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Abstract

Children born very preterm, even in the absence of overt brain injury or major impairment, are at
risk of cognitive difficulties. This risk is associated with disruption of ongoing critical periods
involving development of the thalamocortical system while in the neonatal intensive care unit. The
thalamus is an important structure that not only relays sensory information but acts as a hub
integrating cortical activity, and through this integration, it regulates cortical power at different
frequency bands. In this study, we investigate the association between atypical power at rest in
children born very preterm at school age, neurocognitive function and structural alterations related
to the thalamus. Our results indicate that children born extremely preterm have higher power at
low frequencies and lower power at high frequencies, compared to controls born full-term. A
similar pattern of spectral power was found to be associated with poorer neurocognitive outcomes.
This pattern of spectral power was also associated with normalized T1 intensity and the volume of
the thalamus. Overall, this study provides evidence of the relation between structural alterations
related to very preterm birth, atypical oscillatory power at rest and neurocognitive difficulties at
school-age children born very preterm.
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Introduction

Worldwide, the incidence of preterm birth with a very low gestational age (VLGA, born <
32 weeks of GA) is 1 in 100, and extremely low gestational age (ELGA, born < 32 weeks of GA)
1 in 200, with a mortality rate of 5-10% and +10%, respectively [Torchin et al., 2015]. Even in the
absence of overt brain lesions, very preterm infants are at higher risk of cognitive, behavioral and
motor problems [Aarnoudse-Moens et al., 2009; Anderson, 2014; Moore et al., 2012] compared
to healthy full-term children. Risk factors in very preterm infants (ELGA & VLGA) include post-
natal infection [Ranger et al., 2015; Zwicker et al., 2016], as well as exposure to numerous daily
invasive procedures such as blood draws and line insertions, during weeks to months in the
neonatal intensive care unit (NICU) [Roofthooft et al., 2014; Vinall and Grunau, 2014]. The
disruption of normal intrauterine maturation by preterm birth, neonatal clinical factors, and pain-
related stress alters ongoing brain development during critical periods involving prolific axonal
growth, dendritic sprouting, and synapse formation [Mrzljak et al., 1992], that leads to abnormal
brain morphology and activity [Kapellou et al., 2006; Schneider et al., 2018; Smith et al., 2011].
Thus, to ensure proper extrauterine environment and adequate preterm interventions, it is of vital
importance to understand how structural and functional preterm alterations are associated with
cognitive and behavioral outcomes in children born very preterm.

During the neonatal period in very preterm infants born 24-32 weeks of gestation, thalamic
afferents that are synapsing in the subplate, a transient structure that generates endogenous activity
and critical to the formation of long term thalamocortical circuitry [Kostovic and Judas, 2002],
gradually synapse onto cortical neurons and become sensory driven. Disruption in this
developmental process might cause neural apoptosis [Anand et al., 2007; Diihrsen et al., 2013] and
altered development of thalamocortical axons [Dean et al., 2013; Molnar and Rutherford, 2013].
Moreover, very preterm infants present abnormal myelinization and fractional anisotropy in gray
and white matter arecas [Dubois et al., 2008; Eaton-Rosen et al., 2015], decreased cortical and
subcortical gray matter volume [Dubois et al., 2008; Eaton-Rosen et al., 2015], decreased cortical
and subcortical gray matter volume [Boardman et al., 2006; Chau et al., 2019], thalamocortical
alterations [Ball et al., 2012; Cai et al., 2017] and pain-induced volume reduction of white matter
and subcortical gray matter [Brummelte et al., 2012; Duerden et al., 2018]. These structural
alterations persist into school age [Hohmeister et al., 2010; Lax et al., 2013] and adulthood
[Menegaux et al., 2017; Nosarti et al., 2014] and are associated with lower IQ [Breeman et al.,
2017; Nosarti et al., 2014].

The thalamus acts as a sensory relay by directing peripherical information to the cortex and
as an integrative hub for cortical representations by mediating cortico-cortical communication
[Hwang et al., 2017; Jones, 1998; Malekmohammadi et al., 2015; Sherman and Guillery, 2013]. It
has been associated with numerous cognitive functions [Jones, 2012; Sherman, 2016; Theyel et
al., 2010] and affected in many disorders [Giraldo-Chica et al., 2018; Llinas et al., 1999; Llinés et
al., 2005; Ribary et al., 2019; Tona et al., 2014]. Functionally, the thalamus regulates cortical
power at different frequencies mediating alpha and theta-gamma switching [Ribary et al., 2017].
Neurological conditions are often associated with the thalamus slowing alpha oscillatory activity
to theta [Lianyang Li et al., 2015; Ribary et al., 2019; Tarapore et al., 2013], and in very preterm
children at school age decreased alpha power and increased gamma have been reported [Cepeda
et al., 2007; Doesburg et al., 2010; Doesburg et al., 2011], as well as atypical neurophysiological
connectivity [Doesburg et al., 2013; Kozhemiako et al., 2019; Moiseev et al., 2015b].
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Based on previous literature reporting associations between the thalamus and cortical power
[Edgar et al., 2015; Lindgren et al., 1999; Ribary et al., 2017], in the present study, we
hypothesized that reductions in thalamic volume present in children born very preterm will be
associated with atypical cortical power measured using MEG. Given that power captured by MEG
is mostly generated by pyramidal neurons in the cortex [Murakami and Okada, 2006], to assess
the association between thalamic volume and power at different frequencies, cortical gray matter
volume was included as a variable of interest, and both were corrected for total intracranial volume.
In addition, previous studies have suggested that T1 intensities reflect myelinization [Koenig,
1991; Stiiber et al., 2014], gray matter intensity has been used as a biomarker for neurological
diseases and aging [Kong et al., 2015; Norbom et al., 2018; Salat et al., 2009], and it has been
reported myelin alterations in the thalamus and cortical gray matter in very preterm infants
[Counsell et al., 2002; Counsell et al., 2014; Eaton-Rosen et al., 2015]. Thus, a separate association
analysis was conducted to test if mean thalamic, cortical gray matter and cortical white matter T1
intensities are associated with frequency-specific neurophysiological power at rest.

The aim of the present study is to investigate the relationship between structural alterations
in very preterm children at school age and atypical oscillatory power at canonical frequency bands,
and their association with neurodevelopment at school age. To this end, using a multivariate
statistical analysis we estimated differences in MEG relative power at canonical frequency bands
between ELGA, VLGA and Term born children, the association between power and cognitive,
visual-motor and behavior problems at school age, and the association between power and
thalamic/cortical volumes or intensities measured using MRI.

Methods

Participants

A total of 108 children participated in a resting state MEG recording, from which 9 participants
were discarded due to major brain injury (periventricular leukomalacia [PVL] or grade III-IV
intraventricular hemorrhage [IVH] on neonatal ultrasound), autism spectrum disorder [ASD],
and/or or excessive motion. The final sample size was 99 children with a mean age of 7.8 years:
23 were born ELGA (24 to 28 wks, age 7.7 £ 0.39, 10 girls), 36 VLGA (29-32 wks GA, age 7.7
+ 0.39, 24 girls), and 39 healthy full-term (40 wks GA, age 7.9 £ 1.02, 24 girls). Of these 99
children, only 62 underwent MRI, and after discarding scans with poor quality, 51 participants
remained, consisting of 13 ELGA, 24 VLGA and 13 full-term children. All children were recruited
as part of a prospective longitudinal study on the effects of neonatal pain-related stress on
neurodevelopment of children born very preterm [Grunau et al., 2007; Grunau et al., 2009].
Participant characteristics are presented in Table 1.

MEG recording

Eyes open resting state MEG data were recorded for a total of two minutes using a CTF 151-
Channel MEG system (CTF systems; Coquitlam, Canada) in a magnetically shielded room with a
sampling rate of 1200 Hz. Continuous head localization was recorded by energizing three fiducial
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coils placed in the nasion and preauriculas. The head shape of the participants was recorded using
a Polhemus Fastrak digitizer.

