indepe
variance in the data: the first component accounts for thgeta ~ dent t-tests comparing cortical thickness in boys and, diniging
amount of variance, with each successive component adogunt o statistically significant differences in any of the 6@iorregions
for a smaller amount of the total variance. Constrainedgipal ~ assessed, after Bonferroni correction for multiple corgoas. It
component analysis (CPCA) combines multivariate multiplewas noted that without correction, cortical thicknesseddtl by

Results

regression and PCA, and allows examination of the componergender only in 1/ 66 regions.

structure of the variance in a set of dependent variablesisha
specifically predicted by a set of predictor variables 49}
CPCA is two-step process, referred to as the external aedniak
analysis. The external analysis consists of a multivariagest
squares multiple regression of the dependent measureseon th
independent measures, producing predicted and resichrakdor
each dependent measure. In the present study, the matrix g
predicted scores reflects the variance in cortical thiskribat can

be accounted for by the neonatal clinical variables, and the
residual matrix reflects the variance that cannot be adealfor

by the neonatal clinical variables. Seven neonatal clinica
predictors were included: number of skin-breaking procegu
gestational age, number of days on mechanical ventilailloass
severity on day 1 (SNAP-II), number of surgeries, cultureven
infection, and cumulative morphine exposure adjusted fatyd
weight. The internal analysis consists of PCAs on each of the
aforementioned matrices. The resulting component saolstio
(overall, predicted, and residual solutions) are examired
determine which dimensions of the cortical thickness can be
explained by the neonatal clinical variables. To deterntine
particular neonatal clinical predictors that are relateceach of
the components extracted from the predicted solution gtaions
were computed between each component score and the set
independent variables (i.e., neonatal clinical data). tveber of
components retained for each PCA was determined by inspecti
of scree plots. All PCA solutions were separately rotateidgus
varimax with Kaiser normalization. Solutions were boatpjped
1000 times by Monte Carlo methods to produce confidence
intervals and p-values [50,51]. Computations for CPCA and
bootstrapping were carried out using MATLAB version 7.6 €Th
MathWorks, 2008, Natick, MA).

Then, to further examine the individual contribution of leac
neonatal predictor on the measured variations of cortical
thickness, we conducted a generalized linear (GENLIN) rirogle
analysis, adjusting for neonatal clinical factors (GA, SNA at
day 1, culture proven infection, number of days on mechéanica
ventilation, number of surgeries, cumulative morphine osxpe
adjusted for daily weight, and number of skin-breaking proc
dures). GENLIN provides an extension of general linear nsode
and relaxes the requirement of equality or constancy obwvags
that is required in traditional linear models. GENLIN wasr@d
out using the Statistical Package for Social Sciences (BrRS8Son

[

Table 1. Demographic and neonatal characteristics.

Characteristics

n=42 (16 boys,
26 girls)

Neonatal characteristics
GA at birth (weeks)
Birth Weight (grams)
SGA (humber, %)
IVH grade |-l (number, %)
lliness severity day 1 (SNAP-II)
kin-breaking procedure (number)
Mechanically ventilated (number, %)
Days of mechanical ventilation (number)
Culture proven infection (number, %)
Surgery $ 1 (number, %)

) Morphine (dose in ngt)

16.0 (IBM, Somers, NY). False discovery rate (FDR 5%) [52kwa

PLOS ONE | www.plosone.org 3

Non-mechanically ventilated
Mechanically ventilated
School Age characteristics at scan
Chronological Age (years)
Weight (kg)
Height (cm)
Head circumference (cm)

Mild/moderate white matter injury
(number, %)

WISC-IV Full scale score (1Q)

29.71 (27.29-3157)
1203 (877-1558)
5 (129%)

3 (7%)

85 (0-14.75)

74 (45-136)

25 (59.5%)

2 (0-10)

11 (26)

8 (19)

0.00 (0-664)
0.00 (0-0)

205 (42-1332)

7.76 (7.71-8.04)
231 (21.3-26.3)
124 (120-126.6)
515 (50-52.7)
6 (14%)

101 (91-108)

Median and interquartile range are given unless otherwise specified.
lcumulative daily dose adjusted for daily body weight.

2Mild to moderate white matter injury (# 3 lesions) on MRscan at school age (1
child with mild white matter injury at 7 years had IVH grade 1 on neonatal

ultrasound).

