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Abstract
Converging data suggest recovery from injury in the preterm brain. We used functional Magnetic
Resonance Imaging (fMRI) to test the hypothesis that cerebral connectivity involving Wernicke’s
area and other important cortical language regions would differ between preterm (PT) and term (T)
control school age children during performance of an auditory language task. Fifty-four PT children
(600 – 1250 g birth weight) and 24 T controls were evaluated using an fMRI passive language task
and neurodevelopmental assessments including: the Wechsler Intelligence Scale for Children - III
(WISC - III), the Peabody Individual Achievement Test - Revised (PIAT-R) and the Peabody Picture
Vocabulary Test - Revised (PPVT- R) at 8 years of age. Neural activity was assessed for language
processing and the data were evaluated for connectivity and correlations to cognitive outcomes. We
found PT subjects scored significantly lower on all components of the WISC - III (p < 0.009), the
PIAT- R reading comprehension test (p = 0.013), and the PPVT-R (p = 0.001) compared to term
subjects. Connectivity analyses revealed significantly stronger neural circuits in PT children between
Wernicke’s area and the right inferior frontal gyrus (R IFG, Broca’s area homologue) and both the
left and the right supramarginal gyri (SMG) components of the inferior parietal lobules (p ≤ 0.02 for
all). We conclude that PT subjects employ neural systems for auditory language function at school
age differently than T controls; these alterations may represent a delay in maturation of neural
networks or the engagement of alternate circuits for language processing.
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INTRODUCTION
Preterm infants are at high risk of brain injury. Almost 25% experience intraventricular
hemorrhage, and as many as 80% have diffuse excessive high signal intensity within the white
matter in the newborn period. (Dyet et al., 2006; Woodward et al., 2006) Macrostructural brain
abnormalities have been correlated with adverse neurodevelopmental outcomes (Gimenez et
al., 2006b; Peterson et al., 2000) and their presence may potentially disrupt the genetically
programmed pattern of brain development. Numerous MRI studies have demonstrated that
preterm children and adolescents have decreased cortical gray matter, cortical white matter,
deep gray matter, cerebellar and total brain volumes when compared to age-matched term
control subjects. (Gimenez et al., 2006a; Kesler et al., 2004; Kesler et al., 2008; Nosarti et al.,
2002; Reiss et al., 2004) Similarly, diffusion tensor imaging studies have documented
microstructural alterations in both the corpus callosum and those intra-hemispheric association
fibers subserving language skills. (Constable et al., 2008)

In contrast to these data documenting aberrant brain development, behavioral data suggest a
pattern of recovery and preserved performance. (Hack et al., 2005; Hack et al., 2002; Ment et
al., 2003; Saigal et al., 2006) The advent of magnetic resonance imaging (MRI) has permitted
the correlation of neurobiology and behavior in subjects of all ages, and numerous MRI studies
have explored the structural, volumetric and microstructural sequelae of preterm birth.
(Constable et al., 2008; Gimenez et al., 2006a; Kesler et al., 2006; Nosarti et al., 2002; Reiss
et al., 2004) Functional MRI (fMRI), which assesses both neural processing and resting state
cerebral activity, has been less well studied than other imaging strategies in the preterm
population, but has the potential to offer important insights into the neurobiological
mechanisms that support brain development. Most recently, functional neuroimaging data have
been used to examine interactions between spatially distinct regions, or “functional
connectivity,” in typically developing children and adolescents. (Fair et al., 2008; Fair et al.,
2007) Functional connectivity studies assess “temporal correlations between spatially remote
neurophysiological events”, (Friston et al., 1996) and all regions that respond to a specific task
are correlated to varying degrees. Resting state research suggests that functional connectivity
is at least partially anatomically determined. (Skudlarski et al., 2008) FMRI studies in the
prematurely born suggest the engagement of alternative neural networks for language and
memory (Gimenez et al., 2005; Ment et al., 2006a; Ment et al., 2006b) and further investigations
of neural connectivity are needed to better understand this suggestion of plasticity in the preterm
brain.

