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Adolescent  survivors  of  preterm  birth  experience  persistent  functional  problems  that  neg-
atively impact  academic  outcomes,  even  when  standardized  measures  of  cognition  and
language suggest  normal  ability.  In  this  fMRI  study,  we compared  the  neural  activation  sup-
porting auditory  sentence  comprehension  in two  groups  of  adolescents  (ages  9–16  years);
sentences  varied  in  length  and  syntactic  difficulty.  Preterms  (n =  18, mean  gestational  age
28.8 weeks)  and  full terms  (n =  14)  had scores  on  verbal  IQ,  receptive  vocabulary,  and  recep-
tive language  tests  that  were  within  or above  normal  limits  and  similar  between  groups.
In early  and  late  phases  of  the  trial,  we  found  interactions  by group  and  length;  in the  late
phase,  we  also  found  a group  by  syntactic  difficulty  interaction.  Post  hoc  tests  revealed  that
preterms demonstrated  significant  activation  in  the  left and  right  middle  frontal  gyri  as  syn-
tactic difficulty  increased.  ANCOVA  showed  that  the  interactions  could  not  be attributed  to

differences in  age,  receptive  language  skill,  or  reaction  time.  Results  are  consistent  with  the
hypothesis that  preterm  birth  modulates  brain–behavior  relations  in sentence  comprehen-
sion  as  task  demands  increase.  We  suggest  preterms’  differences  in neural  processing  may
indicate a  need  for educational  accommodations,  even  when  formal  test  scores  indicate
normal academic  achievement.
. Introduction

We  have long known that extrinsic and intrinsic fac-
ors contribute to individual differences in educational
chievement. Extrinsic factors include socioeconomic sta-

us  (Hackman et al., 2010; Kishiyama et al., 2009), size
nd  quality of support systems (Somers et al., 2008), and
eacher  effectiveness (Stronge et al., 2007). Intrinsic factors
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include sex (Buchmann et al., 2008; Kraft and Nickel, 1995),
motivation (Duckworth et al., 2011; Li-Grining et al., 2010),
and  intelligence (Deary et al., 2007; Sternberg et al., 2001).

We  have only recently begun to learn via neuroscience
research that even when academic ability is equated,
extrinsic or intrinsic factors modulate where cognitive
information is processed in the brain. For example, Noble
et  al. (2006) obtained functional magnetic resonance
imaging (fMRI) on children from diverse socioeconomic
backgrounds (SES) and with equivalent below average
phonological skill. They found the children in the lower SES

group  showed a positive correlation between phonologi-
cal awareness and activity in the left fusiform gyrus, but
children from the higher SES group did not show this cor-
relation. The area of difference is one that is particularly
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responsive to visually presented words relative to other
types  of visual or verbal stimuli. Thus, socioeconomic back-
ground  factors were found to modulate brain–behavior
relationships in reading skills. As another example, Burman
et  al. (2008) obtained fMRI on both sexes with high verbal
skills  during two linguistic tasks, using visual and audi-
tory  word presentations. After accounting for differences
in accuracy, bilateral activation in the inferior frontal and
superior  temporal gyri and activation in the left fusiform
gyrus was greater in girls than in boys. Activation in the
left  inferior frontal and fusiform areas of girls was  also
correlated with linguistic accuracy regardless of stimulus
modality, whereas correlation with performance accuracy
in  boys was found in distinct brain areas when words were
presented in the visual or auditory modality. Thus, sex was
also  found to modulate brain–behavior relationships in lan-
guage  and reading skills. Studies such as these may  inform
education insofar as effective education may  need to tai-
lor  teaching strategies, adjust testing methods, or provide
other  accommodations based on characteristics of the child
to  improve their level of achievement or performance.

We propose that another important source of intrinsic
variation, relevant to academic achievement, is the child’s
medical history. In this study, we focused on premature
birth as an example of a pertinent aspect of a child’s medi-
cal  history because the condition remains prevalent in the
U.S.  and has long-lasting effects on language and cognitive
outcomes. The specific aims of this fMRI study were to (1)
compare  patterns of neural activation related to auditory
language comprehension in preterm and full term born
adolescents, particularly when task demands increase, (2)
determine  if differences in the patterns of activation covary
with  individual differences in age, offline receptive lan-
guage  skill, or performance on the task, and (3) discuss the
implications for educational policy and accommodations
for school-age children born prematurely.

1.1. Prematurity and long term cognitive outcomes

Prematurity is a condition of utmost public health
importance. A normal gestation lasts 40 weeks; each year,
over  500,000 children in the U.S. are born before 37 weeks
gestation, qualifying as preterm. The health and func-
tional consequences for these children persist far beyond
the  newborn period. Approximately 20% of survivors born
before  32 weeks gestation have a major disability, including
sensory and motor impairments and severe developmen-
tal delays heralding intellectual disability (Marlow, 2004;
Vohr  et al., 2000). More importantly, fully 50% of all preterm
children have mild to moderate disabilities that are highly
pertinent to education.

These  mild to moderate disabilities include cognitive,
linguistic, and socio-emotional problems that persist into
adulthood (Hack, 2009; Lee et al., 2010; Saigal and Doyle,
2008;  Saigal and Rosenbaum, 2007). Mean IQ scores of chil-
dren  born preterm can be up to 20 points below those of
full  term controls matched for sex, SES, and race/ethnicity,

even though many survivors score within the normal range
(Aylward, 2002; Bhutta et al., 2002; Hack et al., 2002;
Marlow, 2004). Prematurity also contributes significantly
to the variance in scores on language and reading measures
Neuroscience 2S (2012) S114– S128 115

after  controlling for sex, SES, and IQ (Lee et al., 2010). Par-
ticularly relevant to the aims of this paper is the finding that
degree  of prematurity has shown to be a direct predictor of
linguistic  processing speed for syntactic comprehension,
verbal memory, and reading comprehension (Lee et al.,
2010).  Other outcomes of prematurity associated with poor
educational  achievement include weaknesses in executive
function skills and high rates of inattention and anxiety
symptoms (Aarnoudse-Moens et al., 2009; Aylward, 2002;
Loe  et al., 2011). Extremely preterm children use special
education services at a much higher rate than full term
children (Johnson et al., 2009), and while “late preterm”
children born between 32 and 36 weeks gestation tend to
use  less special education services than extremely preterm
children, even they experience more grade retention than
full  term peers. However, even preterm children whose
IQ  and related test scores are in the normal range and
are  in mainstream classrooms demonstrate lower aca-
demic  achievement relative to full term peers (Ross et al.,
1991).

