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Intraventricular hemorrhage (IVH) is a common neurological injury following very preterm birth.
Resting-state functional connectivity (RSFC) using functional magnetic resonance imaging (fMRI) is
associated with injury severity; yet, fMRI is impractical for use in intensive care settings. Functional
near-infrared spectroscopy (fNIRS) measures RSFC through cerebral hemodynamics and has greater
bedside accessibility than fMRI. We evaluated RSFC in preterm neonates with IVH using fNIRS and
fMRI at term-equivalent age, and compared fNIRS connectivity between healthy newborns and those
with IVH. Sixteen very preterm born neonates were scanned with fMRI and fNIRS. Additionally, fifteen
healthy newborns were scanned with fNIRS. In preterms with IVH, fNIRS and fMRI connectivity maps
were compared using Euclidean and Jaccard distances. The severity of IVH in relation to fNIRS-RSFC
strength was examined using generalized linear models. fNIRS and fMRI RSFC maps showed good
correspondence. Connectivity strength was significantly lower in healthy newborns (p-value=0.023)
and preterm infants with mild IVH (p-value =0.026) compared to infants with moderate/severe IVH.
fNIRS has potential to be a new bedside tool for assessing brain injury and monitoring cerebral
hemodynamics, as well as a promising biomarker for IVH severity in very preterm born infants.
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Germinal matrix-intraventricular hemorrhage (GMH-IVH) continues to be a major morbidity amongst neo-
nates born premature prior to 32 weeks of gestation'~. Based on the severity, GMH-IVH is classified into four
grades: grade 1, hemorrhage confined to the germinal matrix; grade 2, occupying < 50% of the ventricle; grade
3, distending and occupying >50% of the ventricle, and grade 4—IVH with intraparenchymal hemorrhage*.
GMH-IVH directly or its consequence such as post-hemorrhagic ventricular dilatation (PHVD) may lead to
injury to the developing periventricular white matter that can be seen on conventional imaging at term equivalent
age (TEA)°. Furthermore, some of these effects persist later in life, impacting language, cognitive, behavioural,
and motor domains®.
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More recently, the use of resting-state functional connectivity (RSFC) with functional magnetic resonance
imaging (fMRI) has been employed to gain a better understanding of brain injury and the impact on brain
function, indicating this can be a promising biomarker’~°. The blood oxygenation level-dependent (BOLD)
signal, measured by fMRI, captures the relative change of oxygenated hemoglobin (HbO) and deoxygenated
hemoglobin (HHb) induced by neuronal activation through the mechanism of neurovascular coupling'’. Yet
it is also evident that during resting state, the brain remains active, and regions with similar functions tend to
have more synchronized BOLD signals, which forms the basis for analyzing RSFC'?. RSFC has provided new
perspectives for studying brain injury in preterm infants®'%!?. fMRI-based RSFC in neonates with perinatal brain
injury was predictive of motor skills at 8 months of age!“. Yet, the clinical utility of functional MRI is limited due
to its accessibility. MRI may be impractical for use with some neonates with IVH who cannot be transported
away from the neonatal intensive care unit (NICU).

Functional connectivity determined from fMRI shows BOLD signal alterations and is more reflective of
HHDb". Functional near infrared spectroscopy (fNIRS) is a non-invasive and light-based brain imaging technique
that can be used to map functional connectivity at the bedside. {NIRS also exploits the process of neurovascular
coupling and measures the absorption of near-infrared light by hemoglobin®. Hence, oxygenation of the cerebral
cortex is derived as an indirect measurement of neural activity. Indices reflective of cerebral oxygenation, includ-
ing, HHb, HbO and total hemoglobin, can be estimated using fNIRS. This technique is an extremely convenient
neuromonitoring tool, that can be used at the bedside, with minimal handling of fragile neonates.