The connectivity between language regions during an fMRI auditory language task was
investigated in preterm and term subjects. Wernicke’s area, in the left superior temporal gyrus
(STG), is a well established language perception area in children that activated in both the
preterm and term groups. This area was chosen as a reference region for functional connectivity
analysis with other primary language regions in the left hemisphere and their right-sided
homologues. Our a priori hypothesis was that cerebral connectivity between Wernicke’s and
other language regions would differ significantly between preterm (PT) school age children
and term (T) control subjects.

Since intraventricular hemorrhage, periventricular leukomalacia and low-pressure
ventriculomegaly have been associated with adverse neurodevelopmental outcomes in the
prematurely born, (Krishnamoorthy et al., 1979; McMenamin et al., 1984; Shinnar et al.,
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1982; Szymonowicz et al., 1986) our a priori hypothesis was tested in preterm subjects who
were free of parenchymal lesions in both neonatal cranial ultrasound studies and magnetic
resonance images at age 8.

METHODS
This study was performed at Yale University School of Medicine, New Haven, CT, and Warren
Alpert Brown Medical School, Providence, RI. The protocols were reviewed and approved by
institutional review boards at each location. Parent(s) provided written consent, and written
assent was obtained from all study children. All scans were obtained and analyzed at Yale
University School of Medicine.

Subjects and Their Assessment
Demographic, cognitive and fMRI BOLD data have been previously reported for this cohort
to examine the impact of early low-dose indomethacin therapy on the developing brain. (Ment
et al., 2006a; Ment et al., 2006b; Peterson et al., 2002) The preterm children were enrolled in
the follow-up MRI component of the Multicenter Randomized Indomethacin IVH Prevention
Trial at Yale University School of Medicine and Brown University. Only those children with
no evidence for intraventricular hemorrhage or low-pressure ventriculomegaly who lived
within 200 miles of the Yale MRI Research Facility were eligible for this protocol. From a
potential pool of 194 subjects, 92 were randomly assigned to undergo fMRI examinations.
Scans from the first 19 preterm subjects were performed with MRI software incompatible with
that for the current study and could not be included in this study. Of the 73 remaining preterm
subjects, 18 were excluded because of excess motion artifact, and one was removed secondary
to periventricular leukomalacia. All 54 subjects with usable fMRI data at 7–9 years and 24
term age-matched control children recruited from the local communities of the study children
are included in this report. (Ment et al., 2006a)

Neurodevelopmental Assessments
Assessments were performed at 8 years of age by testers blinded to the randomization status
of the subjects in the IVH prevention study. The following tests were administered: 1.) the
Wechsler Intelligence Scale for Children - Third Edition (WISC - III); 2.) the Peabody Picture
Vocabulary Test-Revised (PPVT-R); and 3.) the Reading Recognition, Reading
Comprehension and Mathematics subtests of the Peabody Individualized Achievement Test -
Revised (PIAT-R).

FMRI Study
An audiotaped passive auditory listening task in which the children listened to 3 varying
stimulus presentations of a pleasant children’s story through headphones as previously
described was administered. (Peterson et al., 2002) Head positioning in the magnet was
standardized using the canthomeatal line. A T1-weighted sagittal localizing scan was used to
position the axial images. In all subjects, 10 oblique axial slices were acquired to correspond
with 10 axial sections of the Talairach coordinate system oriented parallel to the anterior
commissure-posterior commissure (AC-PC) line. The slices were positioned with 2 slices
below, 7 slices above, and 1 slice containing the AC-PC line. Slice thickness was a constant 7
mm, and the skip between slices varied between 0.5 and 2 mm to maintain a strict
correspondence with the Talairach coordinate system across the axial slices.

Imaging was performed on a GE Signa LX system. The functional images were obtained with
a blood oxygenation level dependent (BOLD) contrast gradient echo, echo planar imaging
pulse sequence having a repetition time = 2060 msec, echo time = 45 msec, flip angle = 60°,
1 excitation per image, 20- x 40-cm field of view, and 64 × 128 matrix, providing a 3.1 × 3.1
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mm in-plane resolution. During each run, 102 echoplanar images were acquired in each slice,
providing 306 images per experiment and 102 images for each stimulus type.

