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Abstract
Children with congenital left hemisphere damage due to perinatal stroke are capable of acquiring
relatively normal language functions despite experiencing a cortical insult that in adults often
leads to devastating lifetime disabilities. Although this observed phenomenon accepted, its
neurobiological mechanisms are not well characterized. In this paper we examined the functional
neuroanatomy of lexical processing in 13 children/adolescents with perinatal left hemispheric
damage. In contrast to many previous perinatal infarct fMRI studies, we use an event-related
design, which allowed us to isolate trial related activity and examine correct and error trials
separately. Using both group and single subject analysis techniques we attempt to address several
methodological factors that may contribute to some discrepancies in the perinatal lesion literature.
These methodological factors include making direct statistical comparisons, using common
stereotactic space, using both single-subject and group analyses, and accounting for performance
differences. Our group analysis, investigating correct trial related activity (separately from error
trials), showed very few statistical differences in the non-involved right hemisphere between
patients and performance matched controls. The single subject analysis revealed atypical regional
activation patterns in several patients; however, the location of these regions identified in
individual patients often varied across subjects. These results are consistent with the idea that
alternative functional organization of trial-related activity after left hemisphere lesions is in large
part unique to the individual. In addition, reported differences between results obtained with

Corresponding authors: Damien A. Fair, PA-C, Ph.D., Oregon Health and Science University, Behavioral Neuroscience Department,
3181 SW Sam Jackson Park Road UHN80R1, Portland, Oregon 97239, Office: 503-418-0995 Fax: 503-418-8416,
damien.fair@aya.yale.edu; Bradley Schlaggar, M.D., Ph.D., Washington University School of Medicine, Department of Neurology-
Campus Box 8111, 660 S. Euclid, St. Louis, MO 63110, Office: 314-362-3317 Fax: 314 - 362 - 6110, schlaggarb@neuro.wustl.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Brain Lang. Author manuscript; available in PMC 2011 August 1.

Published in final edited form as:
Brain Lang. 2010 August ; 114(2): 135–146. doi:10.1016/j.bandl.2009.09.001.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



event-related designs and blocked designs may suggest diverging organizing principles for
sustained and trial-related activity after early childhood brain injuries.

Introduction
Children with congenital left hemisphere damage due to perinatal stroke are capable of
acquiring relatively normal cognitive function, such as language, despite experiencing a
cortical insult that in adults often leads to devastating lifetime disabilities (Bates, 1999).
Beginning with Jules Cotard in the mid-19th century (Cotard, 1868; Schiller, 1979), several
investigators have documented the capacity of the developing brain to produce normal
behavior following both experimental (Kolb & Wishaw, 2000) and naturally occurring
lesions (Bates et al., 2001; Freud, 1968; Goldman, 1971). Although this observed
phenomenon is well accepted, its neurobiological mechanisms are not well characterized.

Sigmund Freud (Freud, 1968) wrote that “even where aphasia occurs as a direct focal
symptom because the lesion has destroyed the left-sided speech tract, a compensation can
take place since the right cerebral half can take over the speech function…” This
mechanistic concept of a compensatory shift of language to the right hemisphere is the
earliest and currently most prominent view by which delayed, but normal, language
development emerges after perinatal stroke.

The fact that persistent language deficits do not necessarily ensue in children with extensive
congenital left hemisphere lesions (Hecaen, 1976; Vargha-Khadem, O'Gorman, & Watters,
1985) or, in the most extreme case, left hemispherectomies (Liegeois, Connelly, Baldeweg,
& Vargha-Khadem; Strauss & Verity, 1983; Vargha-Khadem & Polkey, 1992), strongly
supports the notion that the right hemisphere attains language functions when left
hemisphere damage has occurred. Indeed, many investigators using functional imaging, such
as PET and fMRI, have supported this notion by describing right hemispheric activation that
essentially mirrors the normal left hemispheric activation pattern in healthy controls (Booth
et al., 1999; Guzzetta et al., 2008; Hertz-Pannier et al., 1997; Muller, Rothermel et al., 1999;
Muller, Rothermel, Behen, Muzik, Mangner, Chakraborty et al., 1998; Muller, Rothermel,
Behen, Muzik, Mangner, & Chugani, 1998; Staudt et al., 2002; Staudt et al., 2001; Tillema
et al., 2008).

However, despite this accumulating evidence, several other reports have shown that
intrahemispheric reorganization supports the development of normal language after
perinatal stroke. Investigators using techniques such as probe-evoked potentials
(Papanicolaou, DiScenna, Gillespie, & Aram, 1990), intracarotid amobarbital (ICA)
(Rasmussen & Milner, 1977), and neuroimaging methods (Liegeois et al., 2004) have
described several instances in which organization of language following left hemispheric
injury occurs in the ipsilateral hemisphere.

In some cases it is thought that the degree of left or right hemispheric lateralization after
injury relates to the size of the lesion and/or depends on whether the lesion encroaches on
language specific territories (Rasmussen & Milner, 1977). While there are certainly reports
that support this notion, lesions outside of the classically referred language areas can also
lead to right hemispheric lateralization (Liegeois et al., 2004; Staudt et al., 2001). These
findings fit with an ‘interactive’ view of normal language development (Johnson, 2001),
which suggests that normal developmental mechanisms interact with early onset pathology
to yield alternative developmental trajectories. In this view, the alternative developmental
trajectory and eventual adult functional neuroanatomy after early left hemisphere damage
varies across subjects depending on the location, size and timing of the lesion (Fair, Brown,
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Petersen, & Schlaggar, 2006; Moses & Stiles, 2002; Webster, Bachevalier, & Ungerleider,
1995; Webster, Ungerleider, & Bachevalier, 1995).