GA, gestational age; SGA, small for gestational age (, 10%tile); %, percent; IVH,
intraventricular hemorrhage grade - diagnosed on neonatal ultrasound;
SNAP-II, score for neonatal acute physiology; WISC-IV, Wechsler Intelligence

Scale for Children 4™ Ed.
doi:10.1371/journal.pone.0076702.t001
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1. Constrained Principal Component Analysis (CPCA) (SNAP-II) loaded significantly on all 3 components. Compnh1l
Given the limited number of participants, the high number ofsuggests that the number of skin-breaking procedures glurin
brain regions examined, and correlated neonatal clinaetbfs, ~NICU care, illness severity on day 1, culture-proven irifect
we first examined the relationships between the neondtdtal ~ gestational age, cumulative morphine exposure, and days on
variables and cortical thickness in all brain regions. eiemitted ~ mechanical ventilation are related to reduced corticadktfess,
unbiased handling and interpretation of our data. primarily in frontal and parietal regions. Component 2 im#idn,
Table 2 shows the distribution of variance of the overall, captured predominately surgery, but not infection, anctlsted
predicted and residual solutions of the CPCA. Three compisne !0 reduced cortical thickness, primarily in parietal, temed and
were extracted from the predicted solutions (eigenvalueg7l  occipital regions. Component 3, contrary to the two other
2.46, and 1.56 respectively), which corresponds to 13.4%@f Ccomponents, was positively associated with cortical tidsk and
overall variance for component 1, 7.5% and 6.9% for comptmen Primarily reflected cumulative morphine exposure and namdf
2 and 3 respectively. The external analysis showed that the #ays on mechanical ventilation. Therefore, we interpreted
clinical predictors accounted for 32.9% of the overall sade in ~ component 1 as procedural and inflammation related pain,
cortical thickness. component 2 as surgery related pain, and component 3 as
Component loadings and their bootstrapped confidence-inte Primarily morphine exposure. Since both components 1 ara2 h
vals and pvalues in each brain regions of interest (ROlg) ar Negative loadings on all brain regions, this implied thaghler
summarized in Table 3. Both the first and second componentBrocedural/ infiammatory and surgical pain were assodiaith a
were characterized by negative loadings on all brain regjoe. reduction in cortical thickness predominately in the fadrnand
decreased cortical thickness), while the third componemd h Parietal regions for component 1, and parietal, temporal an
positive loadings (.e. increased cortical thickness)e Hominant ~ Occipital regions for component 2. In contrast, component 3
loadings on the first component were distributed promityeort showed a positive association with cortical thicknessdpnei-
various frontal and central brain regions. On the secondhately within the anterior cingulate cortex ROls, suggesti
component, left supramarginal, bilateral inferior paaietand  thicker cortex in association with higher cumulative mdrgh
right lateral occipital ROIs had the largest loadings. tBital ~ €xposure in these regions.

caudal anterior cingulate and left lingual ROIs had thedarg ~ T0 check whether birth weight (BW) might provide important
loadings for the third component. additional information beyond GA in explaining variatioirs

The variance in cortical thickness explained by the 7 neainat cortical thickness, we added BW to the set of neonatal fagtoa
clinical factors within each component is shown in Table AeT further CPCA analysis. With the inclusion of BW and GA, the

external analysis in CPCA showed that pain-related strasge  Overall predictable variance accounted for by the neorfattdrs
strongest predictor from our set of 7 neonatal factors. Turelmer ~ increased by only 1.8%. Given the low sample size and the high
of skin-breaking procedure loaded highly on the first two Correlation between GA and BW (r=0.76, p.0001) we only
components, infection loaded significantly only on compoin1, ~ retained GA in further analyses.

while surgery significantly loaded uniquely and predontéhaon

component 2. Morphine exposure and duration of mechanica?. Generalized Linear Modeling (GENLIN)

ventilation significantly loaded on all three componentst b Neonatal clinical factors were inspected for normalityerth
dominated the "8 component. Severity of ilness on day 1 when necessary were log transformed (neonatal skin-brgaki

Table 2. Constrained principal component analysis results to explain variance in cortical thickness in relation to neonatal clinical
factors.

External Analysis (Regression) Internal Analysis (PCA)

Variance Total Comp 1 Comp 2 Comp3 14+2+3
Overall 67.61 13.70 12.34 11.60 37.64
% Overall 100% 20.26% 18.26% 17.16% 55.68%
Predictable 2221 9.04 510 4.66 18.79
% Predictable 100% 40.68% 22.95% 20.96% 84.59%
% Overall 32.85% 13.36% 7.54% 6.89% 27.79%
Residual 4540 10.62 9.13 19.75
% Residual 100% 23.39% 20.10% 43.50%
% Overall 67.15% 15.71% 13.50% 29.21%

Comp = Component; PCA = principal component analyses; eigenvalues for 3 components=14.77, 2.46, 1.56 respectively.