Brain volumes were first slice time corrected and then motion corrected using the SPM 99
algorithm (http://www.fil.ion.ucl.ac.uk/spm/) for 6 translation and rotation directions. Subjects
with motion trajectories greater than 0.5 pixels were eliminated. Each subject’s 3D high
resolution volume scan was registered to a common reference brain space, and all connectivity
data were transformed to this common space for between-subject and between-group analyses
using BioimageSuite (Bioimagesuite.org) software which also allowed for more accurate
reporting of Talairach coordinates. (Lacadie et al., 2008)

ROI Connectivity Analyses
The synchrony of responses between regions as measured during the passive listening task was
examined. Functional connectivity within each subject was measured as a correlation between
a reference region of interest (ROI) and all other pixels within eleven other regions of interest
that included the primary language regions and their homologues in the right hemisphere. The
data used for the correlation analysis were the mean time-course BOLD fMRI data for each
ROI obtained during the passive listening task. Wernicke’s area was chosen as the reference
region for this study, defined anatomically as the posterior portion of left BA 22 with center
of mass Talairach coordinates of −54, −36,10.

Language regions interrogated for connectivity to the seed region included eleven ROIs:
bilateral Broca’s region (BA 44 and BA 45 combined), bilateral BA 47, posterior portions of
bilateral BA 21, inferior portions of bilateral BA 40 and BA 39, and the homologue of the
reference region, right posterior BA 22. BA 39 is the region of the angular gyrus and BA 40
is the supramarginal gyrus, a component of the inferior parietal lobule. All regions were defined
anatomically in reference space as shown in Figure 1 with the center of mass Talairach
coordinates listed in Table 1, as defined in the Yale Bioimagesuite Software
(BioimageSuite.org). Correlation values to the reference ROI were normalized to a Gaussian
distribution, and the mean value was extracted for each ROI for use in further statistical
analyses.

Statistical Analyses
Demographic and cognitive data were analyzed using standard chi-squared statistics for
categorical data, and nonparametric Wilcoxon rank sum tests for continuous-valued data. Mean
correlation coefficients were determined by converting correlation values via Fisher’s z
transformation, averaging them, and backtransforming to r-values according to the method of
Silver and Dunlap. (Silver and Dunlap, 1987) The normalized correlation values were entered
into a general linear model (GLM) to test the effect of diagnosis (PT or T) including covariates
of VCIQ, age at scan, and gender and resulting p-values were corrected for multiple
comparisons using a Bonferroni correction. A supplemental GLM explored the role of
handedness and included covariates of VCIQ, age at scan, gender and right-handedness and
determined p-values were corrected for multiple comparisons using the Bonferroni method.
Using our a priori hypothesis, the relationship between connectivity data and neonatal
variables was assessed in the preterm group using a third GLM. Neonatal variables included
gender, birth weight, randomization to indomethacin, and years of maternal education.
Analysis by gender was also used to correlate cognitive measures and connectivity data
adjusting for age at scan. These statistical analyses were performed using SAS 9.1.3, and all
p-values are two-sided.
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RESULTS
Subjects

Fifty-four preterm children and 24 term controls participated in this study. There were no
significant differences between the two groups in the number of males, minority status,
handedness, or years of maternal education. PT children were roughly a half-year older at the
time of scan, (9.2 years versus 8.7 years, p = 0.002). As reported in Table 2, PT children scored
lower than term controls in tests of cognitive function: FSIQ, VIQ, PIQ, VCIQ and PPVT (p
= 0.002, 0.002, 0.005, 0.009 and 0.001 respectively) and Reading Comprehension (p = 0.013).
A greater proportion of the PT children were receiving special services (56% versus 17%, p =
0.003) than term controls. Perinatal data for the PT subjects are shown in Table 3; of note, there
were no significant gender differences for any of these variables.

Correlation Coefficients
Mean group correlation coefficients for the connectivity data for each ROI from Wernicke’s
region are shown in Table 4.

Group Connectivity Difference Maps
A map representing the reference time-course voxel-wise group differential connectivity
(preterm – term controls) during language processing to Wernicke’s region is shown in Figure
2. Significant differences in activity between the reference region, and L BA 40, R BA 40, and
R BA 44–45 (Broca’s homologue) were greater for the preterm group than the term controls
(p ≤ 0.02 for all, Table 5).