Some of the discrepancies in the literature regarding this phenomenon are likely due to the
techniques employed and the type of neural signals each technique is able to detect. For
example, the probe-evoked potentials employed by Papanicolaou et al (Papanicolaou et al.,
1990) have a low spatial resolution but typically examine neural signals on a very short
temporal scale. On the contrary, the PET imaging employed by Muller et al (Muller, Behen
et al., 1999) has a relatively finer spatial resolution but the temporal scale is much larger. It
is possible that neural signals at different temporal scales organize (or reorganize)
differently after perinatal injury. Even in typical adult populations neural signals on different
temporal scales have varying functional neuroanatomy (Dosenbach, Fair, Cohen, Schlaggar,
& Petersen, 2008; Dosenbach et al., 2006). Future discussion related to the alternate
functional organization after perinatal stroke warrant such considerations.

Examining perinatal stroke with fMRI
Because of its non-invasive nature, seemingly easy application, and widespread availability,
fMRI has become the major focus of studies examining the neurobiology of language
development after early left hemispheric lesions (Fair et al., 2006; Guzzetta et al., 2008;
Staudt et al., 2002; Tillema et al., 2008). However, while the application of fMRI to this
patient population seems conceptually straightforward, there are several methodological
issues that should be considered when interpreting results. These considerations, among
others, include both the types and the temporal scales of the neural signals being extracted
from the design strategy.

Event-related vs Blocked Designs—The two most frequently used experimental
paradigms in fMRI are blocked and event-related (i.e., single trial) designs. In a blocked
design, two experimental conditions alternate in a blocked fashion, such that participants
perform one type of task repeatedly for a period of time and then switch to a different task.
Functional activation is then assessed by comparing activity between the two conditions. In
an event-related design, trials are presented in a ‘jittered’ fashion across an entire run, which
allows for brain activity related to each trial type to be extracted separately.

There are several advantages and disadvantages of each design type, a full discussion of
which is beyond the scope of this paper (but see Palmer et al 2004). However, there are
some notable differences in these designs that are directly related to the interpretation of
fMRI results related to childhood lesions. For example, the nature of blocked designs allows
for a rapid presentation of trials, which adds to the power of detecting brain activations
(Palmer, Brown, Petersen, & Schlaggar, 2004). Because large groups of patients with
homogeneous lesions due to perinatal stroke are hard to come by, this optimization of power
to detect is a notable benefit of blocked paradigms. On the other hand, the variable spacing
between trials required by event-related designs reduces power, but allows for the
differentiation of specific trial types. This differentiation is important because it is the only
way to adequately separate trials on which the subject makes an incorrect response (i.e.,
error trial) from correct response trials. As noted above, this caveat is important when
studying two groups that may perform differently in the scanner.

Another important difference between blocked and event-related designs concerns the types
of signals they are able to detect. There is evidence to suggest that neural activity related to
any particular task can be divided into specific subtypes. For example, the signal derived
from typical blocked designs contains both sustained and trial-related transient signals.
Event-related designs allow the investigation of trial related signals, but not sustained
signals (Buckner et al., 1996, 1997; Buckner & Braver, 1999; Dale & Buckner, 1997).
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Importantly, nearly all studies previously examining the functional neuroanatomy of left
hemispheric childhood lesions with fMRI have used a blocked design strategy (Booth et al.,
1999; Guzzetta et al., 2008; Liegeois et al., 2004; Staudt et al., 2002; Staudt et al., 2001;
Tillema et al., 2008). To the best of our knowledge, only one case report has used an event-
related design to examine organization after left hemisphere lesions specific to the trial-
related activity (Fair et al., 2006). To advance our understanding regarding the
neurobiological underpinnings of language development in the setting of early childhood
insults, event-related designs will also need to be employed in order to isolate specific trial-
related signals and to account for the effect of error trials (see below).

Importance of direct statistical comparisons and using common stereotactic
space—One of the important methodological and conceptual shifts with regard to the use
of fMRI in developmental cognitive neuroscience that has occurred over the last decade is
the implementation of direct statistical comparisons between groups. Such a criterion has
long been required for behavioral research, but only recently has this requirement permeated
the developmental fMRI literature. For example, while examining statistical maps of brain
activity separately for two different participant groups in a side-by-side fashion may provide
a reasonable starting point for examining differences, such purely qualitative comparisons
provide no probabilistic measure of the reliability of similarities and differences in regional
activation patterns between groups (Palmer et al., 2004). Direct statistical comparison has
not consistently been implemented in studies that compare perinatal stroke populations with
control populations.

One of the reasons why direct statistical comparisons were slow to evolve in the
developmental fMRI literature was the general notion that children and adults could not be
adequately aligned into the same stereotactic space. However, this issue has now been
addressed empirically with data demonstrating adequate alignment down to age 7 years
(Burgund et al., 2002; Kang, Burgund, Lugar, Petersen, & Schlaggar, 2003; Muzik,
Chugani, Juhasz, Shen, & Chugani, 2000). However, adequate alignment into a common
space of a brain that has suffered a large perinatal infarction or lesion is not a trivial
endeavor. Not only does the lesioned hemisphere cause difficulties with appropriate
transformation, the non-uniform, atypical hemispheric structure in the contralesional
hemisphere can also add significant complexity to this issue. This issue is especially difficult
with perinatal stroke because the deformation of non-involved tissue appears to be more
substantial than when the lesion occurs in a mature brain. As the field moves forward with
studies examining the consequences of congenital lesions, adequate transformation into
common stereotactic space, or some other method allowing comparison of similar cortical
regions (e.g. (Cohen et al., 2008)) will be key to support the ability to perform direct
comparisons between groups.