Adverse  outcomes after prematurity have been
attributed to neural injuries associated with hypoxia,
ischemia, and inflammation. Neuroimaging studies find
reduced  brain volumes following preterm birth (Nosarti
et  al., 2002; Reiss et al., 2004), and these volume changes
are  associated with cognitive outcomes (Reiss et al., 2004).
Prematurity is also associated with a distinctive pattern
of  neural injury to periventricular cerebral white matter.
These injuries can be assessed in vivo using Diffusion
Tensor Imaging (Back et al., 2007; Soria-Pastor et al., 2008;
Vangberg et al., 2006; Volpe, 2009). Microstructural prop-
erties  of the white matter, such as fractional anisotropy, are
correlated  with many aspects of cognitive, language, and
academic skills (Andrews et al., 2010; Feldman et al., 2010;
Frye  et al., 2008; Mullen et al., 2010). In addition, preterm
birth begins an accumulation of early life experiences
that may  be distinctive from the early life experiences
of children born at term. This early experience may  also
affect  how children process information.

1.1.1. Functional imaging in children born preterm
Relatively few studies have used fMRI to understand

neural processing in children born preterm. Peterson
(2003) compared 8-year old preterm and full term par-
ticipants in a passive language listening task and found
that  the preterm group activated areas of the brain during
meaningful speech that the term children activated during
phonologically elemental sounds. The findings were most
pronounced among the children with the lowest verbal
IQ.  Ment et al. (2006) found similar results in 12-year-old
children born preterm and full term. Gozzo et al. (2009)
reported that functional connectivity in the language net-
work  was abnormal in children born preterm; they had
stronger connections between Wernicke’s area and the
right  inferior frontal gyrus, and between bilateral superior
marginal gyri than did the full term controls. The per-
formance of preterms on the language batteries in these

studies was below that of the controls, leaving open the
possibility that the results were due to language function
rather than prematurity. What is needed is a study where
patterns of brain activation are assessed in preterm and
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Table 1
Study participant demographics.

Subject Group Gender Age GA BW SES Spec Ed

20013 P F 14.4 28 1191 3 N
20016 P F 12.5 26 630 1 Y
20015 P M 14.4 28 936 3 N
20054 P M 11.6 34.5 2410 3 N
20032 P F 10.7 34 2200 3 N
20017 P M 11.9 28.5 1624 3 N
20008 P M 12 27 1027 2 Y
20028 P F 11.9 28.5 1192 1 N
20029 P M 12.4 29 1139 3 N
20014 P M 14.4 28 1028 3 N
20037 P M 11.1 31 1020 2 Y
20041 P F 10.1 27 879 3 N
20001 P F 14.3 27 775 3 N
20042 P F 10.1 27 879 3 N
20052 P M 9.7 27 1134 3 N
20033a P M 12 28 1361 3 N
20051a P F 10 27 1021 3 N
20007a P F 13 34 1327 3 Y

20038 F F 13 40 3000 1 N
20021 F F 14 40 3487 3 N
20020 F M 12 40 3884 3 N
20044 F M 11 40 2580 1 N
20022 F F 14 40 3317 3 N
20045 F M 16 40 2551 1 N
20027 F M 14 40 3515 3 N
20012 F M 14 37 2920 2 N
20048 F M 14 40 3771 3 N
20034 F F 13 40 3147 3 N
20026 F M 14 39 3345 3 N
20023 F F 13 40 3714 3 N
20025 F F 12 39 3685 3 N
20018 F F 14 40 2807 3 N

Age: age at time of testing; GA: gestational age (weeks); BW:  birth weight
(g); SES: socioeconomic status, measured by level of maternal education
16 L.H.F. Barde et al. / Developmental C

ull term children with comparable levels of performance
n the relevant tasks.

.2.  Aims and hypotheses

Language  comprehension is pivotal to social and aca-
emic functioning. This fMRI study describes the neural
ctivation patterns of auditory sentence comprehension
n preterm and full term adolescents. We  have previously
eported on patterns of activation on the same task in a
roup  of full term peers in relation to individual differ-
nces in offline measures of language function (Yeatman
t  al., 2010). We  selected preterm adolescents on the basis
f  verbal IQ, receptive vocabulary, and general receptive
anguage test scores within the normal range and relatively

ell  matched to the full term group. These criteria served
o  improve upon prior fMRI studies of language outcomes
ollowing preterm birth by controlling for offline language
nd  cognitive ability; any differences in neural activation
atterns found between groups could then plausibly be
ttributed to preterm birth. Moreover, approximately half
f  all children born preterm have mild to moderate impair-
ents  in language and/or other abilities that do not meet

riteria  for special education but nevertheless preclude lev-
ls  of academic achievement equal to that of their full
erm  peers. Demonstrating that preterm birth significantly
ffects where the brain supports language comprehension,
ven when standardized test scores reflect performance in
he  normal range, may  inform and impact further research
n  educational interventions or accommodations for this
revalent group of school-aged children.

The auditory sentence verification task used here
anipulated sentence length and syntactic difficulty in a

 × 2 factorial design, permitting analyses of the neural
esponse to increasing demands. We  extended the analyses
y  (a) including the preterm group, and (b) by consider-

ng not only the initial auditory (i.e., listening) phase of
he  task, but also the subsequent phase of the task when
articipants verified and responded to each sentence. In
rior  work (Yeatman et al., 2010), we found that in full term
dolescents, increased syntactic difficulty in sentences led
o  increased activation in the left temporal–parietal junc-
ion  and right superior temporal gyrus. Activation in frontal
reas  was positively correlated with individual differences
n  standard scores on a receptive vocabulary test.

We  hypothesized that prematurity is an intrinsic fac-
or  that differentially modulates the relationship between

 child’s neural activations and their performance on lin-
uistic  tasks such as sentence comprehension. If correct,
hen  the preterm participants, selected for normal-range
ognitive and receptive language skill, should produce dif-
erent  patterns of activation than full term participants.
f not a main effect of group, we at least expected group
y  condition interactions because we reasoned that the
eural  responses might diverge during challenging tasks,
imilar  to the previous findings with full term adolescents
hat activations differed as a function of individual dif-

erences in language abilities. Moreover, in both phases,
e  expected these interactions particularly when syntac-

ic  difficulty increased, as prematurity has been shown to
mpair  syntactic processing (Lee et al., 2010).
(rank order scores 1–3, where 3 represents highest SES level).
a Participant in-scanner performance <70% correct (not included in

analyses).