Consideration of handedness
To investigate the role of handedness in our connectivity results, we investigated two strategies.
First, we entered right-handedness (yes/no) into our GLM presented in the previous paragraph
and in Table 5. This analysis is shown in Supplemental Table 1 and demonstrated no significant
effects of handedness on our outcome data. Next, we repeated the GLM including only those
subjects who were right hand dominant (data not shown). Similar to the GLM including right-
handedness (yes/no), these data did not differ in significance from those shown in Table 5.

Perinatal Risk Factor Analyses
Secondary analyses were performed to examine those factors that have been associated with
microstructural changes in the preterm brain. These include gender, birth weight,
randomization to early indomethacin, and years of maternal education. General linear modeling
analyses for those correlated regions that differentiated PT and T children demonstrated no
significant differences between groups. Post-hoc correlations were run examining connectivity
data by gender for the ROIs described with VCIQ, FSIQ and PPVT-R scores for all study
subjects after adjusting for age at scan. No significant correlations were identified.

DISCUSSION
To the best of our knowledge, this is the first report of connectivity between brain areas in
preterm children and term controls at school age. Significantly different patterns of functional
connectivity from Wernicke’s reference region were demonstrated in the preterm children
compared to term controls with increased connectivity to right-sided regions seen in the preterm
group. Wernicke’s region has been demonstrated to subserve language processing in numerous
fMRI studies in both children and adults. (Brauer, 2007; Ment et al., 2006a) Independent of
handedness of the study subjects, significantly greater correlations in activity were noted across
hemispheres between the reference region and the SMG component of the inferior parietal
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lobule as well as the homologue of Broca’s area in the right inferior frontal gyrus, in the preterm
group than in the term controls. A significantly increased ipsilateral connection between
Wernicke’s and left SMG was also seen in preterm subjects. The left SMG, has traditionally
been thought responsible for phonologic processing, (Ment et al., 2006a) and recent evidence
has demonstrated the role of Broca’s area homologue in the right hemisphere in the auditory
processing of language in young children. (Karunanayaka et al., 2007) Taken together, these
data suggest the engagement of a broader network of neural systems for auditory phonologic
processing of language in the prematurely born.

Although critical to our understanding of the developing brain, there are few reports of
connectivity in the pediatric population. Recent studies of connectivity in typically developing
subjects ranging in age from infancy to early adulthood have revealed emerging patterns of
cortical maturation. Using connectivity analysis, investigators have described the differences
that exist in the resting state networks of children, adolescents (Fair et al., 2008; Fair et al.,
2007) and adults (Hampson et al., 2006a; Hampson et al., 2006b). Some resting state networks
are present in infancy, (Fransson et al., 2007) and maturation of neural networks occurs during
adolescence. (Fair et al., 2008; Fair et al., 2007) Over time, the developing brain increases the
strength of connections that exist in spatially remote regions in an anterior-posterior direction,
weaving distal brain areas into highly cohesive and connected circuits, while reducing the
strength of connections between anatomically proximal regions and contralateral homologues.
(Fair et al., 2008; Fair et al., 2007) Connectivity analysis in our study revealed an increase in
cross-hemispheric connections in the preterm group with remarkable engagement of right-
sided circuits such as Broca’s homologue and the SMG portion of the inferior parietal lobule.
Given the developmental trajectories suggested by prior studies, it is possible that preterm
children exhibit developmental delays in the maturation of their neural circuitry just as they
appear to lag in the pruning of the initial overabundance of synapses in gray matter. (Kesler et
al., 2004; Ment et al., 2008)

Alternatively, the engagement of right-sided regions in the connectivity circuit that includes
Wernicke’s region in our preterm cohort may represent a compensatory strategy to overcome
difficulties in language processing. Studies of dyslexic children have described similar findings
and investigators hypothesized that disruption in the normal reading pathway results in the
engagement of alternate systems to compensate for conventional circuit failure. (Shaywitz et
al., 2002; Shaywitz, 2005) Recruitment of right hemispheric sites may allow children with
reading difficulty to utilize other “perceptual processes to compensate for his or her poor
phonologic skills.” (Shaywitz et al., 2002)