MRI recording

MRI scans were performed on a Siemens 1.5 Tesla Avanto (Berlin, Germany) using a 12
channel head coil. Each scan consisted of a 3D T1-weighted sequence (TR:18; TE:9.2; FOV:256;

Thickness: Imm; Gap:0; Matrix:256x256).

ELGA VLGA Term
Demographic measures mean (std) mean (std) mean (std)
Age, years 7.7 (0.38) 7.7 (0.39) 8(1.02)
Males/Females 13/10 12/24 15/24
Neurocognitive measures
Verbal Comprehension Index (WISC-IV) 93.8 (12.15) **+ 103.1 (15.16) 108.7 (13.11)
Perceptual Reasoning Index (WISC-1V) 97.0 (14.47) ** 103.4 (15.93) * 113.1 (13.31)
Working Memory Index (WISC-IV) |  91.8 (10.79) **+ 101.8 (11.51) 102.2 (11.26)
Processing Speed Index (WISC-IV) 89.6(11.82) **+ 98.5(12.97) 104.8 (16.03)
Full-scale IQ (WISC-IV) |  91.2 (11.15) **+ 102.4 (14.31) * 109.9 (12.76)
Internalising Behavior (CBCL) 51.4 (10.94) 50.7 (10.70) 49.7 (10.88)
Externalizing Behavior (CBCL) 47.6 (10.23) 47.2 (10.58) 47.2 (10.55)
Behavioral Regulation Index (BRIEF) 51.3 (10.72) 51.8 (12.82) 50.2 (10.95)
Metacognition Index (BRIEF) 53.7 (12.98) 54.6 (14.00) 49.4 (10.48)
Visual Motor Integration (BEERY) 92.2(9.88) * 95.4(8.31) * 102.4 (12.44)
Visual Perception (BEERY) 97.7 (15.68) ** 104.9 (14.53) * 113.8 (15.31)
Motor Coordination (BEERY) 89.5 (10.39) * 93.4(9.35) * 97.7 (11.20)
Neonatal measures (with MRI)
Gestational Age, weeks 27.1(1.36) **++ 31(1.2) ** 39.9(0.93)
Infection, yes/no 7/6 20/3 n/a
Number of Skin-Breaking Procedures 153.6 (68.68) 1+ 65.1 (50.87) n/a
Morphine Dosage, mg/kg 2.7 (5.74) t 0.06 (0.18) n/a
Score for Neonatal Acute Physiology 22.5(9.73) t+ 5.6 (7.5) n/a
Structural measures (with MRI)
Thalamic mean volume, mm? | 6,951 (697)**t 7,494 (745) 8,268 (603)
Cortical gray matter volume, mm? | 536,606 (40,984)* 555,204 (57,458) 589,950 (603)
Intracranial volume, mm? | 1,515,881 (122,911) 1,534,179 (142,595) 1,589,423 (58,071)
Thalamic mean intensity 88 (1.8)* 89.2 (1.6) 89.5(1.5)
cortical gray matter mean intensity 88 (8.7) 91.54 (8.2) 88 (6.7)
cortical white matter mean intensity 108 (79) 114.73 (10.3) 110 (8.5)

Table 1. Study cohort characteristics. Significant differences between ELGA or VLGA and full-term *p <

.05 ,%*%p <.001. Significant differences between ELGA and VLGA 1p <.05, 1 p <.001.

Neonatal data
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Neonatal data were collected from a daily chart review by an experienced research nurse
during the neonatal period of the ELGA and VLGA participants as described previously [Grunau
et al., 2009]. In this study, we focused on gestational age (GA), if infection was positive, illness
severity on day 1 (SNAP; [Richardson et al., 2001]), equivalent log-transformed cumulative
morphine dose, and log-transformed number of skin-breaking procedures (pain), from birth to
term-equivalent age.

Neurocognitive assessment

On the day of the MEG scanning, child IQ was assessed with the Wechsler Intelligence
Scale for Children (WISC-1V; Wechsler, 2003), yielding standardized scores for verbal (VIQ),
perceptual reasoning (IQ-PR), working (IQ-WM), processing speed (IQ-PSI) and full-scale (1Q-
f). Visual-motor capabilities were assessed with Beery—Buktenica Developmental Test of Visual-
Motor Integration, 5th Edn. [Beery et al., 2004], comprising the subscales visual-motor integration
(BEERY-VMI), visual perception (BEERY-VP), and motor coordination (BEERY-MC).
Behavior was assessed with the Child Behavior Checklist (CBCL; Achenbach and Rescorla 2001)
questionnaire completed by a parent, measuring internalizing behavior (CBCL-INT and
externalizing behavior (CBCL-EXT), and executive functions with the Behavior Rating Inventory
of Executive Function (BRIEF; [Gioia et al., 2000] assessing behavioral regulation (BRIEF-BRI)
and metacognition index (BRIEF-MCI).

MEQG analysis

MEG sensor data were notch filtered at 60 Hz to remove line noise. Segments exceeding 5
mm displacement at any direction from the median head position were discarded. After visual
inspection, segments with muscle artifacts were also discarded. Independent Component Analysis
(ICA) was used to identify and reject components capturing eye and heart activity. The remaining
artifact-free data was segmented into epochs of four seconds and band-pass filtered at canonical
frequency bands (delta:1-4 Hz, theta:4-8 Hz, alpha:8-12 Hz, beta:12-25 Hz, gamma:25-55 Hz).
For source reconstruction, a forward model was computed using a single-shell head model [Nolte,
2003]. For subjects without an MRI, the best match from a pool of child MRIs was used instead
[Gohel et al., 2017]. Source space activity was reconstructed on an 8 mm spaced grid using an
LCMYV beamformer [Van Veen et al., 1997] which creates spatial filter weights that maximize
activity from the target location while filtering out activity from elsewhere. Beamformer weights
were estimated at each frequency band to optimize the spatial filtering [Moiseev et al., 2015a]. For
each reconstructed source, relative power was obtained by dividing the absolute power within a
frequency band by the sum of the absolute power in all the frequencies. Relative power is used as
it is corrected for depth bias and it has been shown to be more stable across subjects [Suppiej et
al., 2017]. The relative power within a frequency represents its contribution to all the frequency
spectrum of interest. Herein, power and relative power is used interchangeably.

Morphometric measures

3D T1 MRIs were automatically processed using FreeSurfer [Fischl, 2012], in brief, steps
included skull-stripping, Talairach transformation, intensity normalization, subcortical
segmentation, tessellation of the gray matter/white matter boundary, topology correction and
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surface deformation to detect gray matter/white matter and gray matter/cerebrospinal fluid
boundaries [Fischl et al., 1999]. For this study, the volumetric measures of interest were total
cranial volume, cortical gray matter volume and thalamic volume, and the intensity measures of
interest were the mean normalized intensity of the thalamus, cortical gray matter and cortical white
matter (sampled normal at 2mm under the cortical surface). Several studies report gray matter
intensities contrasted with white matter intensities [Jefferson et al., 2015; Kong et al., 2015; Salat
et al., 2009], while preserving the TI, to account for white matter intensity, it was included as a
separate variable in the correlation analysis with power.

Statistical analyses

Partial Least Squares (PLS) and linear regression were used for statistical analysis. PLS is
a multivariate technique used in neuroimaging [Krishnan et al., 2011; McIntosh and Lobaugh,
2004] based on singular value decomposition. It decomposes the data into latent variables (LV)
composed of a left singular vector (left-SV), a singular value and a right-SV. Permutation is used
to assess statistical significance by resampling without replacement the subjects’ group assignment
and a p-value is obtained by counting the number of permutations where the permutation singular
value exceeded the original singular value. PLS yields a single p-value for each LV, and
accordingly does not require correction for multiple comparisons. Bootstrapping is used to
measure the reliability of the features by resampling with replacement subjects within a group and
taking the standard error (SE) of the bootstrapped left-SVs, then the original left-SV is divided by
the bootstrap SE, and a bootstrap ratio is obtained. This ratio is presented as z-scores. The right-
SV is termed the contrast, as it reflects the data-driven contribution of the groups or variables to
the right-SV.