Accounting for performance differences—The importance of assessing in-scanner
task performance differences between groups in developmental functional neuroimaging has
been recognized (Brown et al., 2005; Casey, Galvan, & Hare, 2005; W. D. Gaillard,
Grandin, & Xu, 2001; Schlaggar et al., 2002). Consider the comparison of two groups with
differing levels of in-scanner task performance. Demonstrations of group differences in
functional neuroanatomy of the task at hand are potentially confounded by the performance
confound. Any functional differences identified may be driven, in this case, by performance
differences per se, or by fundamental differences in task processing between the groups, or
both. It is now generally accepted that results from studies that do not account for
performance differences between groups need to be interpreted with greater caution. For
these reasons, a study that compares children with congenital lesions to typically developing
children should consider performance differences between the groups.
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It is important to note that while performance effects in functional imaging studies can be,
and are often identified in the absence of error trials (see (Brown et al., 2005; Schlaggar et
al., 2002)), the functional neuroanatomy of errors are not identical to that of a correct trials
(Dosenbach et al., 2006). Thus the inclusion of errors in an fMRI analysis will significantly
impact activation patterns (see (Murphy & Garavan, 2004)). Even if accuracy is the same
between groups (i.e., the same number of errors), assessment of any results collapsing across
correct and error trials would have to assume that the functional neuroanatomy of error
processing is the same between the groups. As investigations of childhood lesions advance,
it will be important to differentiate errors and performance differences.

Overview—In this paper we examine the functional neuroanatomy of controlled and
simple lexical processing tasks (for which we have well-described cross-sectional
developmental fMRI data (Brown et al., 2005; Church, Coalson, Lugar, Petersen, &
Schlaggar, 2008; Schlaggar et al., 2002)) in a group of patients with early childhood lesions.
In contrast to previous fMRI studies, we use an event-related design, which makes this study
unique in two ways. First, the event-related design allowed us to assess the functional
neuroanatomy in patients specific to trial related activity. Second, the design allowed us to
examine correct trials and error trials in isolation to assess the effect of error trials in the
overall image. We use both group and single subject analysis techniques to observe
functional differences with controls that are common across the group and also unique to the
individual patient. Data from all patients and controls are aligned in the same stereotactic
space to allow for direct comparisons, with a supplementary analysis that examines the
quality of the transformation.

Methods
Subjects

All patients were under the age of 13 (n=13, mean = 9.73y; range 7.34-12.27y; n = 6 males),
were native English speaking, and had congenital right hemiparesis due to perinatal left
hemispheric damage. Control subjects consisted of 111, right-handed, native English
speaking subjects (mostly recruited from Washington University and the surrounding area)
7-32 years old. All subjects were remunerated for participation. Minor control subjects were
examined by a pediatric neurologist (B.L.S), and completed a detailed health questionnaire
to assess typical development. Most patients were also administered neuropsychological
tests to document intellectual level (see Table 1). Because of an inability to schedule a
second visit for many of the control subjects, a complete set of neuropsychological measures
was not obtained, and is thus not presented here for controls. For the subgroup of control
subjects whose psychometric data were obtained, full scale IQ was typically in the High
Average range (see (Brown et al., 2005)).

Patients and controls were acclimated to the MRI environment in a “mock” scanner several
days before the actual scanning sessions. Informed consent was obtained from adult
subjects. Subjects under the age of 18 years gave assent with parental informed consent. The
Washington University Human Studies Committee approved the study.

Word Generation Tasks
For this report, all subjects performed 8-17 runs (see SI Table 4) of event-related functional
magnetic resonance imaging (fMRI) studies on a set of controlled and simple lexical
processing tasks for which we have well-described cross-sectional developmental fMRI data
(Brown et al., 2005; Church et al., 2008; Schlaggar et al., 2002). These tasks included: verb-,
rhyme-, opposite generation (to both auditory- and visual-presented words), reading, and
repeating. As previously described (Brown et al., 2005; Church et al., 2008; Schlaggar et al.,
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2002), single word stimuli were presented serially and subjects were asked to say aloud a
single word response for each. For example, for verb generation a correct response after
being presented with the word ‘CAR’ would be to say “drive”. These tasks were initially
designed to identify developmental semantic and phonological processing differences.
However, the absence of robust functional neuroimaging differences between tasks has
resulted in a strategy of collapsing across tasks. These data have afforded us a well-
described developmental trajectory (Schlaggar et al 2002, Brown et al 2005) and an enriched
source of defined ROIs for application to the study of individual patients (Fair et al 2006).
More detailed descriptions of the task paradigm are available elsewhere (Brown et al., 2005;
Church et al., 2008; Schlaggar et al., 2002).

MRI data acquisition
fMRI data were acquired on a Siemens 1.5 Tesla MAGNETOM Vision system (Erlangen,
Germany). Subjects' heads were stabilized using pillows and a thermoplastic mask.
Structural images were obtained using a sagittal magnetization-prepared rapid gradient echo
(MP-RAGE) three-dimensional T1-weighted sequence (TR = 9.7 ms, TE = 4 ms, flip angle =
12°, TI = 300 ms, voxel size = 1.25 × 1 × 1 mm, slices = 128). Functional images were
obtained using an asymmetric spin echo echo-planar sequence sensitive to blood
oxygenation level-dependent (BOLD) contrast (TR = 3.08 s, T2* evolution time = 50 ms,
flip angle = 90°, voxel size = 3.75 × 3.75 mm in-plane resolution, slices = 128). During each
scan, 73 frames of 16 contiguous interleaved 8 mm axial slices were acquired parallel to the
plane transecting the anterior and posterior commissures (AC-PC plane), allowing complete
brain coverage. Steady state was assumed after three frames (∼ 9 s). Thus, acquisition of
functional imaging data began with the fourth frame of each run.