Although preterm children are at high risk for developmental disabilities, numerous recent
studies have revealed a pattern of improvement in behavioral and neuropsychologic measures
over time in the prematurely born. (Hack et al., 2005; Hack et al., 2002; Ment et al., 2003) In
contrast, multiple MRI investigations have documented both volumetric and microstructural
changes in the brains of preterm children during school age and adolescence. (Constable et al.,
2008; Gimenez et al., 2006a; Kesler et al., 2004; Kesler et al., 2008; Nosarti et al., 2002; Reiss
et al., 2004) Furthermore, recent evidence suggests that birth at early gestation has a long lasting
influence on corticogenesis in preterm subjects compared to term controls during school age
and early adolescence. (Kesler et al., 2004; Peterson et al., 2000; Reiss et al., 2004)
Contradictions between the differences in cortical development and the recovery of cognitive
function may be partially accounted for by our studies of connectivity. As has been reported
for prematurely born teens and children with congenital focal brain lesions, neural plasticity
may permit the recruitment of alternate pathways for language processing. (Chilosi et al.,
2005; Rushe et al., 2004)
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These data extend our previous work documenting the patterns of neural recovery and plasticity
in the developing preterm brain. In the past, we have reported improved language scores over
time in this cohort of prematurely born children compared to term controls. Earlier fMRI studies
have shown that preterm children recruit alternate cortical regions in response to a passive
listening task. (Ment et al., 2006b; Peterson et al., 2002) Furthermore, we have reported
microstructural differences in the white matter tracts between those regions of the brain that
sub-serve language processing. (Constable et al., 2008) The differences in functional
connectivity reported in this paper represent the results of an important emerging modality
available to investigate the alterations in language processing in preterm children.

The children who participated in this study are part of a well-studied cohort with neuroimaging
available from the earliest postnatal hours. Sequential evaluation with a variety of imaging
modalities has documented their progress in terms of cognitive performance, volumetric
differences, cortical activation and microstructural alterations in normal cortical development
over time. Although recent data in adult subjects suggest a correlation between structure and
function, we had neither complete volumetric data nor diffusion tensor imaging in this cohort
of children. (Olesen et al., 2003; Saur et al., 2008)

The limitations of this study include the small sample size. In addition, the use of fMRI to
evaluate functional connectivity in this group is an emerging technology with little known
about technical limitations. To the best of our knowledge this is the first study using functional
connectivity to evaluate prematurely born children at school age. Longitudinal assessment of
a large cohort of preterm and term controls is necessary to fully evaluate brain maturational
changes and their effects on cognitive and language development.

In conclusion, these data demonstrate that preterm birth results in the engagement of alternate
neural systems for language processing in the developing brain with increased recruitment of
brain regions in the right hemisphere. These alterations may represent either a developmental
lag in the stabilization of neural networks of prematurely born children, or the recruitment of
alternate circuits for language in the developing preterm brain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
AC, Anterior cingulated
AG, Angular gyrus
BA, Brodmann’s area
BOLD, Blood oxygen level dependent
FSIQ, Full Scale Intelligence Quotient
GLM, General linear model
IFG, Inferior frontal gyrus
IVH, Intraventricular hemorrhage
IPL, Inferior parietal lobule
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PIAT-R, Peabody Individual Achievement Test - Revised
PPVT-R, Peabody Picture Vocabulary Test - Revised
PIQ, Performance Intelligence Quotient
PT, Preterm
PVL, Periventricular leukomalacia
ROI, Region of interest
SMG, Supramarginal gyrus
STG, Superior temporal gyrus
T, Term
VCIQ, Verbal Comprehension Intelligence Quotient
WISC - III, Wechsler Intelligence Scale for Children - III
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Figure 1.
Anatomic ROIs interrogated for connectivity with Wernicke’s area, L BA 22 (red). ROIs
examined for connectivity to Wernicke’s in preterms and terms include bilateral BA 21 (dark
green), BA 39 (lilac), BA 40 (brown), BA 47 (light green), BA 44–45 (light blue) and R BA
22 (navy).
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Figure 2.
Increased connectivity to Wernicke’s region in PT children. Light blue circles represent regions
with significantly increased connectivity to Wernicke’s region (red). Red lines represent
connectivity between Wernicke’s region and bilateral BA 40 and R BA 44–45.
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Table 1