In Principal component analysis (PCA), a component refers to a vector of weightings that best explain the variance. Each extracted component accounts for a portion of
the total variance in the data: the first component accounts for the largest amount of variance, with each successive component accounting for a smaller amount of the
total variance.

In Constrained Principal Component Analysis, the external analysis consisted of a multivariate multiple regression of the predictor variables on the dependent measures,
which produces predicted and residual scores. In the present study, the matrix of predicted scores reflects the variance in cortical thickness that is predicted from the 7
neonatal clinical variables, and the residual matrix reflects the variance that is not predicted by these variables.

The internal analysis consisted of three different PCAs: one on the unconstrained variance in cortical thickness (Overall), one on the variance in the cortical thickness
predictable from the 7 neonatal clinical variables (Predictable), and one on the variance in cortical thickness not predictable from the clinical variables (Residual). The
variance accounted for by the external analysis and each component extracted in the internal analysisislisted in regular font. The percentages of variance accounted for
by the external analysis and each component extracted in the internal analysis are listed in italic font. All internal analyses were separately rotated using varimax.
doi:10.1371/journal.pone.0076702.t002
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Table 3. Brain regions with loadings for the 3 components.

Component Brain Regions Componentloadings pvalue lower CI upper Cl
1 left precentral 2 0.65 , 0.0001 0.39 0.89
1 left superior frontal 20.62 , 0.0001 0.35 0.87
1 right superior frontal 2054 , 0.0001 0.28 0.78
1 left superior parietal 2 0.60 , 0.0001 0.31 0.88
1 left inferior parietal 2 0.56 , 0.0001 0.28 0.82
1 left post central 2050 , 0.0001 0.25 0.74
1 right superior parietal 2052 , 0.0001 0.26 0.78
1 left supramarginal 2044 0.0001 021 0.66
1 right inferior parietal 2052 0.0002 024 0.79
1 left frontal pole 2054 0.0003 0.25 0383
1 left precuneus 2048 0.0003 022 0.73
1 right rostral middle frontal 2049 0.0005 021 0.75
1 left rostral middle frontal 2047 0.0005 0.20 0.73
1 right pars orbitalis 2049 0.0005 021 0.76

1 right middle temporal 2051 0.0007 021 0.79
1 left caudal middle frontal 2050 0.0008 0.21 0.79
1 right caudal middle frontal 2057 0.0009 0.23 0.90
1 right supramarginal 2048 0.001 0.19 0.75
1 right precuneus 2044 0.002 0.16 0.71
1 right inferior temporal 2043 0.002 0.16 0.69
1 right pars opercularis 2044 0.003 0.15 0.72

1 right superior temporal 2048 0.003 0.16 0.78
1 left paracentral 2057 0.003 0.20 094
1 right paracentral 2054 0.004 0.17 0.90
1 right precentral 2055 0.006 0.16 094
1 left pars triangularis 2038 0.006 011 0.65
1 left middle temporal 2038 0.009 0.09 0.65
1 right postcentral 2044 0.01 0.10 0.76
1 right lateral orbitofrontal 2037 0.01 0.09 0.65
1 left pars opercularis 2033 0.01 0.07 058

1 right pars triangularis 2041 0.01 0.09 0.73
1 left entorhinal 2037 0.02 0.06 0.66
2 left inferior parietal 2048 0.0003 022 0.74
2 left inferior temporal 2046 0.0008 019 0.72
2 right inferior parietal 2051 0.0008 021 0.80
2 right lateral occipital 2054 0.001 021 0.85
2 left supramarginal 2055 0.003 019 0.90
2 left precuneus 2031 0.003 0.10 051
2 left medial orbitofrontal 2044 0.004 0.14 0.73
2 left superior parietal 20.38 0.005 0.11 0.63
2 right superior parietal 20.39 0.006 0.11 0.65
2 right inferior temporal 20.36 0.006 0.10 0.61
3 left caudal anterior cingulate 0.56 0.0001 2084 2028
3 left lingual 054 0.0005 2083 2023
3 right pars opercularis 0.42 0.002 2067 20.15
3 right caudal anterior cingulate 057 0.003 2093 2019
3 left posterior cingulate 0.38 0.004 2063 2012
3 left rostral anterior cingulate 046 0.004 2076 2015
3 right rostral middle frontal 0.38 0.004 2064 2012

PLOS ONE | www.plosone.org 5 October 2013 | Volume 8 | Issue 10 | e76702



Pain Predicts Thinner Cortex in Preterm Children

Table 3. Cont.