2. Method

2.1. Participants

2.1.1. Preterm participants
Eighteen  children between the ages of 9.7 and 14.4 years

of  age (M = 12, SD = 1.5) with a history of preterm birth par-
ticipated in this experiment (see Table 1). Nine were male,
one  was African-American, four were Asian-American, and
one  was Hispanic. Prematurity was defined as gestational
age below 36 weeks to assure separation from the full term
group  (group M = 28.8, SD = 2.6). As a group, their mean
birth weight was  1210 grams (SD = 460). Three children
had mild neurological damage as reported on their med-
ical  records; however, no children had a history of seizures
or  profound neurocognitive impairment. Though the group
had  normal intelligence and receptive language scores, four
children  were receiving special education services at the
time  of test. All parents reported the home language envi-
ronment was dominant for English.
2.1.2. Full term comparison participants
Fourteen healthy children between 10 and 16 years

of  age (mean age = 12.5, standard deviation 1.9), some
of  whom took part in a larger study of language
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Table 2
Examples of stimuli used in the auditory sentence verification task during
functional magnetic resonance imaging (fMRI).

Sentence
condition

Syntactic constructions Examples

Short/easy •  Reversible in and on The cup is in the box.
• Three elements The dog stands on the

table.
•  Reversible SVO The man is chasing the

dog.

Short/hard • Reversible passive The sheep is pushed by
the  boy.

•  Pronoun
gender/number

The lady is pointing at
them.

•  Singular/plural
inflection

The cows are under the
tree.

Long/easy •  Four elements The horse sees the cup
and  the book.

•  Relative clause in
subject

The  man that is eating
looks  at the cat.

• Not only × but Y The man is not only
running  but also
pointing.

Long/hard •  Pronoun binding The man sees that the
boy  is pointing at him.

• Relative clause in object The girl chases the dog
that  is jumping.
L.H.F. Barde et al. / Developmental Co

processing in adolescence served as comparison partici-
pants in this study (see Table 1). This group of full term born
individuals consisted of six boys, one African-American,
three Asian-American, and three Hispanic participants.
Mean gestational age (39.6 weeks) and mean birth weight
(3266  g) were consistent with full term birth. All parents
reported the home language environment was dominant
for  English. None of the full term comparison participants
had a history of neurological, developmental, medical,
or  psychological disorder, none reported impairments in
vision  or hearing, and none reported use of special educa-
tion  accommodations.

Preterm participants were enrolled in the Palo Alto, CA
site  of a larger multi-site study of prematurity outcomes
(Lee et al., 2010; Loe et al., 2011). Full term compari-
son participants were recruited from the local public and
private  schools (Yeatman et al., 2010). Maternal educa-
tion  level, as a proxy for socioeconomic status (SES), was
coded  on an ordinal scale where 1 = less than high school,
2  = completed high school but only some college educa-
tion, and 3 = completed at minimum a college education.
Given our location in Palo Alto, CA, both groups were
weighted toward high SES (preterm group M = 2.6, full term
group  M = 2.5; Mann–Whitney U test revealed no differ-
ences, Z = −0.15, p > 0.05). The Institutional Review Board
at  Stanford University approved this protocol. Parents gave
informed  consent and study participants gave assent to
participate, and families were paid for their participation.

2.2. Behavioral measures of language and cognitive
ability

We assessed participants’ language and cognitive abili-
ties  across two sessions, lasting approximately 60–90 min
each.  The Wechsler Abbreviated Scales of Intelligence
(WASI; The Psychological Corporation, 1999), a widely used
standardized test of intellectual ability yielded both ver-
bal  and nonverbal cognitive ability indices as well as a full
scale  IQ composite score. The Peabody Picture Vocabulary
Test, Third edition (PPVT-III; Dunn and Dunn, 1997), a stan-
dardized  test of receptive vocabulary, asked participants
to identify which of four line drawings best represents the
stimulus  word presented orally by the examiner. The Com-
prehensive Evaluation of Language Fundamentals, Fourth
edition  (CELF-IV; Semel et al., 2002) is a norm-referenced
test of expressive and receptive language skills. We  used
the  CELF-IV receptive language index to measure the par-
ticipants’ listening and comprehension skills.

2.3. fMRI task – auditory sentence verification

Participants also completed a functional neuroimaging
scan protocol that lasted approximately 60 min  wherein
the  experimental task was auditory sentence verifica-
tion. The task is discussed in detail elsewhere (Yeatman
et al., 2010), but consisted of auditory presentation
of sentences (“Auditory” phase) followed by a picture

and button-box response from the participant (“Verifica-
tion/Response” phase). In the Verification/Response Phase,
participants pressed a button to verify YES/NO whether a
picture  accurately depicted the sentence or not. Sentences
•  Center-embedded
sentence

The scarf the book is on is
blue.

and pictures were derived from the Test for Recep-
tion of Grammar, Second edition (TROG-2; Bishop, 2003).
Sentences were divided into four conditions, each con-
sisting of three different length/syntactic constructions:
short/easier, short/difficult, long/easier long/difficult (see
Table  2).

Auditory and visual stimuli were presented using E-
Prime  (Psychology Software Tools, PA) in an event-related
design. Each trial lasted 8.75 s (3.5 s for the Auditory phase
and  5.25 s for the Verification/Response phase). Longer
sentences were presented with shorter pauses between
words to fit within the 3.5 s duration, which still reflected a
natural  rate of conversation. Trials were preceded and fol-
lowed  by a fixation cross that lasted a variable amount of
time,  which permitted reliable estimates of baseline BOLD
signals  which were then subtracted away in the general
analysis of task related activity. The main contrasts of inter-
est  were Long minus Short sentences, and syntactically
Difficult minus Easy sentences. In this way, comparisons
were largely invariant to the sensory components, as those
existed  in all four conditions.

A  total of 96 presentations were divided into 4 runs
of 24 stimuli, each run lasting 4 min  and 40 s. Ten 4-
run task lists were generated with the sentences in
random order and separated by randomized time inter-
vals  of fixation jittered in 1.75 s (from 0 to 5.25 s). The
order of event types was  counterbalanced using “optseq2”
(http://surfer.nmr.mgh.harvard.edu/optseq/), to minimize
bias  that might result from carry over effects between suc-

cessive  events (Dale, 1999). Each subject was randomly
assigned a stimulus list.

Within  the scanner, the auditory stimulus was pre-
sented through an Avotec pneumatic audio presentation

http://surfer.nmr.mgh.harvard.edu/optseq/
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Table  3
All  participants’ test scores (assessed offline) and performance on the auditory sentence verification task (in the scanner).