Talairach coordinates for connectivity from Wernicke’s area (−54, −36,10)
Brodmann’s Areas (BA) Talairach Coordinates
Left BA 21 −56,−43,2
Right BA 21 57,−40,5
Right BA 22 56,−33,14
Left BA 39 −53,−46,26
Right BA 39 56,−46,26
Left BA 40 −53,−33,23
Right BA 40 56,−30,26
Left BA 44–45 −42,17,12
Right BA 44 – 45 46,15,14
Left BA 47 −34,27,−12
Right BA 47 38,27,−12
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Table 2

Demographic and cognitive data for the study children
Preterm Term P value

Number 54 24
Males 28 (52%) 11 (46%) 0.81
Right-handed 44/51 (86%) 22/23 (96%) 0.42
Minority status 37 (69%) 15 (63%) 0.61
Full Scale Intelligence Quotient 95.5 ± 16.1 109.8 ± 13.6 0.002
Verbal IQ 99.2 ± 16.6 111.5± 11.4 0.002
Performance IQ 92.7 ± 16.4 106.0 ± 15.3 0.005
Verbal Comprehension IQ 100.5 ± 17.5 111.8 ± 12.1 0.009
Peabody Picture Vocabulary Test 95.2 ± 21.7 113.4 ± 17.8 0.001
Reading Recognition* 96.0 ± 19.8 107.3 ± 15.7 0.011
Reading Comprehension* 96.4 ± 21 109.3 ± 16.6 0.013
Math* 89.7 ± 18.7 108.4 ± 18.6 0.001
Special services 30 (56%) 4/23 (17%) 0.003
Age at scan (years) 9.2 ± 0.7 8.70 ± 0.6 0.002
Maternal education < high school 4/53 (7.6%) 1(4.2%) 1.00
*
PIAT-R
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Table 3

Perinatal data for the preterm subjects
Number 54
Males 28 (52%)
Gestational age (weeks) 28.2 ± 1.9
Birth weight (grams) 977 ± 169.5
Randomized to indomethacin 29 (54%)
Antenatal steroids 22/54 (41%)
Respiratory distress syndrome 45 (83%)
Necrotizing enterocolitis 2 (4%)
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Table 4

Correlation coefficients for connectivity from L Wernicke’s Region
BA* Regions Preterm Term
Left BA 21 0.11 ± 0.01 0.09 ± 0.02

Right BA 21 0.11 ± 0.01 0.08 ± 0.01
Right BA 22 0.13 ± 0.01 0.09 ± 0.01
Left BA 39 0.13 ± 0.01 0.13 ± 0.01

Right BA 39 0.10 ± 0.01 0.06 ± 0.02
Left BA 40 0.12 ± 0.01 0.05 ± 0.02

Right BA 40 0.07 ± 0.01 0.02 ± 0.01
Left BA 44–45 0.04 ± 0.01 0.02 ± 0.01

Right BA 44–45 0.04 ± 0.01 0.01 ± 0.01
Left BA 47 0.01 ± 0.01 0.0003 ± 0.01

Right BA 47 0.01 ± 0.01−0.004 ± 0.01
*
BA Brodmann’s Area

Values are mean ± standard error
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Table 5

Effect of diagnosis (PT vs T) by region, after adjustment for VCIQ, age at scan and gender
BA* Regions R-square P value§
Left BA 21 0.069 1.00

Right BA 21 0.035 1.00
Right BA 22 0.109 0.22
Left BA 39 0.102 1.00

Right BA 39 0.086 0.22
Left BA 40 0.190 0.01

Right BA 40 0.141 0.02
Left BA 44–45 0.110 0.33

Right BA 44–45 0.140 0.02
Left BA 47 0.052 1.00

Right BA 47 0.030 1.00
*
BA Brodmann’s Area

§
Bonferroni corrected
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