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Abstract

Children born very preterm, even with broadly normal 1Q, commonly show selective difficulties in
visuospatial processing and executive functioning. Very little, however, is known what alterations
in cortical processing underlie these deficits. We recorded MEG while eight children born very
preterm (<32 weeks gestational age) and eight full-term controls performed a visual short-term
memory task at mean age 7.5 years (range 6.4 — 8.4). Previously, we demonstrated increased long-
range alpha and beta band phase synchronization between MEG sensors during STM retention in a
group of 17 full-term children age 6-10 years. Here we present preliminary evidence that long-
range phase synchronization in very preterm children, relative to controls, is reduced in the alpha-
band but increased in the theta-band. In addition, we investigated cortical activation during STM
retention employing synthetic aperture magnetometry (SAM) beamformer to localize changes in
gamma-band power. Preliminary results indicate sequential activation of occipital, parietal and
frontal cortex in control children, as well as reduced activation in very preterm children relative to
controls. These preliminary results suggest that children born very preterm exhibit altered inter-
regional functional connectivity and cortical activation during cognitive processing.
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l. INTRODUCTION

Children born very preterm commonly exhibit selective deficits in visual processing and

executive function, even when general intelligence is within the normal range [1]. Although
considerable research has been conducted investigating neuroanatomical alterations
associated with very preterm birth [see 2 for review], little is known about what differences
in cortical processing underlie the selective cognitive difficulties common in this population.

A wealth of recent experimental evidence indicates that synchronization of neural
oscillations is relevant for a variety of perceptual and cognitive processes. Active processing
within a cortical region, for example, has been reliably related to local synchronization of
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gamma-band oscillations in a variety of contexts [3]. Synchronization of oscillations
between cortical regions in a number of frequency ranges has also been associated with the
formation of transient, functionally integrated networks for the performance of perceptual
and cognitive tasks [3]. Previously, we demonstrated in a group of seventeen full-term
children that visual short-term memory (STM) retention yields increased alpha and beta
band synchronization between MEG sensors, indicative of the formation of a transient large-
scale network supporting maintenance of the memory trace [4].

To investigate alterations in cortical processing in school age children who were born very
preterm, we recorded MEG while very preterm children and age-matched controls
performed a visual STM task. We present multiple preliminary results regarding phase
synchronization between MEG sensors, indicative of task-dependent functional coupling
between cortical regions, and from beamformer localization of gamma-band activation,
reflecting the engagement of cortical regions, during task performance.

II. METHODS

Subjects

Task

We recorded MEG while 8 very preterm children born < 32 weeks gestation and 14 controls
born at full-term performed a visual STM task. To examine group differences in long-range
synchronization and gamma-band activation 8 age-matched pairs were selected (mean age
7.5 years, range 6.4 — 8.4 years). All 14 controls (age 6-10 years) were used in the
beamformer analysis of gamma-band activation in full-term children. None of the very
preterm children had significant brain injury on neonatal ultrasound, and all were born
appropriate birth-weight for gestational age. All subjects had normal or corrected-to-normal
vision.

Subjects performed a visual STM task (Fig. 1) with stimuli adapted with permission [5]. On
each of 180 trials subjects viewed an initial stimulus (S1) for 1000 ms, followed by a 900 ms
retention interval during which they were required to maintain S1 in STM, followed by the
presentation of a second stimulus (S2) for 1000 ms. Subjects were required to press a button
on a response box to indicate if the shapes were the same or different. Additional task details
are available in [4].

MEG Recording and Processing

MEG was digitized continuously at 1200 Hz using a 151 channel CTF system (Burnaby,
Canada) and stored on disk for off-line analysis. Data were then standardized relative to
sensor locations within and between subjects using a continuous head localization and
correction procedure [6]. Epochs were extracted surrounding each trial and the record of
ocular and nonocular artifacts was removed using a principal components analysis based
procedure [7].