Measure Preterm Full-term t-Test

Mean SD Mean SD p

Standardized test score
WASI  Full IQ 109.8 18 121.8 12.8 0.34
PPVT-III 116.3 18.5 116.2 9.3 0.45
CELF-IV receptive language 109.1 17 114.6 10.2 0.52

In-scanner sentence comprehension
Mean  # correct (maximum 24)

Short/easy 22.5 1.2 22.2 1.5 0.21
Short/hard 20.9 2.2 20.5 1.4 0.31
Long/easy 21.5 2.1 20.9 2.8 0.30
Long/hard 19.7 2.9 19.0 2.0 0.30

Mean RT (ms)
Short/easy 1738 401 1851 377 0.21
Short/hard 1923 428 2003 408 0.10
Long/easy 1931 410 2169 422 0.01
Long/hard 2521 418 2670 500 0.05

Note: Independent-samples t-test p-values for in-scanner performance are included at the request of a reviewer, but should be adjusted for multiple
c res.
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omparisons. In the text, we report results from ANOVAs for these measu
ASI: Wechsler Abbreviated Scale of Intelligence; PPVT-III: Peabody P

undamentals, Fourth edition.

ystem. Pneumatic tubes were sealed directly onto the
arplugs, successfully reducing scanner noise while allow-
ng  the subject to clearly hear the sentences. The pictures

ere projected onto a screen in back of the subject from
n  MR  compatible projector and viewed by a mirror. But-
on  press responses were recorded for later analysis. The
ntire  task was preceded and followed by 10.5 s of fixation
o  allow the signal to reach equilibrium and to obtain an
ccurate fixation baseline.

.4.  fMRI data acquisition

We  obtained the functional data from a 3T, GE Signa
50 scanner (GE Healthcare Systems). For each participant,
he  session began with a T1 weighted, 3-plane localizer
mage that was used for subsequent prescriptions. We
hen  acquired a T1 weighted inplane anatomy with 26,

 mm thick slices (GRE, TR = 34 ms,  TE = 2 ms,  flip angle
0◦, FOV = 22 cm,  Matrix 256 × 192), aligned to the plane
f  the anterior and posterior commissures. Prior to col-
ecting functional data, we ran a high order shim (Kim
t  al., 2002) to correct for inhomogeneities in the mag-
etic field. T2*-weighted functional images were then
ollected using a spiral in/out pulse sequence (Glover
nd Law, 2001) (TR = 1.75 s; TE = 30 ms;  flip angle = 70◦;
OV  = 22 cm;  Matrix = 64 × 64; slice thickness = 4 mm)  and
he  same prescription as the inplane anatomy. In total,
60  volumes were collected in each sequence, and the
equence was repeated four times. We  discarded the first
ix  volumes (10.5 s). After the functional scans, we  col-
ected  high resolution T1 weighted IR-prep 3D FSPGR scans
FOV  = 24 cm × 16.8 cm,  Matrix = 256 × 192 × 130, 1.2 mm
lices, TI = 300 ms,  flip angle = 15◦, 1 NEX).
.4.1. fMRI data pre-processing
Data  were preprocessed and analyzed using SPM8

http://www.fil.ion.ucl.ac.uk/spm).  For all participants,
mages were corrected for slice acquisition timing then
ocabulary Test, Third edition; CELF-IV: Clinical Evaluation of Language

realigned to the mean functional image to correct for
within-scan and between-scan motion. The inplane image
was  coregistered to the mean functional image to correct
for  any movement between collection of anatomical and
functional data. The high resolution T1 weighted image was
coregistered to the inplane and segmented into gray mat-
ter,  white matter, and cerebral spinal fluid. These images
were smoothed and used to generate a brain mask. The gray
matter  segmentation was  used to estimate the non-linear
transformation to the MNI  template. This transformation
was  applied to the functional images and they were resam-
pled  to 3 mm × 3 mm × 3 mm voxels. The images then were
smoothed with an 8 mm  Gaussian kernel to reduce spatial
noise.  We  used the same approach for the preterm and full
term  group, recognizing that other studies have also used
similar  transformations across groups (Ment et al., 2006).
While  this method has a precedent, it has not yet been fully
validated.

3.  Results

3.1. Behavioral measures

Behavioral  data were analyzed in MATLAB (The Math-
works, MA)  and SPSS (SPSS Inc., IL). For each subject, we
computed the number of correct responses in total and
for  each sentence type. We  also computed mean reac-
tion  time to respond on correct trials only. Three preterm
participants were excluded from all analyses based on per-
formance  <70% correct in the scanner.

Table 3 includes the mean standardized scores on the
WASI, PPVT-III and CELF-IV for preterm and full term par-
ticipants. As a group, the preterm children were slightly
above average on these measures. Though the preterm
group had a lower mean IQ than the full term group, the

difference did not reach statistical significance. The other
scores  were very similar and also did not differ signifi-
cantly from the full term group. To examine correlations
among these measures within the preterm group, we used

http://www.fil.ion.ucl.ac.uk/spm
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Spearman correlations because of small sample size. Exam-
ining  correlations among receptive language tests, we
found  that scores on the PPVT-III strongly correlated
with CELF-IV scores (r = 0.77, p < 0.000), and both mea-
sures strongly correlated with WASI Full IQ (PPVT: r = 0.66,
p  < 0.000; CELF-IV: r = 0.80, p < 0.000).

Table 3 also includes the number of correct responses
and mean reaction times for each sentence type in the
fMRI  task. A repeated measures ANOVA for the preterm
group only revealed that accuracy did not vary as a
function of sentence length (F(1, 14) = 2.87, p = 0.11).
However, within the group, as expected, the preterms’
reaction times were significantly longer (F(1, 14) = 181.94,
p  < 0.001) for long sentences than for short sentences.
For syntactically difficult sentences, accuracy was lower
(F(1,  14) = 15.63, p = 0.001) and reaction time longer (F(1,
14)  = 70.69, p < 0.001). Reaction time showed a significant
interaction between length and difficulty (F(1, 14) = 38.73,
p  < 0.001) but accuracy did not (F(1, 14) = 0.06, p = 0.82).
Using Spearman correlations, reaction times among all
trial  types were highly correlated (r > 0.8, p < 0.001). Age
was  significantly and positively correlated with task accu-
racy  on the shortest, easiest sentences (r = 0.69, p = 0.004)
and  the longest, hardest sentences (r = 0.63, p = 0.009). Age
was  also significantly and negatively correlated with reac-
tion  time on all sentence types (r = −0.578 to −0.646,
p = 0.024–0.009). Neither standardized measure of recep-
tive  language skills showed a significant correlation with
task  accuracy (r = 0.304–0.451, p = 0.091–0.270) or reaction
time (r = −0.113 to −0.332, p = 0.226–0.689). For details
regarding the full term group’s performance on this task,
we  refer the reader to Yeatman et al. (2010).