Data preprocessing
Functional images were preprocessed to remove noise and artifacts (Miezin, Maccotta,
Ollinger, Petersen, & Buckner, 2000). This preprocessing included removal of a single pixel
spike caused by signal offset, whole-brain normalization of signal intensity across MR
frames, correction for subject movement within and across runs, and slice-by-slice
normalization to correct for changes in signal intensity introduced by the acquisition of
interleaved slices.

During scans, to encourage minimal movement, subjects were positioned in the scanner
using a thermoplastic mask individually fitted to the face and attached to the head coil.
Subject motion was corrected and quantified using an analysis of head position based on
rigid body translation and rotation. The data derived from the adjustments needed to realign
head movement on a frame-by-frame basis were calculated as root mean square (RMS)
values for translation and rotation in the x, y and z planes in millimeters. Total RMS values
were calculated on a run-by-run basis for each subject derived from deviations from the
initial position for each run. For each subject, a median RMS was calculated for all runs.
Bold runs with movement greater than 1.7mm were removed from the analysis (see SI Table
4).

Prior to statistical analysis, BOLD data were registered to the structural (MP-RAGE) data
for a given subject. Data from all subjects were transformed into the same stereotaxic space
(Talairach & Tournoux, 1988) allowing for direct voxel-wise statistical comparisons. The
feasibility of this approach for comparing school-age children and young adults has been
established in prior investigations (Burgund et al., 2002; Kang et al., 2003). Because of the
effect of lesions on atlas transformations, similar to Connor et al, and Fair et al (Connor et
al., 2005; Fair et al., 2006), we minimized errors by a second iteration for the patients
whereby we either masked out the lesion or the entire lesioned hemisphere for a
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supplementary computation. To ensure the quality of our transformation a subsequent
analysis was performed based on techniques outlined by Burgund et al (Burgund et al.,
2002) (see SI Analysis). Briefly, this procedure entails tracing 10 selected sulci, as well as
the brain's outer boundaries on single image slices with fixed coordinates. The coordinates
of these sulci and boundaries are then compared between the stroke group and a control
population (For details see SI Analysis). Importantly, transformation procedures were
maximized for alignment of the contralesional (i.e. right) hemisphere. Large lesions, and
structural abnormalities present in the left hemisphere of many subjects did not allow for
appropriate alignment. Thus, while analyses included the left hemisphere (and left
hemisphere data are presented in some cases for completeness), reliable comparisons were
limited to the right hemisphere.

Imaging data Analysis
Statistical analyses of preprocessed data were analyzed on a voxel-by-voxel basis based on
the general linear model (GLM) (Brown et al., 2005; Fair et al., 2006; Miezin et al., 2000;
Schlaggar et al., 2002) as implemented by in-house software programmed in the Interactive
Data Language (IDL; Research Systems, Inc., Boulder, CO).

The GLM design included time as a seven level factor, made up of the seven MR frames
following presentation of the stimulus. This method does not assume a response shape. The
HRF was modeled over a period of ∼ 21 s (7 frames, 3.08 s per frame). As previously
reported (Brown et al., 2005), outlier timecourses - defined as those regions showing any
time point greater than 2% signal change - were removed from the following analysis. For
visualization, volumetric regions described below were plotted on the surface anatomy of
the PALS (population – averaged landmark and surface – based) atlas (Van Essen, 2005).

Group comparisons
Voxel-wise analysis—To identify group differences, we identified 13 control subjects
(from our total sample of 111) matched for age (∼9.28years) and performance to the 13
patients (see Table 1). To test for overall group differences, we included group membership
as a between-participants factor in the GLM. An ANOVA model was used with Group
membership (2 levels: stroke group and controls) and Time (7 levels: 7 time points) as
factors. Using these groups, we created a main effect of time (MET) image, thresholded at a
relatively high significance level, which likely constitute brain regions that are statistically
similar between the two groups. Difference in activation patterns of (correct trials) between
patients and controls was expressed as a significant Group × Time interaction, on a voxel-
wise basis (see Figure 2). For both images, a voxel-wise correction based on Monte Carlo
simulation was implemented to guard against false positives that may result from conducting
a large number of statistical comparisons over many images (Forman et al., 1995). To
achieve a significance level of .05 corrected for voxel clusters, we used a threshold of 45
contiguous voxels with a z value no less than 3. An uncorrected image for this comparison is
also provided in SI material (see SI Figure 2).

A similar qualitative analysis was done to show the potential effects of errors and movement
on activation profiles of the stroke subjects. In this analysis a 7 level (7 levels: 7 time points)
main effect of time (MET) analysis was done on 3 separate trial type iterations of the stroke
subjects (correct trials only, correct trials + error trials, error trials only). Bold runs with
movement greater than 1.7mm were also included for this subsequent analysis.

Analysis using a priori regions of interest—Two a priori region sets were also
examined in this group analysis. These regions were derived from a previous study
examining functional development of these tasks in a typical developing population. One
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region set was “Age/Performance independent” regions, where activity does not change with
age or performance. The other region set was “Age-Related” regions, where activity does
change with age independent of performance for these tasks (Brown et al., 2005). A region-
wise ANOVA was employed with Group membership (2 levels: stroke group and controls)
and Time (7 levels: 7 time points) as factors.