Component Brain Regions Componentloadings pvalue lower CI upper Cl
3 left lateral orbitofrontal 0.33 0.005 2055 2010

3 right pars triangularis 0.32 0.005 2054 2 0.09

3 left fusiform 0.37 0.007 2064 20.10

3 left inferior temporal 0.30 0.01 2052 2007
C.1=95% confidence interval; only p-values with less than 5% false discovery rate are listed.

doi:10.1371/journal.pone.0076702.t003

procedures and number of days on mechanical ventilation)rontal, parietal, and temporal regions, independent o th
Using the findings from the CPCA, a GENLIN model for each neonatal confounding factors.
of the 66 brain regions was conducted, corrected for maltipl Consistent with our present study, we recently found in a
comparisons (.e. 5% FDR). After adjusting for neonatalicél different cohort of preterm infants, after similarly cooiting for
factors (j.e. gestational age, SNAP-II at day 1, infectioomber  multiple confounding neonatal clinical factors, that desa
of days on mechanical ventilation, number of surgery,exposure to neonatal pain-related stress was associatibd wi
cumulative morphine exposure), greater number of neonatadltered brain microstructural development (subcorticaygnatter
skin-breaking procedures was significantly associatedh wi and white matter) from early in life to term equivalent agg [Bis
reduced cortical thickness in 21 out of the 66 brain regionsknown that during the last trimester of gestation and early
assessed (p-values ranged from 0.00001 to 0.014; Table- 5), postnatally, major axonal development takes place in the
value threshold for significance adjusted for multiple g@mn  cerebrum, and damage to white matter tracts (.e. decreased
isons with a FDR correction set at 5%. Most significant myelination) and subcortical structures leads to detrimlegffects
(p# 0.001) thinning in relation to neonatal pain-related stres on neuronal migration and cortical development [30,54]ug,lin
was found in bilateral postcentral, superior frontal, maist two independent cohorts, our work provides convergingesvie
middle frontal, left hemisphere precentral and pars olisjtas  that higher exposure to neonatal pain-related stress matyilzo
well as the right hemisphere supramarginal region. Of adl th ute to altered brain development early in life and later Abet
neonatal clinical factors, pain-related stress (adjusted age in children born very preterm.
neonatal clinical factors) was the most robust independent Prematurity has been associated with short and long-term
predictor of regional variation in cortical thickness. The abnormalities in cortical thickness compared to healthynte
association between neonatal pain-related stress (adjufstr born controls [7,13-18]. Lax etal. [7] showed lower overall
confounders) and right hemisphere postcentral and lefs parmean cortical thickness in 25 very preterm 9 year-old chidr
orbitalis cortical thickness are shown as examples (Figre compared to 32 ful-term controls, with significant coatic
After adjusting for neonatal clinical factors includingamatal  thinning in bilateral precuneus and right supplemental anot
pain-related stress, and correcting for multiple compass cortex, anterior insula, superior temporal, and postegntr
(FDR 5%), greater morphine exposure was associated withiegions. Compared to 22 control children born at full-term,
increased cortical thickness in bilateral caudal antetiogulate ~ Zubiaurre-Elorza et al. [14] found reduced cortical thieks in
(p=0.000 right; p=0.003 left), right posterior cingulate left middle and superior frontal regions, supramarginati @ost
(p=0.002), as well as in the left lingual (p= 0.002) and meddl central gyri in 14 preterm 9 year-old children with no eviden
temporal regions (p=0.002) (Table 6). In our NICU, very of PVL. In the present study, we found lower cortical thicksie
preterm infants only received morphine if they underwentwas related to greater neonatal pain exposure in these same
mechanical ventilation (n=25). To confrm these GENLIN regions among children born very preterm. Thus it appears we
results, we reran the analysis on the 25 infants exposed tbave identified a potential factor that may contribute t@ th
mechanical ventilation. Morphine remained significantiyoim  €tiology of reduced cortical thickness in very preterm datgh.
the right caudal anterior and posterior cingulate cortipethe ~ Moreover, our current findings of an association between

subset of ventilated very preterm children. neonatal pain-related stress (adjusted for clinical aomders)
and cortical thickness are consistent with our previousomsp
Discussion on shortterm [8] and long-term [55] brain development.