Repeated-measures ANOVA for the within (sentence
length, syntactic difficulty) and between (group) subjects
factors revealed that preterms’ performance was extremely
similar to that of the full term controls on the task. Inter-
action terms for accuracy were not significant, indicating
preterms were just as accurate as full terms on longer and
shorter  sentences (F(1, 26) = 0.10, p = 0.76) and syntactically
difficult and easier sentences (F(1, 26) = 0.002, p = 0.96).
Reaction was not different between the groups as a func-
tion  of syntactic difficulty (F(1, 26) = 0.05, p = 0.82), but the
length  × group interaction was significant (F(1, 26) = 6.68,
p  = 0.02); surprisingly the preterm group was faster on long
sentences.

3.2.  Functional neuroimaging measures

Statistical analysis was  performed for each subject by
calculating a general linear model for voxels within the
cortical areas of the brain mask. The designs for the four
sentence types were each convolved with a canonical
hemodynamic response function (HRF) and their tempo-
ral  and dispersion derivatives were estimated. Regressors
were included for the six motion parameters, for each
run  and for the overall mean. A high pass filter with a
128  s cutoff was used to remove low frequency drift and

an  AR(1) correction was used for serial autocorrelation.
For each participant, first-level analyses were performed
in  which two contrasts of interest (long-short sentences,
syntactically difficult-easy sentences) were estimated at
Neuroscience 2S (2012) S114– S128 119

two  time points in the trial, similar to other time-course
investigations of sentence processing (Carpenter et al.,
1999).  We  assessed (a) the first 3.5 s corresponding to lis-
tening  to a sentence (i.e., the Auditory phase), and (b)
the  next 3.5 s of the trial that corresponded to viewing
the picture and making a button press decision (i.e., the
Verification/Response phase). While the portion of the
trial  in which participants were allowed to verify the
picture-to-sentence match and make the appropriate but-
ton  press technically lasted 5.25 s, all response times were
under  3.5 s. Therefore, we modeled activation for these two
phases  similarly.

Group  level statistics were then calculated using a ran-
dom  effects model with the contrast images from each
subject. Gestational age was not covaried in the models
for  three reasons. First, the distribution of gestational age
was  bimodal. Second, there was  limited variation in the
preterm group (n = 15) as 10 participants had gestational
ages of 27 or 28 weeks. Third, we expected no variation
as a function of gestational age in the full term group.
Also, due to data loss, analyses of the Auditory phase
and Verification/Response phase had different sample sizes
(Auditory  phase: preterm n = 15, full term n = 14; Verifi-
cation/Response phase: preterm n = 14, full term n = 12).
We  set the statistical threshold for omnibus ANOVA at
p  < 0.05 (corrected for multiple comparisons using Fami-
lywise  Error or FWE). To reduce the risk of accumulating
alpha errors, we analyzed clusters with a minimal clus-
ter  size of 10 voxels. For post hoc analyses, we  used a less
stringent statistical criterion of p < 0.01.

3.3. fMRI analyses

Below  we present the results of two  omnibus ANOVAs,
separated by phase of the experimental task, i.e., the Audi-
tory  and Verification/Response phases. We  describe the
patterns  of activation corresponding to main effects and
interactions, followed by appropriate post hoc tests to
describe any differences between groups. We  then describe
activation that was  responsive to individual variation in
general  receptive language ability, again for both groups.
For  all analyses, figures illustrate activation for relevant
contrasts on selected T1 image slices, and accompanying
graphs describe the difference in activation for a given con-
trast  (e.g., longer minus shorter sentences) by group per
cluster.  Tables list the areas of activation, peak Z scores,
number of active voxels per cluster, and MNI  coordinates
for the peak activations.

3.3.1.  Auditory phase ANOVA results
There was  no main effect of group in the Auditory phase

of  the trial. There was a main effect of condition and two
significant two-way interactions: difficulty × length and
group  × length. Activation in the right superior temporal
gyrus (MNI coordinates 63, −21, 6) corresponded to the
interaction of difficulty and length (Z = 5.43, p < 0.05 FWE).
Table  4 describes the activation corresponding to the sig-

nificant  interactions and post hoc tests in this phase.

Fig. 1 depicts multiple results related to the
group × length interaction in the Auditory Phase. Panel
A  shows areas of significant group × length interaction
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Table  4
Details regarding statistically significant activation in cortical areas during the Auditory phase of the sentence verification task that correspond to the
following  statistical tests: (a) interaction of difficulty × length, (b) post hoc analysis of difficulty greater than length, (c) post hoc analysis of length greater
than  difficulty, (d) interaction of group × length, and (e) post hoc analysis, full terms greater than preterms. Cluster size > 10 contiguous voxels. Statistical
significance for interactions set at p < 0.05 FWE  correction for multiple comparisons; significance level for post hoc analyses set at p < 0.01 uncorrected.

Effect and cortical area Peak Z-score Number of active voxels MNI coordinates (x, y, z)

a. Interaction, difficulty × length
Right superior temporal gyrus 5.43  68 63 −21 6

b.  Post hoc, difficulty greater than length
Left and right occipital lobes 4.51 458 −12 −87 −3
Left  middle frontal gyrus 3.63 474 −33 45 10
Left  precuneus 3.50 334 0 −60 27
Left  middle temporal gyrus 2.68  24 −45 −66 15

c.  Post hoc, length greater than difficulty
Right superior temporal gyrus 5.53 622 63 −21 6
Left  superior temporal gyrus 4.97  502 −54 −15 6

d.  Interaction, group × length
Right superior temporal gyrus 7.49 413 63 −21 6
Left  superior temporal gyrus 6.91 266 −57 −18 6
Left  occipital lobe 5.21 29 −18 −96 −6

e.  Post hoc, full terms greater than preterms
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in  activation between Long and Short sentences was
greater for full terms relative to preterms: small areas
within left occipital lobe, right occipital lobe, and left
medial frontal gyrus. In this analysis, there were no areas

in  which the difference on this contrast was greater for
preterms relative to full terms. The three-way interaction
of  group × length × difficulty was nonsignificant.
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action (
reater fo
Fig. 2. Post hoc test results on the Auditory phase group × length inter
difference  in percent activation between Long and Short sentences was  g

3.3.2. Verification/Response phase ANOVA results
There was no main effect of group in the Verifica-

tion/Response phase of the trial. There was a main effect
of  condition and several significant two-way interactions:
difficulty × length, group × length, and group × difficulty.
Activation in the right superior temporal gyrus, right and
left  occipital lobes, precuneus, left inferior frontal gyrus,
right  parahippocampal gyrus, and cerebellum areas cor-
responded to the interaction of difficulty × length (see
Table 5).
Fig.  3 depicts multiple results related to the
group × length interaction in the Verification/Response
Phase. Panel A shows areas of significant group × length
interaction (p < 0.05 FWE) on relevant axial slices of a group

Fig. 3. Significant Verification/Response phase activation related to the group ×
group  T1 image (Panel A). The difference in percent activation (Long–Short) ass
term  (blue) groups is shown (Panel B) at each significant cluster from the interac
p < 0.01 uncorrected) for the whole brain, revealing areas in which the
r full terms relative to preterms.