Phase Synchronization Analysis

Due to computational limitations imposed by pairwise comparisons, and to avoid spurious
synchronization arising from volume conducted signals propagating to nearby sensors, we
extracted data from a montage of 19 sensors distributed roughly evenly over the surface of
the head to image the global pattern of long-range phase synchronization (sensors LF11,
RF11, LF32, RF32, LC14, RC14, LO22, RO22, LO41, RO41, LT21, RT21, LT42, RT42,
LO43, RO43, ZF03, ZCO3, ZP02). Data from each sensor were then digitally filtered at 1
Hz intervals between 6 and 60 Hz (passband = f £ 0.05f, where f is the filtered frequency).
We then calculated the analytic signal
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of the filtered waveform for each epoch, f(t), where f (t) is the Hilbert transform of f(t) and
i= V-1, to obtain the instantaneous phase, ¢(t), and amplitude, A(t), at each sample point.
Phase locking values (PLVs) were computed from the differences of the instantaneous
phases for analyzed sensor pairs for each analyzed frequency. For example, sensors j and k,
at each point in time, t, across N available epochs [8]:

Z i O-0(0)]

N

PLV;;,=N""

(2)

Phase locking values were then standardized relative to a baseline interval occurring before
the onset of S1 in order to index changes in synchrony relevant to task demands by
subtracting the mean baseline PLV at that frequency from the PLV at each data point and
dividing the difference by the standard deviation of the PLV for the baseline interval at that
frequency. Group differences were assessed by averaging data across subjects for each
frequency and time point, and subsequently subtracting averaged data between groups. See
[4] for additional details on synchronization analysis.

Beamformer Analysis

We employed synthetic aperture magnetometry (SAM) to localize gamma-band activation
during STM retention in controls, and well as group differences between very preterm and
control children. Beamformer analysis implements a spatial filter, estimating the
contribution of each voxel in brain space to magnetic signals recorded at MEG sensors, by
minimizing correlations with all other analyzed voxels. We imaged 30-50 Hz activity for
each subject in four 225 ms time windows during STM retention (0-225, 225-450, 450—
675, 675-900 ms) relative to a 225 ms baseline interval preceding the onset of S1. We
averaged across the 14 controls to image gamma-band network dynamics in full-term
controls. Group differences were assessed by averaging across the eight subjects in each
group and subtracting averaged images across groups. Additional details about SAM can be
found in [7]. Covariance matricies were regularized if noise spectral density exceeded an
acceptable range.

lll. RESULTS

Long-Range Phase Synchronization

Preliminary results indicate that global patterns of long-range phase synchronization,
calculated by averaging PLV across all 171 analyzed sensor pairs, was reduced in the alpha-
band but increased in the theta-band in very preterm children, relative to full-term controls.
These sustained group differences were centered at ~10 Hz and ~6 Hz, respectively.

Beamformer Analysis of Gamma-Band Activation

Our preliminary analysis of gamma-band activation in 14 controls indicates sequential
stages of cortical activation during STM retention (Fig 3A). During the 0-225 ms interval
activation was observed in early visual cortex and higher, posterior parietal, visual cortex.
The subsequent 225-450 ms interval was characterized by activation in posterior parietal
cortex and prefrontal cortex. During the 450-675 ms and 675-900 ms time windows
residual activation was seen throughout the network of activated occipital, parietal and
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prefrontal cortical regions, with the addition of motor cortex activation during the 675-900
ms time window.

Analysis of group differences yielded preliminary results indicating that very preterm
children generally show less activation in within the identified network of task relevant
cortical regions, although greater activation is observed for very preterm children in specific
instances (Fig 3B). In the 0-225 ms interval very preterm children exhibited reduced
activation in early visual cortex and in parietal cortex. In the 225-450 ms time window
pronounced reductions were observed in posterior parietal cortex and prefrontal cortex.
During the subsequent 450-675 ms interval reduced activation was found in early visual
cortex and posterior parietal cortex, whereas increased activation was observed in prefrontal
cortex for very preterm children. Reduced activation was seen for very preterm children
throughout the task-relevant network of early visual, posterior parietal and prefrontal
cortical regions during the final 675-900 ms interval.