In this study, two types of PLS were used. First, a mean-centered PLS approach was used
to test for differences between groups (ELGA, VLGA, and Term). Accordingly, the contrast
reflects the contribution of a group, the z-scores reflect the reliability of a given feature (a
frequency-specific relative power value in a source location) and the p-value indicates the
confidence in rejecting the null hypothesis of no group differences represented by the contrast.

Second, a behavioral PLS approach where the features (frequency power at a location) were
investigated regarding its correlation with continuous variables (neurocognitive, neonatal,
volumetric or intensity variables). In this case, the contrasts reflect the contribution of each
variable, the z-score the reliability of the feature correlating with the set of variables, and p-values
indicate the confidence in rejecting the null where the set of variables are randomly correlated with
the features. To increase statistical power, in all the behavioral PLS analyses all the subjects from
all the groups with information on the variable of interest were included in the analysis.

To assess associations between neuroimaging measures and neurocognitive outcome at
school age, 11 variables were included representing 1Q, CBCL, BRIEF and BEERY subscales; in
the intensity correlation, the included variables were thalamic, cortical gray matter and cortical
white matter mean intensities; for the volumetric PLS, the thalamic volume (TV) and cortical gray
matter volume (CGV) ratio was obtained by dividing the former by the latter, to obtain the TV-
CGYV ratio. This was done to investigate associations between MEG power and TV not explained
by CGV, as we hypothesized that decreased thalamic volume with increased cortical mass might
better capture power changes across frequencies due to a reduction of thalamic cortical regulation
relative to the amount of cortical neural mass.
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Given that the TV-CGYV ratio correlation with power does not tease out the sole contribution
of TV or CGV, the TV and CGV were correlated with the so called ‘brain scores’ from the mean-
centered PLS analysis. The brain scores are the dot product of the subjects by features matrix with
the left-SV, and it expresses the covariance between the subjects’ features and SV. Essentially, the
PLS ‘brain score’ for each subject indicates the degree to which that subject contributed to the
pattern observed in the group contrast. A significant correlation between a volume variable and
the brain scores would provide evidence of their contribution to the mean-centered PLS group
differences.

The second technique used was linear regression. Given that neonatal variables were not
significantly correlated with power in the preterm group, a further analysis was conducted using
linear regression to test if GA, sex, pain, morphine, number of days in ventilation, and illness
(SNAP) were associated with TV-CGV ratio or with thalamic intensity, which in turn were
associated with power and explained the association with negative neurocognitive outcomes and
group differences, respectively.

Results

Analysis of group differences in resting neurophysiological activity

When testing for group differences in relative power between ELGA, VLGA and Term, a
statistically significant group difference was found with a p-value < 0.05 and a data-driven contrast
reflecting ELGA vs. VLGA and Term. As illustrated in Fig. 1, the strongest positive z-scores
(increased power for ELGA) were found for frontoparietal delta, frontal theta, and
occipitotemporal gamma, while strongest negative z-scores (decreased power for ELGA) were
located in posterior areas in the alpha band and in frontal areas in the beta band. Overall, higher
delta, theta and gamma and lower alpha and beta were associated with power in ELGA compared
with VLGA and full-term children.

Delta Theta Alpha Beta Gamma Contrast
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Figure 1. Group differences in power across frequency bands. Plotted on the cortical surfaces are z-scores
indicating the reliability of expressing the group contrast plotted on the top right. The contrast indicates
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ELGA>VLGA and term, thus red z-scores reflects higher power in the ELGA group. Statistical analysis
was performed on an 8 mm spaced grid, for visualization purposes, the z-scores where interpolated onto
cortical surfaces.

Power associations with neurocognitive measures

We tested for associations between power and a set of 11 neurocognitive measures and
rendered a p-value < 0.05 and a data-driven contrast reflecting negative outcomes (CBCL, BRIEF)
vs. positive outcomes (IQ, BERRY). The strongest z-scores, indicating more negative outcomes,
reflected higher delta in general and theta in occipitotemporal areas and lower alpha, beta and
gamma (Fig.2). In short, poorer outcome was associated with increased power at slower
frequencies and decreased power at faster frequencies.
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Figure 2. Correlation between power and neurocognitive measures. Plotted on the cortical surfaces are z-
scores indicating the reliability of expressing the correlation between the set of neurocognitive variables
(explained in Methods section) and power. The bar graph contrast plotted on the top right indicates the
correlation values for each of the variables and the whiskers indicate the 95% confidence interval. The
contrast indicates negative > positive outcomes, thus the higher the power in red z-scores, the higher the
negative outcomes, i.e. lower 10, higher difficulties in executive functions and lower visual motor
integration. Statistical analysis was performed on an 8 mm spaced grid, for visualization purposes, the z-
scores where interpolated onto cortical surfaces.
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&
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Power associations with intensity measures

A significant association was found with a p-value < 0.05 between neurophysiological
brain power and mean intensity variables. The data-driven contrast reflected higher cortical gray
matter intensity (CGI) and cortical white matter intensity (CWI) vs. lower thalamic intensity (TT).
Lower TI and higher CGI and CWI was associated with higher power in frontoparietal areas in the
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delta band, frontal theta and occipital gamma, and lower alpha and beta. The z-scores distribution
resembled highly the PLS group differences, we correlated both z-scores and obtained a correlation

value of 0.7.
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Figure 3. Correlation between power and normalized mean intensity measures. Plotted in the cortical
surfaces are z-scores indicating the reliability of expressing the correlation between the set of intensity
variables (mean intensity in the thalamus (TI), cortical gray matter (CGI) and cortical white matter (CWI),
explained in Methods section) and power. The bar chart contrast, plotted on the top right, indicates the
correlation values for each of the variables, and the whiskers indicate the 95% confidence interval. The
data-driven contrast indicates lower TI vs. higher CGI and CWI, thus the higher the power in red z-scores,
the smaller the TI and higher the CGI and CWI. Statistical analysis was performed on an 8 mm spaced
grid, for visualization purposes, the z-scores where interpolated onto cortical surfaces. On the bottom right,
the TI values are plotted with a box plot for each group, horizontal lines indicate significance between
groups, * = p-val <0.05.

Associations between MEG power and volumetric measures

For PLS purposes, it would be equivalent to correlate power with TV and CGV as two
separate variables, however, taking the TV-CGV ratio as a single variable allowed to further
explore the relation with power and neonatal variables. PLS significantly correlated power with
the TV-CGV ratio with a p-value < 0.01. Decreased TV relative to the cortical volume of gray
matter was associated with higher delta in general and theta in occipitotemporal areas, and lower
alpha, beta and gamma (Fig.4). The z-score distribution was very similar to the PLS association
with neurocognitive measures, when correlating both z-scores we obtained a correlation value r =
0.9. 4 posteriori, to further assess if the results were driven by either TV or CGV, a separate PLS
was conducted, and only the TV showed a significant trend with a p-val <.1. To tease out if the
ratio reflects the contribution of both variables or if it is driven by the TV while accounting for
CGYV, pearson correlation with either TV or CGV and the brain scores from the mean-centered
PLS (group differences in power) was calculated. The correlation value for TV and brain scores

10
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was r=.4 and a p-val < 0.01, while CGV correlation was not significant, suggesting the TV as the
main contributor.

We explored the association between the average power from the 2.5% locations with the
strongest z-scores in each frequency band. For each frequency, a scatterplot and the line of best fit
for each group was plotted and correlated the ratio with the average power for all the participants
and within group (Fig. 5). The scatterplots and correlations indicate that the association of TV-
CGYV ratio and power is present across all frequencies and groups with the same effect direction,
although, by combining all the groups higher statistical power is obtained.

Delta Theta Alpha Beta Gamma Contrast
0

oo
VEDBD
s@@ogmﬁf
el !