GMH-IVH, regardless of grade, has been associated with disrupted functional connectivity in neonates
RSFC has been associated with ventricular volumes in very preterm born neonates with PHVD'?, indicating that
this method can reliably be used at the bedside in the NICU. Given the strong need for bedside tools to monitor
injury patterns in very preterm born neonates and evidence suggesting that fNIRS-based RSFC is comparable
to fMRI in adults', we sought to compare RSFC maps acquired using {NIRS and fMRI in very preterm neonates
with IVH who were assessed at TEA. We also aimed to investigate whether fNIRS-based RSFC in preterm infants
would be associated with the severity of IVH, compared to healthy term-born neonates. Our overall hypothesis
was that fNIRS-based measures of RSFC would be comparable to that obtained with fMRI and that severity of
injury would be associated with changes in RSFC patterns.

16-18

Methods

Participants

This was a prospective observational cohort study. Study participants were recruited from the NICU at the
London Health Sciences Centre (LHSC), London, Canada between January 2020, and December 2022. Preterm
neonates were eligible for inclusion based on the following criteria: <32 weeks’ gestational age (GA), born at,
or referred to the NICU, and admitted with a diagnosis of GMH-IVH, made by the most responsible physician
based on the infant’s first routine cranial ultrasound. Exclusion criteria were the following: major anomalies of
the brain or other organs, congenital infections, intrauterine growth restriction, metabolic disorders, and ultra-
sound evidence of a large parenchymal haemorrhagic infarction. Term-born infants with no reported brain injury
were recruited as healthy controls. Participants were recruited from the LHSC Mother baby Care Unit (MBCU).
Inclusion criteria were birth > 36 weeks’ GA, born at LHSC, and were admitted to the MBCU. Exclusion criteria
were the following: congenital malformations or syndromes, antenatal infections, antenatal exposure to illicit
drugs, small for gestational age and intrauterine growth restriction.

The study was approved by the Health Sciences Research Ethics Board at Western University (116142).
Informed consent was provided by the parents/caregivers of the infants enrolled in the study. Informed consent
was obtained to publish the information/image(s) of participants in an online open access publication. The study
was conducted in accordance with the Declaration of Helsinki.

Clinical variables

The neonatal charts were reviewed by Neonatal-Perinatal Medicine Fellows (LMNK, TA, SR, MM), Paediatric
Resident (AK), Research Associate (HV) or an NICU Nurse (PM) for demographic and clinical characteristics.
The following postnatal events were included: days of mechanical ventilation, bronchopulmonary dysplasia,
patent ductus arteriosus requiring treatment, days of parenteral nutrition, culture positive sepsis, and necrotiz-
ing enterocolitis.

MRI acquisition & image analysis

Anatomical and functional MRI images were acquired on a 1.5 T GE scanner at LHSC. Each infant underwent
a clinical MRI scan consisting of a whole-brain T1-weighted structural image (TR=8.4-11.5 ms [depending on
clinical requirements], TE = 4.2 ms, flip angle =12/25°, matrix size 512 x 512, 99-268 slices, voxel size typically
0.39%0.39x0.5 mm (0.31 x31x5 to 0.43x0.43 x 0.6 for some infants), and a T2-weighted structural image
(TR=3517-9832 ms, TE=7.3-8.4 ms, flip angle=90/160°, matrix size 256 x 256, 19-60 slices, 0.7 X 0.7 x 2-5 mm
voxel resolution). BOLD fMRI data were acquired using an echo planar imaging sequence to examine resting-
state functional connectivity (TR =3000 ms, TE =50 ms, flip angle =70°, matrix size 64 x 64, 39 slices, voxel size
3 x3x 3 mm, total volumes 35).