T1  image. Panel B illustrates the differences in percent
activation associated with increased sentence length for
the  preterm (green) and full term (blue) groups at each
significant cluster shown in Panel A. Fig. 5, Panel A depicts
post  hoc test results on the group × length interaction
(p < 0.01 uncorrected) for the whole brain, revealing areas
in  which the difference in activation between Long and
Short  sentences was  greater for preterms relative to full
terms:  right inferior parietal lobe, left middle frontal gyrus,
left  and right insula, and left middle temporal gyrus. In this

analysis,  there were no areas in which the difference on
this  contrast was greater in full terms relative to preterms.
The three-way interaction of group × length × difficulty
was nonsignificant.

 length interaction (p < 0.05 FWE) is shown on relevant axial slices of a
ociated with increased sentence length for the preterm (green) and full
tion. Minimum cluster size >10 voxels.
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Table  5
Details regarding statistically significant activation in cortical areas during the Verification/Response phase of the sentence verification task that correspond
to  the following statistical analyses: (a) interaction of difficulty × length, (b) post hoc analysis, difficulty greater than length, (c) post hoc analysis, length
greater  than difficulty, (d) interaction of group × length, (e) post hoc analysis, preterms greater than full terms, (f) Interaction of group × difficulty, and (g)
post  hoc analysis, preterms greater than full terms. Cluster size >10 contiguous voxels. Statistical significance for interactions set at p < 0.05 FWE  correction
for  multiple comparisons; significance level for post hoc analyses set at p < 0.01 uncorrected.

Phase and cortical area Peak Z-score Number  of active voxels MNI coordinates (x, y, z)

a. Interaction, difficulty × length
Right superior temporal gyrus 7.21 274 66 −22 4
Right occipital lobe 6.31 181 45 −73 4
Right precuneus 5.79 91 3 −58 31
Left  inferior frontal gyrus 5.71 236 −51 −28 4
Left occipital lobe 5.55 92 −21 −100 10

b.  Post hoc, difficulty greater than length
Left and right occipital lobe 6.51 1707 45 −73 4
Right precuneus 5.85 476 3 −58 31
Left  medial frontal gyrus 4.20 407 0 56  31

c.  Post hoc, length greater than difficulty
Right superior temporal gyrus 7.21 2051 66 −22 4
Left superior temporal gyrus 5.75 2184 −51 −28 4
Right cerebellum 5.60 377 27 −43  −14
Left cerebellum 5.33 417 −24 −52 −14
Left precentral gyrus 3.53 124 −45 2 28
Right middle frontal gyrus 3.22 42 45 38 13
Left  superior temporal gyrus 2.98 36 −63 −58 25
Right medial frontal gyrus 2.93 62 12 −13 7
Left precentral gyrus 2.79 36 15 11 52
Left  medial frontal gyrus 2.68 36 −18  14 52

d.  Interaction, group × length
Right  superior temporal gyrus 7.28 432 66 −22 4
Left middle temporal gyrus 7.28 695 −54 −40 4
Left middle frontal gyrus 6.27 83 −39 5 55
Precuneus 5.29 44 −27 −64 40
Left  inferior frontal gyrus 4.98 48 −54 23 16
Left  occipital lobe 4.95 24 −21 −100 1
Left postcentral gyrus 4.90 34 −30 −28 55

e.  Post hoc, preterms greater than full terms
Right inferior parietal lobe 3.19 31 60 −37 28
Left  middle frontal gyrus 3.10 126 −36 5 55
Left  insula 3.07  20 −39  −1 4
Right insula 2.92 21 42 11 −14
Left middle temporal gyrus 2.91 35 −48 −55 −5

f.  Interaction, group × difficulty
Left middle temporal gyrus 6.39 277 −54 −67 16
Left  precuneus 5.97 100 0 −58 37
Right middle temporal gyrus 5.68 153 45 −58 16
Left  insula 5.32 55 −39 −7 16
Right cerebellum 5.31 63 27 −43 −14
Right cingulate 4.82 40 3 −31 37

g.  Post hoc, preterms greater than full terms
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Fig. 4 depicts multiple results related to the
roup × difficulty interaction in the Verification/Response
hase. Panel A shows areas of significant group × difficulty
nteraction (p < 0.05 FWE) on relevant slices of a group
1  image. Panel B illustrates the differences in percent
ctivation associated with increased syntactic difficulty
or  the preterm (green) and full term (blue) groups at each
ignificant cluster shown in Panel A. Fig. 5, Pane B depicts

ost  hoc test results on the group × difficulty interaction
p < 0.01 uncorrected) for the whole brain, revealing areas
n  which the difference in activation between syntactically
ifficult and Easy sentences was greater for preterms
−39 11 43
−42 −67 52

45 32 22

relative to full terms: the left and right middle frontal
gyrus, left inferior frontal gyrus, and left parietal lobe.
Again, there were no areas in which the difference on this
contrast  was greater for full terms relative to preterms.

3.3.3. Effects of individual differences in receptive
language ability

We  recognized that the patterns of neural activation

on this task described above may  be related to other fac-
tors  inherent in these two groups of adolescents, such as
age,  receptive language ability, and differences in response
time.  To explore this possibility, we repeated the above post
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Fig. 4. Significant Verification/Response phase activation related to the group × difficulty interaction (p < 0.05 FWE) is shown on relevant axial slices of a
group  T1 image (Panel A). The difference in percent activation (Difficult–Easy) associated with increased syntactic difficulty for the preterm (green) and
full  term (blue) groups is shown (Panel B) at each significant cluster from the interaction. Minimum cluster size >10 voxels.