Importantly we excluded children with severe brain injuig.(
Our primary finding was that greater neonatal pain-relatedPVL and/or IVH grade 3-4) in the newborn period, and/or

stress (adjusted for multiple clinical factors related tetprm birth  major neurodevelopmental, motor or sensory impairments,
and NICU care) was associated with lower cortical thickregss therefore our findings are not explained by severe braiarynj
school age in children born very preterm. Specifically, in a Testosterone levels play a role in cortical thickness in
conservative two-step approach, first using constraingéacipal adolescence [53]. In the present study, in 7 year olds born
component analysis followed by generalized linear modetm  very preterm we did not find differences in cortical thickae
control for clinical confounders related to prematuritye ®und  between boys and girls in preliminary analyses. Gender was n
that pain-related stress was the strongest predictor ofahation included as a predictor in our statistical modeling due raitéd
in overall cortical thickness. Precisely, after applying% false = sample size, and remains for future studies in preterm pre-
discovery rate to control for overall Type-I error, and astijug for adolescents.
neonatal clinical factors, greater exposure to neonatal- sk  Thinner cortex in specific regions in our sample of very prat
breaking procedures was the predominant consistent reonatchildren may be related to delayed neuronal or glial maiomadr
factor related to thinner cortex in 21/ 66 areas, spediical cell death, or both. Normal cortical maturation shows amense
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Table 4. Constrained principal component analysis loadings for the 7 neonatal clinical factors to explain variance in cortical
thickness.

Component 1 Component 2 Component 3

Loading  p-value Cl Loading  p-value Cl Loading  p-value Cl
Pain 0.67 , 0.0001¢ [0.37, 0.98] 0.57 0.0003 [0.26, 0.87] 20.06 0.70 [2 037, 0.25]
Morphine 0.38 0.02 [0.08, 0.68] 0.62 , 0.0001¢ [0.32, 0.93] 0.59 , 0.0001¢ [0.29, 0.88]
Surgery 0.05 0.75 [2 0.26, 0.36] 0.92 , 00001 [0.62, 1.23] 0.28 0.07 [2 0.02, 058]
Ventilation 0.32 0.04! [0.02, 0.63] 0.63 , 0.0001¢ [0.32, 0.94] 0.57 0.0002¢ [0.26, 0.87]
SNAP-II 0.75 , 0.0001¢ [0.46, 1.06] 0.32 0.04 [0.01, 0.63] 0.36 0.02¢ [0.05, 0.67]
Infection 0.47 0.002¢ [0.17, 0.78] 0.04 0.79 [2 0.26, 0.34] 0.001 0.99 [2 031, 0.31]
GA 20.48 0.002¢ [2079,2018] 20.64 , 00001 [2094,2034] 002 0.92 [2 0.28, 0.31]

Predictor loadings were computed as correlations between component scores and the set of neonatal clinical variables.

C.l.=95% confidence interval; Pain = number of skin-breaking procedures exposure; Morphine = cumulative daily dose in milligrams adjusted for daily body weight;
Ventilation = number of days on mechanical ventilation; Surgery = number of surgeries; Infection = number of culture proven infection; SNAP-Il = score for neonatal
acute physiology; GA=gestational age.

{p-value threshold for significance adjusted for multiple comparisons with a false discovery rate (FDR) correction set at 5%; p-values and confidence intervals were
computed by bootstrapping 1000 times.