Single-subject vs cohort comparisons
To test for activation patterns that may not be common to the group, but unique to the
individual, a single subject approach was used to identify significant differences within
individual patients. This approach accounts for the variability in the control population and
is outlined in Fair et al (Fair et al., 2006) and Turkeltaub et al (Turkeltaub et al., 2004). This
approach is summarized below.

Phase 1: Determining regions of interest—For the single subject analysis three
regions sets were examined for each subject: 1) MET regions of interest (ROIs) acquired
from each individual patient, 2) Age/Performance independent regions (see above), and 3)
Age-related regions (see above).

To characterize regions from patients the GLM paradigm described above was implemented
for each individual task run to allow for a single subject analysis. Timecourse values for
each task run were then entered into an ANOVA using a random effects model. The
statistical image created was a main effect of time (1 factor: time; 7 levels: 7 time points)
that showed voxels whose timecourses had a statistically significant deviation from zero for
the individual scans. From this image, peaks were identified and regions were defined using
an algorithm to obtain the center of mass and cluster coordinates for statistically significant
voxels. Peaks were identified using a 4 mm hard sphere pre-blur and a statistical threshold
of z > 2.0. Regions were then defined beginning with a radius of 10mm and by consolidating
regions with peaks closer than 10mm. To account for variability and potential differences in
statistical power for each single subject, the statistically strongest 35 regions in the aligned
right hemisphere for each subject were used for the following analyses.

Phase 2: Identifying a normally distributed control population for each patient
—The second phase of the analysis required identifying a normally distributed control
population or cohort for each patient, as described in Fair et al (Fair et al., 2006). Using our
dataset of 111 healthy, typically developing children and adults we were able to make a
reasonably large cohort for each patient. These cohort subjects were required to be within
1.5 years of the patient's age at time of scanning.

Phase 3: Comparing peak activity in each patient to the normally distributed
control population—In the third step, for each ROI, the activity magnitude from an
individual patient was compared to the normally distributed peak activity for his/her age-
matched controls and presented as an absolute z-score [| (meansubject - meancontrols)/
stan.dev.controls |]; hereinafter |z|. Due to the variability of peaks per individual between time
points 3 and 4, we defined peak activity as being an average of these two time points.

Results
Subject characteristics

To document intellectual level, patients were administered the Wechsler Abbreviated Scale
of Intelligence (WASI) (Wechsler, 1999) (the WASI for 3 subjects was not obtained). These
behavioral measures are summarized in Table 1. Most, but not all, patients' intellectual
functioning was in the average range.
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For the group analysis described below patients and control subjects were matched for
performance and age, and thus showed no significant differences between these factors (see
Table 2). For the single subject analysis subjects were examined in relation to their cohorts.
The majority of the subjects did not significantly deviate with regard to reaction times and
accuracy compared to their cohorts (see Table 3). Two subjects had |z| scores greater than 2
with regard to reaction times, and 3 subjects had |z| scores greater that 2 with regard to
accuracy (see Table 3).

Alignment Results
To validate the quality of our transformation process we employed an analysis procedure
previously used to examine the transformation between children and adults (Burgund et al.,
2002). Our direct comparison of post-transformation anatomical landmarks between patients
with early left hemispheric injury and age-matched controls suggests that the spatial
transformation methods applied here do not significantly distort the anatomy of the non-
lesioned hemispheres. The full statistical analysis of this result can be found in SI Analysis.
Figure 1 provides a qualitative illustration demonstrating the quality of the transformation.
We note here that while we were successful in accurately aligning the non-lesioned
hemisphere into talaraich space, doing so in the lesioned hemisphere proved much more
difficult and we were unable to do so for all patients. Subject 2 provides a salient example of
where such transformation proved unattainable with the current rigid affine transformation
techniques employed in this manuscript.

Group Comparison
Correct trials—The group level analysis revealed a pattern of activation in the right
hemisphere across both controls and patients similar to what has been previously observed
with these tasks (Brown et al., 2005) (Figure 2) (Of note at this young age, ∼9.73 years,
these lexical control tasks examined with an event-related design do not produce
qualitatively asymmetric activation patterns (see SI Figure 1 and also (Brown et al., 2005)).
The main effect of time image across both groups identified a total of 41 regions, whose
coordinates overlapped nicely with previously published reports of the described lexical
tasks at this young age group (see SI Table 1). The magnitude of activation for these regions
was largely the same for both groups (see timecourses in Figure 2).

Interestingly, the direct comparison between the two groups revealed very few differences.
After multiple comparisons correction only 4 regions were identified as being significantly
different between the two groups. These statistical differences are shown in Figure 2 (also
see SI Table 1). Because of the limited power due to relatively small numbers of subjects we
also examined differences between the groups that did not survive multiple comparisons
correction (See SI Figure 2). Regions of this type, which appeared in the right hemisphere
were often, but not always, the result of greater activity in the controls relative to patients
(See SI Figure 2).

Of note, for Figure 2 we only present the right (unlesioned) hemisphere because we were
unable to attain appropriate alignment of the injured left hemisphere across all subjects (see
section ‘Alignment results’ above and SI Analysis). With this said, the results for the left
hemisphere activations are presented in SI Figure 1 and SI Figure 2. However, while we
present the results in SI material for completeness, the results are potentially misleading and
should be interpreted cautiously.