Figure 4. Correlation between power and the thalamic and cortical gray volumes ratio. Plotted in the
cortical surfaces are z-scores indicating the reliability of expressing the correlation between the_thalamic
and cortical gray volumes (TV-CGYV) ratio and power. The bar chart contrast, plotted on the top right,
indicates the correlation value for the TV-CGV measure, and the whiskers indicate the 95% confidence
interval. The contrast indicates > TV-CGYV, thus the higher TV-CGV the higher the power in red z-scores
areas. Statistical analysis was performed on an 8 mm spaced grid, for visualization purposes, the z-scores
where interpolated onto cortical surfaces. On the bottom right, the TV-CGV values are plotted with a box
plot for each group, horizontal lines indicate significance between groups, ** = p <0.01.

Correlation
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Z-scores

Neonatal variables associations with volume and intensity

Two linear regressions were calculated to predict either the TV-CGV ratio or the TI based
on neonatal variables. The model for the TV-CGV was not significant, whereas the TI significance
was p<0.05, F(7,29)=2.65, , with R? .37. Beta and p-values for the predictor variables are reported

in Table 2
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Model: TV-CGV
Beta Sig. |

GA -0.104 0.616
Sex -14.14 0.030
Infection -1.084 0.063
SNAP -0.009 0.729
Morph -2.948 0.008
Pain -0.064 0.954
Sex*GA 0.487 0.027

Table 2. Linear regression for thalamic mean normalized intensity. Predictor variables are gestational Age
(GA), sex, GA*sex interaction, infection, illness severity (SNAP), cumulative morphine dose, number of
skin breaking procedures (pain). P-values in red indicate statistical significance.
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Figure 5. Correlation between average power from locations with the highest magnitude z-scores and the
TV-CGV. Plotted in the cortical surfaces are the areas with the biggest absolute z-scores thresholded at
2.5%. For delta and theta frequency bands, the z-scores were negatively skewed, whereas in the other bands
were positively skewed with predominantly more negative z-scores. The 2.5 tail from the skewed side
(plotted on the brain surfaces) at each frequency were selected and their power averaged. The averaged
power was correlated with the TV-CGV ratio, for each group and in total, and plotted in a scatterplot. The
lines in the scatterplot represent the best linear fit, and in the box legend the correlation and significance
is presented, with *= p<.05, **= p<.01, ***= p<.001. In all the groups and frequencies, the direction of
the association (positive or negative) is common across groups, power in ELGA tends to correlate more,
but overall, the association with all the participants is highest.
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Discussion

This study examined relationships between frequency-specific power, structural alterations
associated with the thalamus and neurocognitive difficulties at school age that characterize
children born very preterm. We found that relative power at rest in the extremely low gestational
age (ELGA) group differed the most compared to the very low gestational age (VLGA) group and
term control group, as similarly reported with absolute power [Kozhemiako et al., 2018], and
likely related to prior observation of reduced alpha connectivity during task performance
[Doesburg et al., 2010]. Neurocognitive difficulties were associated with increased frontal and
occipital delta, and occipital theta, as well as decreased power mostly involving frontal and
occipital beta activity. Thalamic, cortical gray matter and (sub)cortical white matter intensities
were associated with power and were very similar, in direction and spatially, to the group
differences in power, differentiating ELGA from the rest, with a correlation between z-scores of
r=.7. Similarly, the association between MEG power and the ratio thalamic/cortical volume
revealed a spatial pattern very similar to that observed in the association between MEG power and
neurocognitive difficulties. These similarities suggest that the thalamic intensity, accounting for
cortical gray and white matter intensity, is a prominent structural correlate of atypical power in the
ELGA, and the thalamic volume, normalized by the total neural cortical mass, is the structural
correlate of neurocognitive difficulties. Overall, this study provides novel evidence of the
relationship between atypical power at rest in preterms and structural thalamic alterations and
negative outcomes at school age.

The central hypothesis of this study was based on reports indicating thalamic volume
reduction and thalamocortical and corticothalamic pathways alterations in children born very
preterm [McQuillen and Ferriero, 2006; Smyser et al., 2010], on studies suggesting the role of the
thalamus as a regulator of cortical through low frequencies [FitzGerald et al., 2013;
Malekmohammadi et al., 2015; Ribary, 2005], and on studies demonstrating the importance of the
thalamus for higher-order cognitive processes [Mitchell, 2015; Saalmann, 2014; Sweeney-Reed et
al., 2015]. Based on thes previous literature, we hypothesized that decreased thalamic volume
might lead to abnormal distribution of power at different frequency bands which would be
associated with negative neurocognitive outcomes. Indeed, we found that atypical power in the
ELGA group marked by a relative power increase of lower frequencies (delta and theta) and
decreased higher frequencies (alpha, beta, and partially gamma) was also associated, in general,
with more negative outcomes. These results are consistent with the phenomena of ‘alpha slowing’,
which is characterized by decreased alpha power and increased theta and/or delta power [Garcés
et al., 2013; Hughes and Crunelli, 2005; Llinés et al., 1999]. This slowing has been associated with
a decrease of inhibitory interneurons in the thalamus or a shift of inhibitory drive on the thalamus
[Bhattacharya et al., 2011; Ribary et al., 2019], and based on our results, this appears to be
structurally reflected with decreased gray matter intensity in the thalamus. This power imbalance
seems to be already present in the neonatal period in preterm infants with a relatively higher
contribution of low frequencies [Suppiej et al., 2017]. Similarly, Doesburg et al. 2011, using a
subset of the participants analyzed in the present study, found on sensor-space slowing of alpha
peak especially in the ELGA children, during a visual-spatial memory task at age 7-8 years. In the
present study, we show a source-space spatially defined characterization of atypical power, most
distinctly evident in children born extremely preterm, and the association with structural thalamic
deficits and neurocognitive difficulties.
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In the analysis of associations between power and thalamic volume (TV) or intensity (TI),
a priori, the cortical counterpart was included, i.e. cortical gray matter volume (CGV) or intensity
(CQGI), to account for power independent from thalamic alterations. Although it has been found
decreased cortical thickness in preterms at school age [Lax et al., 2013; Ranger et al., 2013], very
preterm birth is associated with neurodevelopmental problems reflected in slower neuronal
optimization archived by pruning unnecessary synapses and strengthening necessary ones with
myelinization [Shaw et al., 2008]. Longitudinal preterm studies have found that between 7 to 12
years of age there is decreased thinning of cortical gray matter volume indicating delayed cortical
maturation driven by cortical thinning [Ment et al., 2009; Miirner-Lavanchy et al., 2014]. In our
study, while CGV was significantly reduced in the ELGA, we found that the ratio TV-CGV was
also significantly decreased, indicating a relatively bigger CGV. In relation to the thalamus, we
hypothesize that reduced thalamic regulation, either by a smaller number of thalamic neurons or
pathways, might lead to cortical dysfacilitation were more cortical synapses are needed to
compensate for the reduced role of the thalamus in integrating cortical processing. This hypothesis
would also account for the increase of delta and theta seen in the ELGA, as more low-frequency
integrative processing in the cortex would be needed, and, assuming cortical integration to be less
effective than the thalamic, it would also explain the correlation between neurocognitive
difficulties and higher low frequency power.

We expected to find a direct association between power and neonatal procedures,
especially, pain (skin breaking procedures). However, at most, we found an indirect link with
power by using neonatal variables as predictors of TV-CGYV ratio or thalamic intensity (TI). While
TV-CGV was not significantly associated, TI reduction was predicted by morphine instead of pain,
with a more pronounced effect on females. Gray matter intensity mostly reflects the amount of
myelinization or the amount of axonal mass. While subcortical white matter intensity reflects
axons from the thalamus and elsewhere, thalamic gray matter intensity reflects structural
connections involving directly the thalamus. Preterm alterations in myelinization have been
previously reported [Lubsen et al., 2011; Nossin-Manor et al., 2013], including in the thalamus
[Eaton-Rosen et al., 2015], with early exposure to opioid affecting myelination [Sanchez et al.,
2008], nonetheless, the prediction of morphine for TI might also reflect its apoptotic effects in the
thalamic neurons and microglia [Hu et al., 2002; McPherson and Grunau, 2014]. In this study, we
provide evidence that higher cumulative dose of morphine is a predictor of TI which in turn is
associated with atypical power in ELGA. This is consistent with previous findings of adverse
effects of high dosing of morphine in relation to hippocampal [Duerden et al., 2016] and cerebellar
[Zwicker et al., 2016] growth on MRI in the neonatal period in a different cohort, and cerebellar
growth in the current cohort at school-age [Ranger et al., 2015].