doi:10.1371/journal pone.0076702.t004

in cortical thickness during childhood (up to age 11 yearshbst  (programmed cell death) and neuronal survival [64]. H owewer
of the lateral frontal, temporal, parietal and occipitagioms, a  understanding of how neonatal pain and stress exposurecimpa
reduction during adolescence, followed by stabilizationadult-  neurodevelopment in these immature infants is still enmergind
hood [56]. Hence it is possible that normally occurring mait  basic animal research is crucial to determine mechanisms.
growth is delayed in children born very preterm. Recentifigd To our knowledge, only a few studies in the neonatal rodent
in a premature fetal sheep model showed the importance lof cemodel have specifically examined pain and altered brain
dysmaturation rather than cell loss (especially neurodafjng  development. Early inflammatory pain in neonatal rodenpgu
cortical growth and microstructure development [54]. Theinduced increased cortical and subcortical neuronal @t
potential to normalize the maturation of these cells remain [59], increased hippocampal gene expression [58], andspigad
unknown. Although mechanisms underlying cortical thirgnin cell death [57,59], thus modifying both the structure amkcfion
preterm school-age children remain unclear, findings inp@p  of the developing brain [57]. Persistent inflammatory pain
pain models [57-59] stress the long-term damaging effetts offormalin injections) or repetitive pain (saline inject® may
repetitive neonatal pain exposure on cortical and suliedrti induce major neuronal apoptosis and altered expression of
neuronal development. However, since we did not compareeurodevelopmentally important proteins in the rat pupirbra
cortical thickness of very preterm children with a term born during the first week of life [57]. The most degenerativdsoakre
control group, it is not possible at this time to concludettha found in the lamina Il of both frontal and parietal cortex.
relative reduction in cortical thickness among the verytgma However, there were differences in long-term effects onadtelt
children reflects delayed or accelerated cortical devalen. brain depending on the timing and type of neonatal pain [57].
Moreover, volumetric MR1 and diffusion tensor imaging OT! Given that the majority of the neonatal pain-related stress
analyses have demonstrated decreased neuronal volumem (e. procedures occur within the first weeks of the NICU stay,
cerebellum, thalamus, cerebral cortex) and possible dxonaespecially in those who undergo the most procedures [8],
disturbances in very low birth-weight neonates from term-addressing the management of procedural pain-relatess sive
equivalent age to later in adulthood [30]. Sensorimotoenpotor,  protect the developing brain in very preterm infants is gines
temporal and parieto-occipital regions are generally reggbas  Moreover, opioids seem to have differing effects in the @mnes or
the cortical regions showing the most significant voluricetr absence of pain. In the Duhrsen et al. study [57] and in pusvio
reductions in preterm born school-age children and adatésc findings in neonatal rat models [23,65], pre-emptive manph
[6,9,60-62]. Smith and colleagues [2] found that great@oedre  only protected the neonatal pup against long-term brain’ and
to stressful procedures (e.g. heel lance/ venipunctutebation/ behavioral changes when infammatory pain was presenthén t
extubation, diaper change) in the NICU was associated withpresent study, neonatal cumulative morphine exposure was n
reduced brain size in the frontal and parietal regions itggne  related to variation in cortical thickness in 20 of the 21 ibra
neonates assessed at term equivalent age. In addition,ain thregions significantly adversely associated with paiated stress
study, functional connectivity MRl and DTI| measures showedexposure. In contrast, greater neonatal morphine wasiatstc
that alteration in brain microstructure and functionalmwectivity ~ with thicker cortex in the cingulate cortices, regions kmotw be
within the temporal lobes were related to greater stresesxpe.  involved in mediating opioid analgesia [66—69], as well as i
Thus, signifying of the importance of early adverse stubssid processing emotional aspects of pain [66,70-72]. Howetes,
painful experience converge. relationship remained significant only in 2/66 regions whe
In response to heel lance, Slater et al. [63] showed thateyrea examined in the subset of children who had been exposed to
neuronal activity was evident in premature neonates coetper  mechanical ventilation and to morphine as a neonate. Thiss th
age-matched term-born counterparts. This increased nalro finding may reflect Type-I error.
excitation could be detrimental to the preterm neonatasature Routine treatment of pain with morphine is no longer
and rapidly developing neural circuitry by altering apagigo advocated in ventilated preterm infants in the NICU [73hcsi
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Table 5. GENLIN results for the 21/66 cortical regions significantly associated with neonatal pain-related stress (adjusted for
clinical confounders).
Infection Pain Ventilation Morphine SNAP-II Surgery GA
Brain Regions B p-value B p-value B p-value B p-value B p-value B p~value B p-value
L entorhinal 2034 015 2113 0.003f 048 011 2006 090 2001 013 2019 029 2001 086
L pars orbitalis 0.16 0.34 2103 ,0.0001' 062 0004 0.33 0.30 20004 057 2006 064 0.04 0.32
R pars orbitalis 2024 027 2085 0.014 0.18 050 1.08 0.01 2003 0.001Y 2015 035 0.03 050
Rrostral middle frontal 2 0.06 0.63 2065 0.001f 0.18 025 0.67 0.01 2001 001 2015 011 0.01 0.70
R superior frontal 2006 053 2063 ,0.0001' 019 014 0.24 0.22 2001 0.02 2006 048 0002 092
R supramarginal 2003 068 2058 ,0.0001' 024 001 0.35 0.02 20004 0.22 2007 022 0.04 0.06
L superior frontal 2002 084 2056 0.001f 017 018 0.25 0.20 2001 0.02 0.02 0.79 0.02 040
R postcentral 006 048 2055 ,0.0001f 020 007 015 036 20002 055 2004 055 20.003 0.89
L precentral 2006 051 2054 ,00001% 016 017 009 062 2001 0004 20.002 0.98 2001 076
Rinferior temporal 004 083 2054 0.006¢ 021 017 030 018 2001 016 2013 017 0.02 049
L lingual 001 090 2052 0.003( 0.10 046 065 0.002¢ 20001 082 2010 021 0004 089
L rostral middle frontal 2 0.05 0.62 2051 0.001¢ 009 043 032 007 2001 001 2010 015 2003 024
R superior temporal 005 057 2049 0.002¢ 024 0.05 047 001 2001 002 2010 0.16 0.03 0.16
L postcentral 2004 061 2047 ,0.0001¢ 026 001 2004 080 2001 002 2001 083 0.000 098
L caudal middle frontal 2 0.04 0.69 2043 0.003( 0.18 012 025 015 2001 002 2006 039 0.01 0.83
L fusiform 2003 075 2042 0.014 0.16 024 023 026 20.003 054 2007 041 20.004 087
L supramarginal 2009 032 2042 0.003t 016 013 0.08 0.63 2001 0.05 2012 007 0.02 047
R caudal middle frontal 2 0.13 0.16 2041 0.006¢ 025 0.03 2002 091 2001 0.001f 006 040 0.02 0.33
R precentral 0.12 0.14 2040 0.002 037 ,0.0001¢ 2003 084 2001 0.004 2006 0.32 0.01 059
R superior parietal 0.11 0.17 2039 0.003 0.18 0.07 0.16 0.29 2001 0.04 2012 0.06 0.003 0.86
L superior parietal 2000 098 2035 0.002 009 032 2009 048 20004 010 0.01 0.90 0002 092
R right hemisphere; L, left hemisphere; Infection = number of culture proven infection; Pain = number of skin-breaking procedures exposure; Ventilation = number of
days on mechanical ventilation; Morphine = cumulative daily dose in milligrams adjusted for daily body weight; SNAP-Il = score for neonatal acute physiology;
Surgery = number of surgeries; GA= gestational age.
B values are unstandardized. Number of days on mechanical ventilation was winsorized (replaced the outlier value with the closest value within the 6 3 standard
deviation range) [84].
{Bold text represents statistical significance; p-value threshold for significance adjusted for multiple comparisons with a false discovery rate (FDR) correction set at 5%.
doi:10.1371/journal pone.0076702.t005