Potential effects of error trials and excessive movement—In a qualitative analysis
we present the potential effects of errors and movement on side-by-side activation maps in
stroke patients. Sample MET images for correct trials (only), correct and error trials, and
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error trials (only) are shown in Figure 3 for the stroke patients in which BOLD runs with
movement greater than 1.7mm root mean square were not removed (for presentation
purposes here we show the activation patterns of the left hemisphere in the stroke patients
despite inadequate alignment). We note the pattern of activation for the selected slices is not
identical for error and correct trials. Qualitatively there are instances of activation showing
greater significance for errors than correct trials, and others where activations show greater
significance for correct trials than error trials. The combination of a misaligned lesioned
hemisphere, excessive movement, and the inclusion of error trials can lead to the perception
of lateralized activation. Importantly, even if runs with excessive movement are removed,
potentially misleading activation patterns due to the inclusion of errors can persist (see SI
Figure 3).

Single Subject
As previously reported (Fair et al., 2006), for our single subject analysis, the |z| values for
most ROIs identified in the individual patients were relatively low (i.e., <2). Of the 455
single subject MET regions (35 right hemisphere regions per subject), 62 had an |z| > 2 (see
SI Table 2). Of the 286 comparisons of the previously defined Age-Related ROIs (22
regions examined separately in 13 subjects), 28 were identified with an |z| > 2 (see SI Table
2). Of the 260 comparisons of the previously defined Age/Performance Independent ROIs
(20 regions examined separately in 13 subjects), 32 were identified with a |z| > 2 (see SI
Table 2). Patients were heterogeneous with regard to how many ROIs were identified where
activity significantly deviated from that in their cohorts (i.e., some subjects showed more
differences than others) (see SI Table 2).

As with the group analysis above, the data suggest that most regions in the right hemisphere
exhibit ‘normal’ levels of activation; however, most subjects did have regions in the right
hemisphere that significantly deviated from their age-matched cohorts. For examples see
Figure 4 for the patient's MET regions and Figure 5 for the previously defined Age-related
and Age/Performance Independent ROIs. Interestingly, there was little consistency across
the stroke subjects with regards to which regions differed. This inconsistency is highlighted
in the conjunction image in SI Figure 4, which combines regions deemed significantly
different (in the single subject analysis) across the entire stroke population. Here, no more
than 3 subjects showed overlap in any voxel for activated regions that significantly differed
from their respective cohorts. The lack of overlap is also highlighted in the fixed effects
analysis of the pre-defined Age and Age/Performance independent regions (see SI Figure 5).
Only 3 regions had a fixed effects |z| > 2 (see SI Table 3). Both of these figures suggest that
there was very little overlap across subjects in the location of regions that significantly
deviated from their respective cohorts. These data suggest that atypical trial-related
activation in the right hemisphere of the patients is quite variable.

Discussion
In this paper we examined the functional neuroanatomy of lexical processing in 13 patients
with perinatal left hemispheric damage who were all under the age of 13 years. In contrast to
nearly all previous fMRI studies examining the functional neuroanatomy of perinatal left
hemispheric lesions, we use an event-related design, which allowed us to isolate trial related
activity and examine correct trials and error trials separately. Using both group and single
subject analysis techniques we also attempt to address several methodological factors that
may be contributing to some of the discrepancies in the perinatal lesion fMRI literature.
These methodological factors include making direct statistical comparisons, using common
stereotactic space, using single-subject and group analysis techniques, and accounting for
performance differences.
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Despite our efforts to consider these methodological concerns, there were other aspects of
our study that we hope to improve in future work. For example our patient population did
not have homogenous lesion size or location. In addition, while our alignment procedure
produced fairly consistent results and allowed for direct comparisons between the intact
hemispheres of controls and patients, the alignment results were imperfect (see SI Analysis).
Lastly, while all subjects had congenital hemiplegia, the vascular classification of the
infarctions likely included a heterogeneous group of ischemic stroke of the middle cerebral
artery, ischemic stroke of the lateral lenticulostriate, as well as perivenous infarction (see
(Kirton, Deveber, Pontigon, Macgregor, & Shroff, 2008)).

The combination of concerns for which we were able to control, and those for which we
could not, only highlights the difficulties investigators engage when examining perinatal
stroke with neuroimaging techniques. Many of these concerns likely contribute to the
discrepancies in the literature. Nonetheless, there are several key observations presented in
this manuscript that should help advance the field.

Atypical trial-related activations in the right hemisphere after perinatal stroke appear to be
unique to the individual rather than common across the group

The use of an event-related design and the context provided by a large sample of control
subjects allowed for a unique perspective on perinatal stroke data. Our group analysis,
investigating correct trial related activity only, showed very few statistical differences in the
non-involved right (well-aligned) hemisphere between patients and performance matched
controls (Figure 2). Such a finding could result from 3 distinct circumstances. First, there
could be no differences in the functional neuroanatomy between stroke patients and controls
that are measurable with fMRI. This scenario is unlikely considering the substantial
literature which points to the contrary (Booth et al., 1999;Guzzetta et al., 2008;Hertz-
Pannier et al., 1997;Muller, Rothermel et al., 1999;Muller, Rothermel, Behen, Muzik,
Mangner, Chakraborty et al., 1998;Muller, Rothermel, Behen, Muzik, Mangner, & Chugani,
1998;Staudt et al., 2002;Staudt et al., 2001;Tillema et al., 2008). Second, most differences
between the groups could be located in the left, ipsilesional hemisphere. This scenario would
be consistent with results by Papanicolaou et al and Liegeois et al, revealing atypical
ipsilesional functional organization of language following left hemispheric injury (Liegeois
et al., 2004;Papanicolaou et al., 1990). Lastly, differences could be variable across subjects
such that group consistencies did not emerge. This consideration would be consistent with
results that suggest that language function after left hemispheric stroke is organized into the
left, right, or both hemispheres depending on the size and location of the lesion (Fair et al.,
2006;Rasmussen & Milner, 1977).