In conclusion, our findings present evidence linking atypical relative power at rest in
children born very preterm, especially ELGA, at school age with neurocognitive difficulties,
structural deficits related with the thalamus, and neonatal pain and morphine exposure. During the
neonatal period surrounding very preterm birth, the thalamocortical system is going through
critical developmental windows very susceptible to disruptions that might lead to long-lasting
alterations, at least until school age. The present work raises the issue of the effects of preterm
birth, as well as the importance of optimizing neonatal procedures and the possible integration of
early cognitive interventional training programs in early childhood.

14


https://doi.org/10.1101/729038
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/729038; this version posted August 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

ACKNOWLEDGEMENTS

We would like to thank Dr. Ken Poskitt, pediatric neuroradiologist, for his invaluable
assistance in obtaining the MRI scans. We would like to thank Dr. Ivan Cepeda and Gisela Gosse
for coordinating the study, Katia Jitlina, Amanda Degenhardt, Dr. Teresa Cheung and Julie
Unterman for their help in data collection. This study was supported by Grant ROl HD039783
from the Eunice Kennedy Shriver Institute of Child Health and Human Development (REG), the
Canadian Institutes of Health Research Grants MOP42469 (REG) and MOP-136935 (SMD).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

15


https://doi.org/10.1101/729038
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/729038; this version posted August 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Bibliography

Aarnoudse-Moens CSH, Weisglas-Kuperus N, van Goudoever JB, Oosterlaan J (2009): Meta-
Analysis of Neurobehavioral Outcomes in Very Preterm and/or Very Low Birth Weight
Children. Pediatrics 124:717-728.
http://pediatrics.aappublications.org/cgi/doi/10.1542/peds.2008-2816.

Achenbach TM, Rescorla L (2001): Manual for the ASEBA school-age forms & profiles: Child
behavior checklist for ages 6-18, teacher’s report form, youth self-report. An integrated
system of multi-informant assessment.

Anand KJS, Garg S, Rovnaghi CR, Narsinghani U, Bhutta AT, Hall RW (2007): Ketamine
Reduces the Cell Death Following Inflammatory Pain in Newborn Rat Brain. Pediatr Res
62:283-290. http://www.nature.com/doifinder/10.1203/PDR.0b013e3180986d2f.

Anderson PJ (2014): Neuropsychological outcomes of children born very preterm. Semin Fetal
Neonatal Med 19:90-96.
https://www.sciencedirect.com/science/article/pii/S1744165X13001212.

Ball G, Boardman JP, Rueckert D, Aljabar P, Arichi T, Merchant N, Gousias IS, David Edwards
A, Counsell SJ, Steiner R (2012): The Effect of Preterm Birth on Thalamic and Cortical
Development. Cereb Cortex 22:1016-1024. www.fmrib.ox.ac.uk/fsl.

Beery KE, Buktenica NA, Beery NA (2004): Beery—Buktenica Developmental Test of Visual-
Motor Integration 5th ed. San Antonio: Psychological Corporation.

Bhattacharya B Sen, Coyle D, Maguire LP (2011): Alpha and Theta Rhythm Abnormality in
Alzheimer’s Disease: A Study Using a Computational Model. In: . Springer, New York,
NY. pp 57-73. http://link.springer.com/10.1007/978-1-4614-0164-3 6.

Boardman JP, Counsell SJ, Rueckert D, Kapellou O, Bhatia KK, Aljabar P, Hajnal J, Allsop JM,
Rutherford MA, David Edwards A (2006): Abnormal deep grey matter development
following preterm birth detected using deformation-based morphometry i.
www.elsevier.com/locate/ynimg.

Breeman LD, Jaekel J, Baumann N, Bartmann P, Wolke D (2017): Neonatal predictors of
cognitive ability in adults born very preterm: a prospective cohort study. Dev Med Child
Neurol 59:477-483. http://doi.wiley.com/10.1111/dmen.13380.

Brummelte S, Grunau RE, Chau V, Poskitt KJ, Brant R, Vinall J, Gover A, Synnes AR, Miller
SP (2012): Procedural pain and brain development in premature newborns. Ann Neurol
71:385-396. http://www.ncbi.nlm.nih.gov/pubmed/22374882.

Cai Y, Wu X, SuZ, ShiY, Gao J-H (2017): Functional thalamocortical connectivity
development and alterations in preterm infants during the neonatal period. Neuroscience
356:22-34. https://www.sciencedirect.com/science/article/pii/S0306452217303342.

Cepeda IL, Grunau RE, Weinberg H, Herdman AT, Cheung T, Liotti M, Amir A, Synnes A,
Whitfield M (2007): Magnetoencephalography study of brain dynamics in young children
born extremely preterm. Int Congr Ser 1300:99-102.
http://www.ncbi.nlm.nih.gov/pubmed/20234794.

Chau CMY, Ranger M, Bichin M, Park MTM, Amaral RSC, Chakravarty M, Poskitt K, Synnes

16


https://doi.org/10.1101/729038
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/729038; this version posted August 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

AR, Miller SP, Grunau RE (2019): Hippocampus, Amygdala, and Thalamus Volumes in
Very Preterm Children at 8 Years: Neonatal Pain and Genetic Variation. Front Behav
Neurosci 13:51. https://www.frontiersin.org/article/10.3389/fnbeh.2019.0005 1/full.

Counsell SJ, Ball G, Edwards AD (2014): New imaging approaches to evaluate newborn brain
injury and their role in predicting developmental disorders. Curr Opin Neurol 27:168—175.
https://insights.ovid.com/crossref?an=00019052-201404000-00006.

Counsell SJ, Maalouf EF, Fletcher AM, Duggan P, Battin M, Lewis HJ, Herlihy AH, Edwards
AD, Bydder GM, Rutherford MA (2002): American Journal of Neuroradiology. Am J
Neuroradiol 20:1349-1357. http://www.ajnr.org/content/23/5/872.

Dean JM, McClendon E, Hansen K, Azimi-Zonooz A, Chen K, Riddle A, Gong X, Sharifnia E,
Hagen M, Ahmad T, Leigland LA, Hohimer AR, Kroenke CD, Back SA (2013): Prenatal
Cerebral Ischemia Disrupts MRI-Defined Cortical Microstructure Through Disturbances in
Neuronal Arborization. Sci Transl Med 5:168ra7-168ra7.
http://www.ncbi.nlm.nih.gov/pubmed/23325800.

Doesburg SM, Chau CM, Cheung TPL, Moiseev A, Ribary U, Herdman AT, Miller SP, Cepeda
IL, Synnes A, Grunau RE (2013): Neonatal pain-related stress, functional cortical activity
and visual-perceptual abilities in school-age children born at extremely low gestational age.
PAIN® 154:1946—-1952.
https://www.sciencedirect.com/science/article/pii/S0304395913001644.

Doesburg SM, Whitfield MF, Moiseev A, Herdman AT, Grunau RE, Poskitt KJ, Ribary U,
Miller SP, Synnes A (2010): Altered long-range alpha-band synchronization during visual
short-term memory retention in children born very preterm. Neuroimage 54:2330-2339.

Doesburg SM, Ribary U, Herdman AT, Moiseev A, Cheung T, Miller SP, Poskitt KJ, Weinberg
H, Whitfield MF, Synnes A, Grunau RE (2011): Magnetoencephalography Reveals Slowing
of Resting Peak Oscillatory Frequency in Children Born Very Preterm. Pediatr Res 70:171—
175. http://www.nature.com/doifinder/10.1203/PDR.0b013e3182225a9e.