Fig. 5. We present post hoc test results from significant interactions in the Verification/Response phase: (Panel A) Group × length interaction (p < 0.01
uncorrected)  for the whole brain, revealing areas in which the difference in activation between Long and Short sentences was greater for preterms relative
to  full terms. (Panel B) Group × difficulty interaction (p < 0.01 uncorrected) for the whole brain, revealing areas in which the difference in activation between
Difficult  and Easy sentences was greater for preterms relative to full terms.
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oc analyses covarying for these factors. We  constructed
andom effects models for each post hoc test including the
ollowing covariates separately: age, CELF-IV receptive lan-
uage  index standard score, and global response time. We
ound  that even with these covariates, the areas of acti-
ation and direction of effects in the group × condition
nteractions (i.e., group × length, group × difficulty) did not
hange.  (These results are summarized in Supplementary
able 1.)

.  Discussion

Findings from this neuroimaging study are consistent
ith our hypothesis that prematurity is a modulator of the
eural  response to increased task demands (here, increased
entence length or syntactic difficulty) during auditory sen-
ence  comprehension. Adolescent participants completed
n  auditory sentence verification task in the fMRI scanner,

 task that entailed listening to a sentence, viewing a pic-
ure,  and pressing a button to indicated whether or not the
icture  accurately depicted the meaning of the sentence.
wo factors, sentence length and syntactic difficulty, were
anipulated in a factorial design and we analyzed two

hases within each trial. The Auditory phase reflected par-
icipants’  ability to passively listen to and comprehend the
entences,  while the Verification/Response phase necessi-
ated  higher-order cognition, i.e., comparing the meaning
f  the sentence to a visual image and making a decision
s to its validity. Accuracy and response time during the
ask  were reasonably similar between groups. Critically,
NOVA tests of the areas of neural activation demonstrated
o main effects of group, but rather several interesting
roup by condition interactions. Children born preterm
howed important differences in response to increased task
emands  compared to children born at term, even when
erformance on the task was comparable.

A particular strength of the design was that both
reterm and full term adolescents had scores on standard-

zed assessments of IQ, receptive vocabulary, and receptive
anguage skill that were within normal limits, and scores
n  these measures were also reasonably well matched
etween groups prior to scanning. In this way, differences
etween groups can reliably be attributed to prematurity
nd not to differential performance.

.1.  Interactions in the Auditory phase

During the Auditory phase of the task, the signifi-
ant group × length interaction activated left and right
uperior temporal gyrus and the occipital lobe. Longer
entences also activated similar regions in our previous
tudy (Yeatman et al., 2010); likely reflecting increased
uditory, linguistic, and semantic processing. Examination
f  image data extracted from the three significant clus-
ers  in the interaction (see Fig. 1, Panel B) indicates that
reterms showed numerically larger differences between

onger and shorter sentences relative to full terms; the

reater activation perhaps suggesting greater cognitive
utput to meet task demands. Post hoc tests revealed that
he  length manipulation elicited a significantly greater
ctivation in full terms relative to preterms in left and
Neuroscience 2S (2012) S114– S128

right  occipital lobes, and left medial frontal gyrus. Medial
frontal gyrus activation has previously been observed in
neuroimaging studies of sentence comprehension, particu-
larly  when sentences included subject- and object-relative
clauses (Caplan et al., 1999, 2000) as did our sentences.
Caplan et al. tentatively attributed activation in medial
frontal gyri to roles in attentional and control processes
(Posner et al., 1987, 1988). Thus, the post hoc findings for
the  full term group suggest that they appropriately recruit
areas  of the brain in the initial phase of the task that sup-
port  other cognitive mechanisms (i.e., attention, cognitive
control) to handle increased task demands.

4.2. Interactions in the Verification/Response phase

Turning to the Verification/Response phase of the trial,
the  significant interactions showed wider activation pat-
terns  than earlier in the trial, reflecting the change in
cognitive demands from passive listening to active veri-
fication and formulation of a response. We  again found a
group  × length interaction in this later phase, and most of
this  activation was left-lateralized. Beyond the right and
left  superior and middle temporal gyri and left occipital
lobe activation related to increased sentence length that we
found  in the Auditory phase, we also observed activation
in  left middle frontal gyrus, left inferior frontal gyrus, the
left  precuneus, and the postcentral gyrus in the left hemi-
sphere. Moreover, examination of the image data for each
of  these significant clusters in the interaction, as well as post
hoc  tests, point to large differences between preterm and
full  term groups in the left frontal regions and the left pre-
cuneus. Activation in these clusters is consistent with other
fMRI  studies of sentence comprehension/verification tasks
that  reported activation in Broca’s area and left prefrontal
cortex more generally (Bunge et al., 2000; Hashimoto and
Sakai,  2002; Rogalsky and Hickok, 2011), as well as the left
temporal lobe (Friederici, 2002). It appears that preterms
require greater recruitment of prefrontal cortex relative
to  their full term peers when verifying and responding to
longer  sentences. The precuneus has been implicated in
tasks  requiring visuospatial imagery and episodic retrieval
(Cavanna and Trimble, 2006; Krause et al., 1999; Lundstrom
et  al., 2005), perhaps suggesting that preterms rely more
on  a visual imagery strategy than full term children when
listening to longer sentences.

Importantly, we  found a significant group × difficulty
interaction in the second phase of the trial in left and
right middle temporal gyrus, left precuneus, left insula,
right cerebellum, and right cingulate gyrus. Interest-
ingly, there was overlap between areas related to the
interaction of group × length and group × difficulty; the
common activation in bilateral superior temporal gyri
and  left precuneus areas suggests a shared system for
accommodating increased task demands in sentence com-
prehension, though the two  groups differentially recruited
these  areas of the brain. Last and most relevant to the aims
of  the study, post hoc tests revealed that the difference in

activation related to Difficult versus Easy sentences was
greater  for preterms relative to full terms in the left and
right  middle frontal gyri (a part of the dorsolateral pre-
frontal cortex). This finding suggests that in comparison to
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full term peers, preterm adolescents recruited areas of the
brain  associated with cognitive control (MacDonald et al.,
2000)  when processing difficult material. We  know that
cognitive control is a domain that is weak in preterms as a
group  (Loe et al., 2011). We  carefully note that though spec-
ulative  at this point, it is plausible that preterm children
have to engage cognitive control mechanisms more than
full  term children in order to attain comparable perfor-
mance in the scanner. Thus, underlying apparently normal
performance may  be different neural mechanisms, point-
ing  to the continued need for more neuroimaging research
to  understand the functional differences in preterms on
linguistic  and cognitive tasks.