in the short-term continuous morphine infusions lead taésn
duration of mechanical ventilation and longer time to reddh  severity ofthe very preterm neonate during the first 24 batlife
enteral feeding [74], and concerns remain about long-tdfente  together with pain-related stress exposure contributedlower

of analgesia and sedation on the developing brain [73—78}. O microstructural development of the corticospinal tracttagerm
present findings of an association between higher exposure equivalent age [81]. Together, these findings suggest the
neonatal morphine and greater cortical thickness in thguite  importance of protecting the developing brain during thet fi
regions should be considered in the context of the lack ofdays of life.

significant effect in the rest of the cortex. It remains fotufre During their NICU care, preterm neonates are exposed to
research to verify whether these findings imply delayed ormultiple factorsthat may alter the developing brain, araditeg out
accelerated cortical development in very preterm infahgghool  specific pain-related effects is challenging. Prenatal past-natal
age. Randomized controlled clinical trials of short [74,a5d clinical factors and treatments might interact or may leasirnilar

age. We have recently found, in a separate cohort, thatsdline

long-term effects [76,79,80] of pre-emptive morphine g for
mechanically ventilated neonates have shown no benedfiits
in the short-term outcomes [74,75]. Longer-term cognitiaetor

end points, which makes them difficult to isolate [82]. Ntredess,
one strength of the present study is extensive control foltipteu
confounding neonatal clinical factors in our statisticabdrling.

and behavioral outcomes in relation to morphine exposuxe ha
reported mixed results [76,79], with the most recent figdin
suggesting a possible neuroprotective effect of pre-empti
morphine infusion on some aspects of parent report of execut clinical factors on cortical thickness variation in 66 raegions of
functions at 8-9 years [80]. However, in that study, morphims  interest. Our group has shown that neonatal pain-relatessst
not found to be beneficial on teacher reports or on indiidua remained a robust predictor of white and gray matter deficithe

Unique to the present study of this cohort is the use of caimstd
principal component analysis as a first step which allowed a
unbiased examination of the contribution of 7 pre-selentmhatal

testing of child executive functions, thus the results afttetudy
[80] remain tentative.