Dubois J, Dehaene-Lambertz G, Perrin M, Mangin J-F, Cointepas Y, Duchesnay E, Le Bihan D,
Hertz-Pannier L (2008): Asynchrony of the early maturation of white matter bundles in

healthy infants: Quantitative landmarks revealed noninvasively by diffusion tensor imaging.
Hum Brain Mapp 29:14-27. http://doi.wiley.com/10.1002/hbm.20363.

Duerden EG, Guo T, Dodbiba L, Chakravarty MM, Chau V, Poskitt KJ, Synnes A, Grunau RE,
Miller SP (2016): Midazolam dose correlates with abnormal hippocampal growth and
neurodevelopmental outcome in preterm infants. Ann Neurol.

Duerden EG, Grunau RE, Guo T, Foong J, Pearson XA, Au-Young S, Lavoie R, Chakravarty
MM, Vann Chau X, Synnes A, Miller SP (2018): Early Procedural Pain Is Associated with
Regionally-Specific Alterations in Thalamic Development in Preterm Neonates.
http://www.r-project.org/.

Diihrsen L, Simons SHP, Dzietko M, Genz K, Bendix I, Boos V, Sifringer M, Tibboel D,
Felderhoff-Mueser U (2013): Effects of repetitive exposure to pain and morphine treatment
on the neonatal rat brain. Neonatology 103:35-43.
http://www.ncbi.nlm.nih.gov/pubmed/23037996.

Eaton-Rosen Z, Melbourne A, Orasanu E, Cardoso MJ, Modat M, Bainbridge A, Kendall GS,

17


https://doi.org/10.1101/729038
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/729038; this version posted August 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Robertson NJ, Marlow N, Ourselin S (2015): Longitudinal measurement of the developing
grey matter in preterm subjects using multi-modal MRI. Neuroimage 111:580-589.
https://www.sciencedirect.com/science/article/pii/S1053811915001020.

Edgar JC, Heiken K, Chen Y-H, Herrington JD, Chow V, Liu S, Bloy L, Huang M, Pandey J,
Cannon KM, Qasmieh S, Levy SE, Schultz RT, Roberts TPL (2015): Resting-State Alpha
in Autism Spectrum Disorder and Alpha Associations with Thalamic Volume. J Autism
Dev Disord 45:795-804. http://link.springer.com/10.1007/s10803-014-2236-1.

Fischl B (2012): FreeSurfer. Neurolmage.

Fischl B, Sereno MI, Dale AM (1999): Cortical Surface-Based Analysis II: Inflation, Flattening,
and a Surface-Based Coordinate System. http://www.idealibrary.com.

FitzGerald T, Valentin A, Selway R, Richardson MP (2013): Cross-frequency coupling within
and between the human thalamus and neocortex. Front Hum Neurosci 7:84.
http://journal.frontiersin.org/article/10.3389/fnhum.2013.00084/abstract.

Garcés P, Vicente R, Wibral M, Pineda-Pardo JA, Loépez ME, Aurtenetxe S, Marcos A, de
Andrés ME, Yus M, Sancho M, Maestu F, Ferndndez A (2013): Brain-wide slowing of
spontaneous alpha rhythms in mild cognitive impairment. Front Aging Neurosci 5:100.
http://journal.frontiersin.org/article/10.3389/fnagi.2013.00100/abstract.

Gioia GA, Isquith PK, Guy SC, Kenworthy L (2000): Behavior Rating Inventory of Executive
Function-Self-Report version. Child Neuropsychol.

Giraldo-Chica M, Rogers BP, Damon SM, Landman BA, Woodward ND (2018): Prefrontal-
Thalamic Anatomical Connectivity and Executive Cognitive Function in Schizophrenia.
Biol Psychiatry 83:509-517.
https://www.sciencedirect.com/science/article/pii/S0006322317320103#figl.

Gohel B, Lim S, Kim M-Y, Kwon H, Kim K (2017): Approximate Subject Specific Pseudo MRI
from an Available MRI Dataset for MEG Source Imaging. Front Neuroinform 11:50.
http://journal.frontiersin.org/article/10.3389/fninf.2017.00050/full.

Grunau RE, Haley DW, Whitfield MF, Weinberg J, Yu W, Thiessen P (2007): Altered Basal
Cortisol Levels at 3, 6, 8 and 18 Months in Infants Born at Extremely Low Gestational Age.
J Pediatr.

Grunau RE, Whitfield MF, Petrie-Thomas J, Synnes AR, Cepeda IL, Keidar A, Rogers M,
MacKay M, Hubber-Richard P, Johannesen D (2009): Neonatal pain, parenting stress and
interaction, in relation to cognitive and motor development at 8 and 18 months in preterm
infants. Pain.

Hohmeister J, Kroll A, Wollgarten-Hadamek I, Zohsel K, Demirak¢a S, Flor H, Hermann C
(2010): Cerebral processing of pain in school-aged children with neonatal nociceptive input:
An exploratory fMRI study. Pain 150:257-267.
https://www.sciencedirect.com/science/article/pii/S0304395910002101.

Hu S, Sheng WS, Lokensgard JR, Peterson PK (2002): Morphine induces apoptosis of human
microglia and neurons. Neuropharmacology 42:829-36.
http://www.ncbi.nlm.nih.gov/pubmed/12015209.

Hughes SW, Crunelli V (2005): Thalamic mechanisms of EEG alpha rhythms and their

18


https://doi.org/10.1101/729038
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/729038; this version posted August 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

pathological implications. Neuroscientist 11:357-372.

Hwang K, Bertolero MA, Liu WB, D’Esposito M (2017): The Human Thalamus Is an
Integrative Hub for Functional Brain Networks. J Neurosci 37:5594-5607.
http://www.ncbi.nlm.nih.gov/pubmed/28450543.

Jefferson AL, Gifford KA, Damon S, Chapman GW, Liu D, Sparling J, Dobromyslin V, Salat D,
Alzheimer’s Disease Neuroimaging Initiative D, Initiative for the ADN (2015): Gray
&amp; white matter tissue contrast differentiates Mild Cognitive Impairment converters
from non-converters. Brain Imaging Behav 9:141-8.
http://www.ncbi.nlm.nih.gov/pubmed/24493370.

Jones E. (1998): Viewpoint: the core and matrix of thalamic organization. Neuroscience 85:331—
345. https://www.sciencedirect.com/science/article/pii/S0306452297005812?via%3Dihub.

Jones E (2012): The thalamus. Springer Science & Business Media.
https://books.google.com/books?hl=en&lr=&id=myULCAAAQBAJ&oi=fnd&pg=PA3&dq
=%22Jones+EG+(2012)+The+thalamus:+Springer+Science+&ots=eBcHIjhQ55&sig=DgD
xFHGiRR6hTUofKSyOi3nUqlY.

Kapellou O, Counsell SJ, Kennea N, Dyet L, Saeed N, Stark J, Maalouf E, Duggan P, Ajayi-Obe
M, Hajnal J, Allsop JM, Boardman J, Rutherford MA, Cowan F, Edwards AD (2006):
Abnormal Cortical Development after Premature Birth Shown by Altered Allometric
Scaling of Brain Growth. Ed. Joseph Volpe. PLoS Med 3:¢265.
https://dx.plos.org/10.1371/journal.pmed.0030265.

Koenig SH (1991): Cholesterol of myelin is the determinant of gray-white contrast in MRI of
brain. Magn Reson Med 20:285-291. http://doi.wiley.com/10.1002/mrm.1910200210.

Kong L, Herold CJ, Zollner F, Salat DH, Lasser MM, Schmid LA, Fellhauer I, Thomann PA,
Essig M, Schad LR, Erickson KI, Schroder J (2015): Comparison of grey matter volume
and thickness for analysing cortical changes in chronic schizophrenia: A matter of surface
area, grey/white matter intensity contrast, and curvature. Psychiatry Res Neuroimaging
231:176-183.
https://www.sciencedirect.com/science/article/pii/S092549271400331X?via%3Dihub.