Considering these alternatives, we also employed a strategy for identifying alternative
functional neuroanatomic patterns of activity in children with perinatal stroke at the
individual level. This strategy utilizes our large control sample and allows for a statistical
comparison of functional activity of any one individual patient to a relatively large
normative cohort. This procedure allows for the statistical identification of functional
differences that may be unique to the individual and is independent of lesion heterogeneity.

Results from the single subject analysis were more consistent with the idea that alternative
functional organization of trial-related activity after left hemisphere lesions is in large part
unique to the individual. We did identify instances in a number of subjects where alternative
functional neuroanatomic patterns of activity occurred in the contralesional, right
hemisphere, suggesting that atypical organization does not limit itself to the involved
hemisphere. As with the group analysis, differences that were identified in the individual
subjects did not generalize across the group (SI Figure 4 & 5). However, because we were
unable to properly align the lesioned hemisphere, we can not rule out the possibility of
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common ipsilesional/perilesional activations across the patient group that help support
language function after insult.

Event-related versus Blocked Designs
We note that our result is quite different from blocked fMRI studies, which have typically
shown a flip of function to the contralesional hemisphere (Guzzetta et al., 2008; Staudt et al.,
2002; Tillema et al., 2008). Importantly, in these previous studies the effect of error trials
could not be removed because of the blocked design, and excessive movement was not
consistently addressed. In our analysis we were able to observe the potential effect of errors
and movement by including them in a subsequent analysis of the stroke patients. As can be
seen in Figure 3, qualitatively, the functional neuroanatomy of errors is not identical to that
of correct trials. The consequence of including error trials in the analysis ought to be
explicitly considered for any fMRI study that examines patients with perinatal stroke,
particularly when in-scanner performance is discrepant.

We should reiterate that the patients imaged in the present study were under the age of 13
years. Considering the dynamic changes in activation patterns which occur over
development for these tasks (see (Brown et al., 2005; Schlaggar et al., 2002)), it is quite
possible and likely that consistent right hemispheric lateralization will develop for these
subjects as they mature.

It is also important to note that the current findings are not necessarily in direct conflict with
previous results obtained with blocked fMRI, which have shown primarily right hemisphere
activations with left hemisphere lesions (Guzzetta et al., 2008; Staudt et al., 2002; Tillema et
al., 2008). As noted in the Introduction, an important distinction between blocked and event-
related designs concerns the types of signals they are able to detect. Several single unit
recording, ERP, and fMRI studies have shown that evoked activity related to any particular
task can be divided into specific subtypes (Bushnell et al., 1981; Donaldson, 2004;
Donaldson & Buckner, 2001; Dosenbach et al., 2006; Hillyard et al., 1973; Visscher et al.,
2003; Wenger et al., 2004) (i.e., activity related to each trial of a task, and activity that is
sustained across an entire task block). Event-related designs, as used here, are unable to
investigate sustained activity across an entire task block, whereas blocked designs by their
nature examine both of these signals but are unable to differentiate between the two. It is
plausible that sustained activity, as opposed to trial-related activity, does indeed flip to the
contralesional hemisphere, but that trial-related activity (at least at these young ages) does
not. Evidence for this dichotomy between trial-related activity and sustained activity may
exist in the typical developmental literature where controlled lexical tasks, similar to the
ones employed in this manuscript, examined in a blocked design show distinct left
hemispheric lateralization in early childhood (Gaillard et al., 2000; Gaillard et al., 2003;
Holland et al., 2001; Szaflarski, Holland, Schmithorst, & Byars, 2006; Wilke et al., 2005). In
event-related designs, which examine only the trial-related activity for these tasks, left
hemispheric lateralization appears to develop later in maturity (Brown et al., 2005;
Schlaggar et al., 2002). Results using probed-evoked potentials by Papanicolaou et al
(Papanicolaou et al., 1990) provide another example of where activity examined on a shorter
temporal scale deviates from the more common result of right hemispheric lateralization
after left hemispheric damage.

The potential distinction between sustained and trial-related activity revealed here may
relate to language specific task-level control mechanisms in the patients. It is believed by
some that top-down control, essential for enhanced selection of task-relevant information, is
implemented by a distributed set of brain regions, which include regions commonly
activated during language tasks (Bitan et al., 2006; Bitan, Cheon, Lu, Burman, & Booth,
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2009 in press; Dosenbach et al., 2008; Dosenbach et al., 2006; January, Trueswell, &
Thompson-Schill, 2008).

Importantly, control related processing comes in multiple forms – some control processing is
sustained across an entire task block and is thought to be important for maintaining task set.
Other control processing works on a faster timescale and is important for the moment-to-
moment processing demands (Dosenbach et al., 2008). It is possible that the previously
identified regions which appear to switch to the contralesional hemisphere after early left
hemispheric injury are important for maintaining task sets, contain sustained activity, and
are thus more readily identifiable with blocked designs. To the contrary, the developmental
course of the moment-to-moment, trial related activity might take a different trajectory and
be more variable from subject to subject after early left hemisphere damage. The variable
results from the Intracarotid Amytal study (Rasmussen & Milner, 1977), which injected a
pharmacologic agent that presumably affects both signal types, lends credence to this view.
Future work that integrates event-related and blocked designs such as the mixed blocked/
event-related designs capable of identifying both trial-related and sustained activity is well
suited to investigate this possibility (Donaldson, Petersen, Ollinger, & Buckner, 2001 &
Buckner, 2001; Visscher et al., 2003), and is validated in children (Wenger et al., 2004).