Importantly, in the present study, severity of illness ory da
(SNAP-II) also contributed to lower cortical thickness ahaol

PLOS ONE | www.plosone.org 8

short-term [8]. On brain imaging at school age in the presertty,
the number of skin-breaking procedures during NICU caredsto
out as the strongest predictor of cortical thickness. bdt@rgly, we
found that greater number of skin-breaks was highly reldated
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Figure 1. Cortical thickness at age 7 years in relation to neonatal pain-related stress adjusted for clinical confounders. Cortical
thicknessin two of the brain regions where most significant (p# 0.0001) thinning in relation to neonatal pain-related stress was found. A) Scatter plot
of right hemisphere postcentral cortical thickness in relation to neonatal pain-related stress (number of skin-breaking procedures log transformed)
adjusted for gestational age, severity of iliness on day 1, number of culture proven infection, number of days on mechanical ventilation, number of
surgeries, and cumulative daily morphine dose in milligrams adjusted for daily body weight. B) Scatter plot of left hemisphere pars orbitalis cortical

thickness in relation to neonatal pain-related stress (same as in A).
doi:10.137YV/journal pone.0076702.g001

bilateral thinner cortex of the postcentral region where th cause rewiring of the somatosensory neural circuitry gdd

somatosensory cortices lie. Given the known plasticity oé t
developing pain system [64], associated sensitizatioth findings of
altered fMRI response to pain at school age [83] it appeaftsi
possible that repeated early noxious nociceptive stiromamay

PLOS ONE | www.plosone.org

wider spread detrimental effects on cortical developmEuntther
studies are needed to examine cortical thickness altesaamd
neonatal pain-related stress exposure in relation to pa@stold
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Table 6. GENLIN results for the 5/66 cortical regions significantly associated with neonatal cumulative morphine exposure
(adjusted for clinical confounders).

Infection Pain Ventilation Morphine SNAP-II Surgery GA
Brain Regions B p-value B p-value B p-value B p-value B pvalue B p-value B p~value
R caudal anterior 0.23 0.07 2003 0.89 0.09 057 0.95 , 0.0001% 0004 045 2027 0.004 0.08 0.01
cingulate
L caudal anterior 2002 089 2025 034 027 018 089  0.003( 2 0.002 0.75 2009 045 011  0.003
cingulate
L middle temporal 2009 044 2018 034 2009 051 068  0.002¢ 2001 001 2011 022 004 010
L lingual 001 090 2052 0.003¢ 010 046 065 0.002¢ 2 0.001 0.82 2010 021 0004 0.89
R posterior cingulate 008 040 2026 010 030 002 058  0.002¢ 20.002 055 2025 0001 005 004

R right hemisphere; L, left hemisphere; Infection = number of culture proven infection; Pain = number of skin-breaking procedures exposure; Ventilation = number of
days on mechanical ventilation; Morphine = cumulative daily dose in milligrams adjusted for daily body weight; SNAP-Il = score for neonatal acute physiology;
Surgery =number of surgeries; GA=gestational age.

B values are unstandardized. Number of days on mechanical ventilation was winsorized (replaced the outlier value with the closest value within the 6 3 standard
deviation range) [84].

{Bold text represents statistical significance; p-value threshold for significance adjusted for multiple comparisons with a false discovery rate (FDR) correction set at 5%.
doi:10.1371/journal.pone.0076702.t006

and specific domains of cognitive and motor functioningchtosl
age.
This study has limitations in that there could be other
confounding factors associated with early pain-relatedbsst
exposure and/ or prematurity, and a relatively limited semp
size. Moreover, the lack of a control group ofterm born ateitdis

a limitation of this study. Advances in prenatal ultrasourale
permitted reliable dating of GA. Currently GA is viewed ag th
single best index of physiological maturity in the preterewborn,
and is thus more widely used as a predictor of long-term onéso
than BW [2,7]. In contrast, BW reflects a combination of
immaturity and potential growth retardation. Examiningnpa
related stress in infants born small for gestational age Iower
BW than expected relative to GA) in relation to long-termibra The authors would like to acknowledge the patients and fasnikho
development remains to be examined in future studies. Itapor ~ generously gave their time for this project. We thank Ivarp& and
strengths of our study are that we controlled for seven nipna CGiSela Gosse for coordinating the study and Amanda Degeard
factors that capture the most salient neonatal clinicatfes, the ~<ata Jitina for help in data collection, and Dr. Yoshio Bae for his
strict exclusion criteria, and a false discovery rate of 3btis a support on statistical analysis.

conservative approach that reduced the chance of findin
significant relationships between neonatal pain-relateess and
cortical thickness at school age.

neonatal pain-related stress was associated with thinsréexcin
multiple regions at school age, independent of other nedmiak
factors. Important to further advancing our understandaihthe
relationship between pain-related stress and alteraiionertical
development will be the examination of corticospinal tsathite
matter and sub-cortical gray matter structures in schgel-a
children born very preterm. Finally, it remains for fututedies
to evaluate to what extent these pain-related stress bitaiatons
are related to cognitive, motor, and behavioral outcomehése
children.
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