Kostovic I, Judas M (2002): Correlation between the sequential ingrowth of afferents and
transient patterns of cortical lamination in preterm infants. Anat Rec 267:1-6.
http://doi.wiley.com/10.1002/ar.10069.

Kozhemiako N, Nunes A, Vakorin VA, Chau CMY, Moiseev A, Ribary U, Grunau RE,
Doesburg SM (2019): Atypical resting state neuromagnetic connectivity and spectral power
in very preterm children. J Child Psychol Psychiatry.
http://doi.wiley.com/10.1111/jcpp.13026.

Kozhemiako N, Vakorin V, Nunes AS, larocci G, Ribary U, Doesburg SM (2018): Extreme male
developmental trajectories of homotopic brain connectivity in autism. Human Brain
Mapping.

Krishnan A, Williams LJ, McIntosh AR, Abdi H (2011): Partial Least Squares (PLS) methods
for neuroimaging: A tutorial and review. Neuroimage 56:455—475.
https://www.sciencedirect.com/science/article/pii/S1053811910010074.

19


https://doi.org/10.1101/729038
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/729038; this version posted August 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Lax ID, Duerden EG, Lin SY, Mallar Chakravarty M, Donner EJ, Lerch JP, Taylor MJ (2013):
Neuroanatomical consequences of very preterm birth in middle childhood. Brain Struct
Funct 218:575-585. http://link.springer.com/10.1007/s00429-012-0417-2.

Lianyang Li, Pagnotta MF, Arakaki X, Tran T, Strickland D, Harrington M, Zouridakis G
(2015): Brain activation profiles in mTBI: Evidence from combined resting-state EEG and
MEG activity. In: . 2015 37th Annual International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBC). IEEE. pp 6963—6966.
http://ieeexplore.ieee.org/document/7319994/.

Lindgren KA, Larson CL, Schaefer SM, Abercrombie HC, Ward RT, Oakes TR, Holden JE,
Perlman SB, Benca RM, Davidson RJ (1999): Thalamic metabolic rate predicts EEG alpha
power in healthy control subjects but not in depressed patients. Biol Psychiatry 45:943-952.
https://www.sciencedirect.com/science/article/pii/S0006322398003503.

Llinas RR, Ribary U, Jeanmonod D, Kronberg E, Mitra PP (1999): Thalamocortical
dysrhythmia: A neurological and neuropsychiatric syndrome characterized by
magnetoencephalography. Proc Natl Acad Sci U S A 96:15222-7.
http://www.ncbi.nlm.nih.gov/pubmed/10611366.

Llinas R, Urbano FJ, Leznik E, Ramirez RR, Van Marle HJF (2005): Rhythmic and dysrhythmic
thalamocortical dynamics: GABA systems and the edge effect. Trends in Neurosciences.

Lubsen J, Vohr B, Myers E, Hampson M, Lacadie C, Schneider KC, Katz KH, Constable RT,
Ment LR (2011): Microstructural and Functional Connectivity in the Developing Preterm
Brain. Semin Perinatol 35:34-43.
https://www.sciencedirect.com/science/article/pii/S0146000510001485.

Malekmohammadi M, Elias WJ, Pouratian N (2015): Human Thalamus Regulates Cortical
Activity via Spatially Specific and Structurally Constrained Phase-Amplitude Coupling.
Cereb Cortex 25:1618—-1628. https://academic.oup.com/cercor/article-
lookup/doi/10.1093/cercor/bht358.

MclIntosh AR, Lobaugh NJ (2004): Partial least squares analysis of neuroimaging data:
Applications and advances. In: . Neurolmage.

McPherson C, Grunau RE (2014): Neonatal pain control and neurologic effects of anesthetics
and sedatives in preterm infants. Clin Perinatol 41:209-27.
http://www.ncbi.nlm.nih.gov/pubmed/24524456.

McQuillen PS, Ferriero DM (2006): Perinatal Subplate Neuron Injury: Implications for Cortical
Development and Plasticity. Brain Pathol 15:250-260. http://doi.wiley.com/10.1111/j.1750-
3639.2005.tb00528 x.

Menegaux A, Meng C, Neitzel J, Bauml JG, Miiller HJ, Bartmann P, Wolke D, Wohlschliger
AM, Finke K, Sorg C (2017): Impaired visual short-term memory capacity is distinctively
associated with structural connectivity of the posterior thalamic radiation and the splenium
of the corpus callosum in preterm-born adults. Neuroimage 150:68—76.
https://www.sciencedirect.com/science/article/pii/S1053811917301210.

Ment LR, Kesler S, Vohr B, Katz KH, Baumgartner H, Schneider KC, Delancy S, Silbereis J,
Duncan CC, Constable RT, Makuch RW, Reiss AL (2009): Longitudinal Brain Volume
Changes in Preterm and Term Control Subjects During Late Childhood and Adolescence.

20


https://doi.org/10.1101/729038
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/729038; this version posted August 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Pediatrics 123:503. http://www.ncbi.nlm.nih.gov/pubmed/19171615.

Mitchell AS (2015): The mediodorsal thalamus as a higher order thalamic relay nucleus
important for learning and decision-making. Neurosci Biobehav Rev 54:76—88.
https://www.sciencedirect.com/science/article/pii/S0149763415000718.

Moiseev A, Doesburg SM, Grunau RE, Ribary U (2015a): Minimum variance beamformer
weights revisited. Neuroimage.

Moiseev A, Doesburg SM, Herdman AT, Ribary U, Grunau RE (2015b): Altered Network
Oscillations and Functional Connectivity Dynamics in Children Born Very Preterm. Brain
Topogr 28:726—745. http://link.springer.com/10.1007/s10548-014-0416-0.

Molnar Z, Rutherford M (2013): Brain Maturation After Preterm Birth. Sci Transl Med
5:168ps2-168ps2. http://www.ncbi.nlm.nih.gov/pubmed/23325799.

Moore T, Hennessy EM, Myles J, Johnson SJ, Draper ES, Costeloe KL, Marlow N (2012):
Neurological and developmental outcome in extremely preterm children born in England in
1995 and 2006: the EPICure studies. BMJ 345:¢7961.
http://www.ncbi.nlm.nih.gov/pubmed/23212880.

Mrzljak L, Uylings HBM, Kostovic I, van Eden CG (1992): Prenatal development of neurons in
the human prefrontal cortex. II. A quantitative Golgi study. J Comp Neurol 316:485-496.
http://doi.wiley.com/10.1002/cne.903160408.

Murakami S, Okada Y (2006): Contributions of principal neocortical neurons to
magnetoencephalography and electroencephalography signals. J Physiol 575:925-936.
http://doi.wiley.com/10.1113/jphysiol.2006.105379.

Miirner-Lavanchy I, Steinlin M, Nelle M, Rummel C, Perrig WJ, Schroth G, Everts R (2014):
Delay of cortical thinning in very preterm born children. Early Hum Dev 90:443-450.
https://www.sciencedirect.com/science/article/pii/S0378378214001376#bb0100.

Nolte G (2003): The magnetic lead field theorem in the quasi-static approximation and its use for
magnetoencephalography forward calculation in realistic volume conductors. Phys Med
Biol 48:3637-52. http://www.ncbi.nlm.nih.gov/pubmed/14680264.

Norbom LB, Doan NT, Alnas D, Kaufmann T, Moberget T, Rokicki J, Andreassen OA, Westlye
LT, Tamnes CK (2018): Probing brain developmental patterns of myelination and
associations with psychopathology in youth using gray/white matter contrast.
bioRxiv:305995. https://www.biorxiv.org/content/10.1101/305995v2.full#ref-32.

Nosarti C, Nam KW, Walshe M, Murray RM, Cuddy M, Rifkin L, Allin MPG (2014): Preterm
birth and structural brain alterations in early adulthood. Neurolmage Clin 6:180-191.
https://www.sciencedirect.com/science/article/pii/S2213158214001144.

Nossin-Manor R, Card D, Morris D, Noormohamed S, Shroff MM, Whyte HE, Taylor MJ, Sled
JG (2013): Quantitative MRI in the very preterm brain: Assessing tissue organization and
myelination using magnetization transfer, diffusion tensor and T1 imaging. Neuroimage
64:505-516.
https://www.sciencedirect.com/science/article/pii/S1053811912009202#bb0285.