Conclusions
In this paper, we attempt to address some significant methodological concerns when using
fMRI to study the functional neuroanatomy of lexical processing in children with perinatal
stroke. However, there are several other considerations and concerns related to the current
study that we could not address. As mentioned above we were not in a position to address
the potential impact of sustained activity on the alternative functional organization in
patients with perinatal stroke. In addition, other signals related to developing brain function
such as intrinsic spontaneous brain activity will be of interest as the field moves forward
(e.g., (Fair et al., 2008; Fair et al., in press; Fair et al., 2007)).

While we aligned the right hemisphere to the best of our ability to allow for direct
comparisons, we were not successful in doing the same for all patients for the affected, left
hemisphere. For future analyses involving the affected hemispheres, proper alignment will
be important to allow for direct comparisons. New registration approaches will likely be
required (Cohen et al., 2008; Gholipour, Kehtarnavaz, Briggs, Devous, & Gopinath, 2007;
Van Essen, 2005).

While our results did not support a common ‘flipped’ contralesional functional organization
specific to trial-related activity in our patients, this lack of support may be criticized as a
“negative finding” potentially resulting from relatively low sample size with mixed lesion
types (cortical versus subcortical) and locations. In addition, while our single subject results
were most consistent with the idea that functional organization after left hemispheric
damage is variable and largely depends on the location, size, and timing of the stroke, our
analysis was not a direct test of this hypothesis.

Testing these hypotheses will likely require very large patient samples, where patient groups
can be assembled who have identical or near identical lesions and who are scanned at
approximately the same age. Of course perinatal strokes are relatively infrequent
(approximately 1 in every 5000 births (Lee et al., 2005)) and show considerable variability
in lesion etiology, onset, size, and location, which is the primary factor that makes it difficult
to obtain large homogeneous patient samples that provide adequate power suitable for study.
In addition, mixed blocked/event-related designs, which would allow investigators to
differentiate sustained and trial-related activity, also require large sample sizes. Thus, what
may be required to properly pursue a better understanding of the underlying functional
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neuranatomy following perinatal stroke is a large collaboration between institutions that
allows for the acquisition of large normative datasets as well as large patient datasets to
improve the quality of investigations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structural MRI images of patient lesions
Representative T1-weighted transverse images of 13 patients. Red outlines of the target atlas
(upper left) are displayed on each structural image to demonstrate qualitatively the grade of
our atlas transformation technique. A quantitative analysis of the quality of the
transformation procedure is provided in SI analysis.
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Figure 2. Main effect of time and the group × time interaction images for correct trials in
patients and controls
The highly significant main effect of time timecourses represent activations for correct trials
that are likely similar between patients and controls (see example timecourses). Significant
differences between the groups are demonstrated in the group × time interaction image
maps. This group level analysis revealed a pattern of activation in the right hemisphere
across both groups similar to what has been previously observed with these tasks, but few
differences existed between the groups. Both images are corrected for multiple comparisons.
Regions of interest established from the main effect of time image are plotted in green.
Regions of interest established from the group × time interaction are plotted in blue.
Qualitative side-by-side comparisons of each group are also presented in SI Figure 1. An
uncorrected group × time image with timecourses is also presented in SI Figure 2.
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Figure 3. Potential effect of errors and movement on qualitative visualization of patient data
Main effect of time images are presented for correct trials (only), correct and error trials, and
error trials (only) across all 13 patients in which BOLD runs with movement greater than
1.7mm root mean square were not removed. Activation patterns are not identical across
these image classes. Blue arrows highlight instances where activity showed greater
significance for errors than correct trials and vice versa. The combination of a misaligned
lesioned hemisphere, excessive movement, and the inclusion of error trials can lead to the
perception of lateralized activity. Even when runs with excessive movement are removed,
potentially misleading activation patterns owing to the inclusion of errors can persist (see SI
Figure 3).
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Figure 4. Examples of single subject/patient analysis
Each patient MET region is color coded by absolute z score values (blue: |z| < 1; light blue:
1 < z < 2; orange: 2 < z < 3; red: _z > 3). Example time courses for patient (red line) and
control cohorts (blue line) are also presented. As previously reported (Fair et al., 2006), the |
z| values for most ROIs identified in the single subjects were relatively low (i.e., <2) (for
complete list see SI Table 2). The number and location of regions that significantly differed
from the individual cohorts varied across subjects (see SI Table 2). Black circles correspond
to the regions of interest for which timecourses are plotted.
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Figure 5. Examples of single subject/patient analysis for pre-defined regions of interest
Predefined ROIs from Brown et al (Brown et al., 2005) were examined with the single
subject analysis. Each region is color coded by |z| values (blue: |z| < 1; light blue: 1 < z < 2;
orange: 2 < z < 3; red: _z > 3). Example time courses for patient (red line) and control
cohorts (blue line) are also presented. As with the single subject MET regions examined in
Figure 4, the |z| values for most ROIs were relatively low (i.e., <2), and the types of
differences with regard to location and number varied across subjects.
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Table 2
Group Behavior

Mean Age %C RT

Patients 9.74 57.79 1640.11

Controls 9.28 66.11 1614.77

P-value 0.46 0.47 0.50
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