IV. DISCUSSION

Long-Range Phase Synchronization

Synchronization between cortical regions has been implicated in the formation of transient,
functionally integrated networks for the performance of particular tasks and to encode the
features of percepts [3]. We previously reported long-range MEG synchronization in the
alpha and beta bands during STM retention in children in this age range [4]. Such coherent
large-scale network activity likely corresponds to functional coupling within a distributed
network of cortical regions responsible for memory trace maintenance. Results of the
present study indicate that this pattern of synchronization is altered in children born very
preterm, with a pronounced and sustained loss of synchronization in the alpha-band as well
as a sustained increase of synchronization in the theta-band. These preliminary results
suggest that neural mechanisms underlying task-dependent functional coupling may be
altered in children born very preterm. Previous research has associated slowing of peak
oscillatory frequency in the MEG from the alpha-band toward the theta-band with
dysrhythmic thalamocortical interactions [9]. Although such previous findings typically
pertain to resting spectral power in MEG, the similarity of these alterations to those
observed in the present data set suggest that dysrhythmic thalamocortical interactions may
be relevant for altered long-range synchronization in very preterm children.

Gamma-Band Cortical Activation

Gamma-band activation within cortical regions is understood as reflecting active processing
[3]. Preliminary results of gamma-band activation during STM retention in 14 control
subjects indicate sequential activation of task-relevant cortical regions. Activation of early
and higher visual cortex in the 0-225 ms time window presumably reflects processing of S1.
Activation of prefrontal and parietal cortex during the subsequent 225-450 ms interval
likely reflects recruitment of a network of executive and higher visual cortical areas
responsible for maintaining the memory trace in STM. Activation of motor cortex in the
675-900 ms interval presumably reflects response preparation in anticipation of S2, and
residual prefrontal, parietal and occipital activation in the 450-675 ms and 675-900 ms
intervals likely reflect memory maintenance. This approach highlights the advantage of
combined spatial and temporal resolution of MEG which permits the imaging of oscillations
in specific frequency ranges in short time windows to reveal sequential processing in
distributed cortical networks relevant to cognition.

This study provides preliminary evidence of altered gamma-band activation in children born
very preterm, indicating that they have difficulty recruiting cortical regions relevant to STM
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retention. Reduced activation in very preterm children is seen in early visual cortex and
parietal cortex 0—225 ms into the retention interval, suggesting problems in visual
processing, consistent with previous behavioral research indicating selective visual
processing difficulties [1]. Pronounced reductions in gamma-band activation in prefrontal
and parietal cortex during the 225-450 ms interval, during which control children appeared
to establish a network of prefrontal and posterior parietal cortical regions to maintain the
memory trace in STM, highlights the apparent difficulty very preterm children exhibit in
sufficiently activating cortical regions critical for task performance, consistent with previous
work showing selective behavioral deficits in executive function in preterm children [1].
Interestingly, very preterm children showed increased gamma-band activation in prefrontal
cortex predominantly during the 450-675 ms time window. This could be interpreted either
as delayed executive processing (which occurred in the 225-450 ms interval for the full-
terms) or as compensatory processing in very preterm children. If this indeed reflects
compensatory processing, it is noteworthy that despite increased prefrontal activation in the
450-675 ms interval, reduced activation in parietal cortex is observed. This could be
interpreted as increased executive effort leading to nonetheless diminished recruitment of
higher visual cortex. Very preterm children also showed reduced activation in prefrontal,
parietal and occipital cortex during the 675-900 ms interval, consistent with the overall
pattern of reduced activation of task-relevant cortical areas.

V. CONCLUSIONS

Our preliminary findings indicate that cortical processing during STM retention is altered in
children born very preterm. Altered long-range phase synchronization suggests that neural
mechanisms mediating transient functional connectivity between brain regions may be
abnormal in this group. Reduced and/or delayed gamma-band activation in task-relevant
cortical regions suggests that children born very preterm may have difficulty recruiting
networks of brain regions to support cognitive processing.
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Fig. 1.
Time course of the stimulus display on a single trial
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Fig. 2.

Alterations in global long-range phase locking during STM retention associated with very
preterm birth. Data were averaged across all 171 analyzed sensor pairs, and differences are
expressed in units of standard deviation from the pre-S1 baseline. Blue regions represent
decreases in long-range synchronization; red and yellow regions denote increases
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Fig. 3.

3A Gamma-band activation in four time intervals during STM retention in full-term
controls. 3B Altered gamma-band activation in children born very preterm in four time
intervals during STM retention; blue regions indicate reduced activation for very preterm
children, orange regions indicate increased activation for very preterm children
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