Ranger M, Chau CMY, Garg A, Woodward TS, Beg MF, Bjornson B, Poskitt K, Fitzpatrick K,
Synnes AR, Miller SP, Grunau RE (2013): Neonatal Pain-Related Stress Predicts Cortical

21


https://doi.org/10.1101/729038
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/729038; this version posted August 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Thickness at Age 7 Years in Children Born Very Preterm. PLoS One 8.

Ranger M, Zwicker JG, Chau CMY, Park MTM, Chakravarthy MM, Poskitt K, Miller SP,
Bjornson BH, Tam EWY, Chau V, Synnes AR, Grunau RE (2015): Neonatal Pain and
Infection Relate to Smaller Cerebellum in Very Preterm Children at School Age. J Pediatr.

Ribary U (2005): Dynamics of thalamo-cortical network oscillations and human perception. Prog
Brain Res 150:127-142.
https://www.sciencedirect.com/science/article/pii/S0079612305500104.

Ribary U, Doesburg SM, Ward LM (2017): Unified principles of thalamo-cortical processing:
the neural switch. Biomed Eng Lett 7:229-235. http://link.springer.com/10.1007/s13534-
017-0033-4.

Ribary U, Doesburg SM, Ward LM (2019): Unified Principles of Thalamocortical Network
Dynamics: A Framework for Typical/Atypical Functional Connectivity.
https://doi.org/10.1007/978-3-319-62657-4 19-1.

Richardson DK, Corcoran JD, Escobar GJ, Lee SK (2001): SNAP-II and SNAPPE-II: Simplified
newborn illness severity and mortality risk scores. J Pediatr 138:92—100.
https://www.sciencedirect.com/science/article/pii/S0022347601516017?via%3Dihub.

Roofthooft DWE, Simons SHP, Anand KJS, Tibboel D, van Dijk M (2014): Eight Years Later,
Are We Still Hurting Newborn Infants? Neonatology 105:218-226.
http://www.ncbi.nlm.nih.gov/pubmed/24503902.

Saalmann YB (2014): Intralaminar and medial thalamic influence on cortical synchrony,
information transmission and cognition. Front Syst Neurosci 8:83.
http://journal.frontiersin.org/article/10.3389/fnsys.2014.00083/abstract.

Salat DH, Lee SY, van der Kouwe AJ, Greve DN, Fischl B, Rosas HD (2009): Age-associated
alterations in cortical gray and white matter signal intensity and gray to white matter
contrast. Neuroimage 48:21-28.
https://www.sciencedirect.com/science/article/pii/S1053811909007186.

Sanchez ES, Bigbee JW, Fobbs W, Robinson SE, Sato-Bigbee C (2008): Opioid addiction and
pregnancy: Perinatal exposure to buprenorphine affects myelination in the developing brain.
Glia 56:1017-1027. http://www.ncbi.nlm.nih.gov/pubmed/18381654.

Schneider J, Duerden EG, Guo T, Ng K, Hagmann P, Graz MB, Grunau RE, Chakravarty MM,
Huppi PS, Truttmann AC, Miller SP (2018): Procedural pain and oral glucose in preterm
neonates: brain development and sex-specific effects. Pain 159:515-525.

Shaw P, Kabani NJ, Lerch JP, Eckstrand K, Lenroot R, Gogtay N, Greenstein D, Clasen L,
Evans A, Rapoport JL, Giedd JN, Wise SP (2008): Neurodevelopmental Trajectories of the
Human Cerebral Cortex. J Neurosci.

Sherman SM (2016): Thalamus plays a central role in ongoing cortical functioning. Nature
Neuroscience.

Sherman S, Guillery R (2013): Functional connections ofcortical areas: a new view from the
thalamus. Cambridge, MA: MIT PressOne Rogers Street, Cambridge, MA 02142-
1209USAjournals-info@mit.edu.

22


https://doi.org/10.1101/729038
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/729038; this version posted August 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Smith GC, Gutovich J, Smyser C, Pineda R, Newnham C, Tjoeng TH, Vavasseur C, Wallendorf
M, Neil J, Inder T (2011): Neonatal intensive care unit stress is associated with brain
development in preterm infants. Ann Neurol 70:541-549.
http://doi.wiley.com/10.1002/ana.22545.

Smyser CD, Inder TE, Shimony JS, Hill JE, Degnan AJ, Snyder AZ, Neil JJ (2010):
Longitudinal Analysis of Neural Network Development in Preterm Infants. Cereb Cortex
20:2852-2862. https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhq035.

Stiiber C, Morawski M, Schéfer A, Labadie C, Wahnert M, Leuze C, Streicher M, Barapatre N,
Reimann K, Geyer S, Spemann D, Turner R (2014): Myelin and iron concentration in the
human brain: A quantitative study of MRI contrast. Neuroimage 93:95-106.
https://www.sciencedirect.com/science/article/pii/S1053811914001359.

Suppiej A, Cainelli E, Cappellari A, Trevisanuto D, Balao L, Di Bono MG, Bisiacchi PS (2017):
Spectral analysis highlight developmental EEG changes in preterm infants without overt
brain damage. Neurosci Lett 649:112—115.
https://www.sciencedirect.com/science/article/pii/S0304394017303221.

Sweeney-Reed CM, Zaehle T, Voges J, Schmitt FC, Buentjen L, Kopitzki K, Hinrichs H, Heinze
H-J, Rugg MD, Knight RT, Richardson-Klavehn A (2015): Thalamic theta phase alignment
predicts human memory formation and anterior thalamic cross-frequency coupling. Elife 4.
https://elifesciences.org/articles/07578.

Tarapore PE, Findlay AM, LaHue SC, Lee H, Honma SM, Mizuiri D, Luks TL, Manley GT,
Nagarajan SS, Mukherjee P (2013): Resting state magnetoencephalography functional
connectivity in traumatic brain injury. J Neurosurg 118:1306—-1316.
https://thejns.org/view/journals/j-neurosurg/118/6/article-p1306.xml.

Theyel BB, Llano DA, Sherman SM (2010): The corticothalamocortical circuit drives higher-
order cortex in the mouse. Nat Neurosci.

Tona F, Petsas N, Sbardella E, Prosperini L, Carmellini M, Pozzilli C, Pantano P (2014):
Multiple Sclerosis: Altered Thalamic Resting-State Functional Connectivity and Its Effect

on Cognitive Function. Radiology 271:814-821.
http://pubs.rsna.org/doi/10.1148/radiol.14131688.

Torchin H, Ancel P-Y, Jarreau P-H, Goffinet F (2015): Epidémiologie de la prématurité :
prévalence, évolution, devenir des enfants. J Gynécologie Obs Biol la Reprod 44:723-731.
http://www.ncbi.nlm.nih.gov/pubmed/26143095.

Van Veen BD, van Drongelen W, Yuchtman M, Suzuki A (1997): Localization of brain
electrical activity via linearly constrained minimum variance spatial filtering. IEEE Trans
Biomed Eng 44:867-880.

Vinall J, Grunau RE (2014): Impact of repeated procedural pain-related stress in infants born
very preterm. Pediatr Res 75:584-587. http://www.nature.com/articles/pr201416.

Wechsler D (2003): WISC-IV Wechsler Intelligence Scale for Children—Fourth Edition.
Technical and interpretive manual. San Antonio, TX Psychol Corp.

Zwicker JG, Miller SP, Grunau RE, Chau V, Brant R, Studholme C, Liu M, Synnes A, Poskitt
KJ, Stiver ML, Tam EWY (2016): Smaller cerebellar growth and poorer

23


https://doi.org/10.1101/729038
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/729038; this version posted August 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

neurodevelopmental outcomes in very preterm infants exposed to neonatal morphine. J
Pediatr.

24


https://doi.org/10.1101/729038
http://creativecommons.org/licenses/by/4.0/