Taken together, these findings are notable for an
absence of main effects of group collapsing across both
task  conditions (increased sentence length or syntactic dif-
ficulty).  Instead, we found group × condition interactions:
in both phases of the trial we found a group × length inter-
action, and in the second phase of the trial we found a
group  × difficulty interaction. Moreover, post hoc tests of
both  interactions in the second phase of the trial, where
participants verified the relationship between sentence
and  picture and made a YES/NO response, revealed that
the  preterm group had greater activation in response
to the experimental contrasts relative to the full terms,
but  not vice versa. The single most important take-home
message from these findings is that group status (i.e.,
presence/absence of preterm birth) modulated the func-
tional  neuroanatomy related to increased task demands
during auditory sentence comprehension. We  verified that
through  ANCOVA analyses that the group differences could
not  be attributed to any subtle between-group differences
in  age, receptive language skill, or reaction time in the scan-
ner.

4.3.  Educational implications

There  has been an intense debate regarding the
integration of cognitive neuroscience and education
(Blakemore and Frith, 2005; Gabrieli, 2009; Goswami,
2006; Howard-Jones, 2010; Varma et al., 2008). Translating
brain–behavior findings directly into meaningful changes
in  curricula or into best practices within the educational
system is an endeavor that some believe at best should be
attempted cautiously (Bruer, 1997; Goswami, 2009; Stern,
2005).  We  agree that neuroscience at this point in time
cannot readily inform the development of educational cur-
ricular  or teaching methods. For such purposes, behavioral
and  educational research provides a more direct approach
for  assessment of whether a particular curriculum or teach-
ing  method is effective.

Yet  cognitive neuroscience has provided numerous
findings from atypical populations that afforded points
of  reference between the disciplines and in turn shaped
educational approaches, including reading/dyslexia
(Frey and Fisher, 2010; Gabrieli, 2009; Hoeft et al.,
2007; Kevan and Pammer, 2009), mathematical learn-

ing/dyscalculia (Butterworth et al., 2011), emotion
regulation/behavioral disorders (Blair, 2002; MacLeod,
2010; Ochsner et al., 2002), and attention/ADHD (Loe
et  al., 2011; Vaidya et al., 2005). The contribution of
Neuroscience 2S (2012) S114– S128 125

cognitive neuroscience has focused on identifying both
core  deficits and underlying phenotypes of a particular
disorder or deficit; these findings in turn have guided
the creation of targeted interventions and development
of evidence-based practices in education (Fletcher et al.,
2005;  Räsänen et al., 2009; Shaywitz et al., 2004; Wilson
et  al., 2006).

We  believe that studies, such as this one, are simi-
larly relevant to education because they provide important
insights about the students, though not students with obvi-
ous  impairments in an academic domain. Rather, this study
informs  us about intrinsic, background factors pertinent to
education  and optimal academic achievement. In a similar
way,  for example, drawing from research in literacy devel-
opment, we know that poor readers from families with low
SES  show different patterns of activation than poor readers
with  high SES (Noble et al., 2006), equating for performance
on a reading-related task. This finding does not in and of
itself  determine which is the best curriculum for teaching
reading to everyone, or even to poor children. However,
it  suggests that the way  children process information for
reading  is the cumulative effect of their social history and
circumstance. The educational implications of these find-
ings  are that literacy programs may  need to consider the
child’s  SES in developing and assessing educational meth-
ods  or in providing accommodations for children from poor
homes.  Also, intervention studies prompted by research
like  that of Noble et al. (2006) may account for variation in
extrinsic  factors such as SES in the efficacy of their training
programs (Keller and Just, 2009; Meyler et al., 2008).

In  this study, we show that children born preterm who
have  performance comparable to full term peers have
different patterns of neural activation on a language com-
prehension task. These effects persisted when variance in
age,  receptive language, and response time were taken into
account.  The engagement of regions of frontal lobe suggests
that  preterm children may  be utilizing cognitive control
areas to a greater degree in the late phase of the task than
do  their full term peers. If we agree that these findings
suggest greater recruitment of cognitive control mecha-
nisms among the preterm group, then we  may  need to
consider strategies to reduce the need for effortful con-
trol  processes when teaching and assessing children born
preterm.  Accommodations, such as more trials for learn-
ing,  use of visual and other supports for understanding,
and/or more time during testing, might be appropriate for
this  population.

We  recognize that we have studied a small sample of
children born preterm who may  not be fully representa-
tive of the entire population. We  recognize that we must
validate methods, such as co-registration and normaliza-
tion of the clinical and typical population together. We
further  acknowledge that the differences in neural acti-
vations that we  found are modest in the Auditory phase,
where full terms showed greater activation on post hoc
tests,  and greater in the second phase of the task, where
preterms showed greater activation on post hocs. However,

we  believe these observations open the door for a new type
of  inquiry into intrinsic variation among students on the
basis  of medical history, even students whose performance
appears typical at the behavioral level.
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We  hope the findings in this paper inspire efforts toward
etter understanding of the neural basis of cognitive and

inguistic ability for atypical populations of children. We
mphasize this understanding of distinctive neural acti-
ation  patterns is particularly important in cases where
hildren with atypical medical histories and/or neurolog-
cal  status have comparable performance on standardized

easures and do not meet eligibility for special education.
ow researchers in the fields of cognitive neuroscience
nd education should intervene differently is a matter for
uture  study. Certainly the basic findings herein need to
e  replicated and extended to other linguistic, cognitive,
nd academic outcomes. In cases where students are not
ligible  for special education, future findings may  guide
ainstream classroom accommodations that collectively

rovide relief from the increased effort required to attain
ormal performance. Educational policy may  also need to
llow  for variations in eligibility criteria as a function of
edical  and/or neurological history.

. Conclusions

We  know that preterm born children, even those that
ave  been spared profound sensorimotor and cognitive
eficits, still experience difficulties in linguistic and aca-
emic  domains that are not well described by formal
esting. Prior studies have described specific kinds of mild
o  moderate deficits common following preterm birth
hat  have relevance to educational achievement, including
ecreased speed of processing, impaired comprehension,
nd attentional and executive function problems. This
tudy  adds to this existing knowledge base and tells us that
a)  preterm born children use different brain areas even
hile  verbal IQ, receptive language skills, and task perfor-
ance may  match those of their full term peers, and (b)

hey  use different brain areas primarily when the linguis-
ic  task becomes more difficult. In the future, these findings

ay  indicate a need to prepare teachers for the possibil-
ty of targeted accommodations in the classroom for this
roup  of students. While we defer making concrete sug-
estions from this study, we believe that educators and
olicymakers should consider the educational implications
f  the unique linguistic and cognitive processing styles of
reterm  born children and adolescents.
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