Preprocessing of fMRI images was conducted with FMRIB Software Library (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FSL). The pipeline included brain extraction, motion correction, spatial smoothing (full width at half
maximum =5 mm), band-pass filtering (0.01-0.1 Hz) and registration to a neonatal atlas?. Average BOLD
sequences were extracted from frontal, parietal, temporal and occipital lobes of both hemispheres, and then
correlated to build an 8-by-8 lobe-wise RSFC map for each neonate.
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Brain injury characterization

A Neuroradiology Fellow (LTARAM) scored the T1-weighted anatomical images for brain injury severity. These
scores were verified by a Paediatric Neuroradiologist. IVH was graded (mild = 1-2, and moderate-severe = 3-4)
using Papile’s method*.

fNIRS acquisition & analysis

All participants (preterm infants with IVH and healthy newborns) were scanned with a NIRSport2 (NIRx,
Berlin, Germany) system with two emission wavelengths (760 and 850 nm). We used an 8-by-8 set up with 20
channels covering the whole brain, and a sampling rate of 10.17 Hz. For each hemisphere, there were 4 channels
on the temporal, 2 on the parietal, frontal and occipital lobes. On average, scans lasted 487.46 s (with a standard
deviation of 116.17 s) across all participants. For each infant, a 6-min segment of high-quality data, determined
through visual inspection, was selected for further analysis.

After data acquisition, for the fNIRS recordings in each infant, the data were visually inspected to select a
6-min segment with the least motion artifacts and background noise. A preprocessing pipeline, built within
Homer 3 software, included spline interpolation for motion correction®, Savitzky-Golay filtering? with frame
size of 10, band-pass filtering of 0.01-0.1 Hz and modified Beer-Lamber law to convert optical density to con-
centration changes in HbO and HHDb, respectively?. Pearson correlations were used to calculate connectivity.
To compare RSFC maps between fNIRS and fMRI, channels corresponding to one lobe were averaged then
correlated with the other lobes to create 8-by-8 lobe-wise connectivity maps for HbO and HHDb, respectively
(Fig. 1b,c,d). For lobe-wise maps of both fNIRS and fMRI, nodes were lobes and edges were weighted by Pear-
son correlation coefficients between sequences of the two lobes. 20-by-20 channel-wise RSFC maps were also
calculated for NIRS (Fig. 1a), yet in this map, nodes were fNIRS channels.

Statistical analysis
Statistical analyses were performed using a combination of Matlab (R2020b, Natick, Massachusetts: The Math-
Works Inc) and Statistical Package for the Social Sciences (SPSS, v.29, Chicago, IL).

To address our first aim, to determine whether the RSFC maps developed from the fNIRS and fMRI data
were comparable, we calculated the Euclidean and Jaccard distances between the two lobe-wise maps at various
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Fig. 1. Examples of (a) a 20-by-20 connectivity map and (b) an 8-by-8 map for the signals extracted from the
fNIRS channels in the left and right hemispheres from the temporal, parietal, frontal and occipital lobes. The
8-by-8 map was obtained by averaging fNIRS signals from one lobe then correlating with each other. (¢) Lobe-
based analysis of the fMRI data. A hemisphere was sectioned into temporal, parietal, frontal and occipital lobes.
(d) Based on the section, a connectivity map was built from the fMRI image using averaged BOLD series from
each region. All figures were developed from the data from the same participant in the IVH group.
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levels of sparsity for each participant and for both weighted and binarized maps?*. The sparsity was the percent-
age of non-zero connections that remained in a RSFC map after several other connections were removed (set
to zero). A common practice is to start by removing the lowest weighted ones, including negative ones, then
continuing to remove the lowest weighted ones until the sparsity reaches the desired percentage. Weighted maps
were obtained using this method. Binarized maps were then calculated with non-zero connections set to 1. In
general, there is no standard for choosing the sparsity**, therefore, the range 0.2-0.4 was tested in this study.
With sparsity of 0.4, negative connections, of which the interpretations have been mixed in the literature, were
removed®®. And with 0.2, the maps became sparser but could still stay connected while a representational number
of connections remained, as the maps were only 8-by-8. Given maps Gyrs (V, Eprr) and Gynirs (V> Epnirs)
obtained from the two modalities, where V and E denote node and connection set, respectively, and their adja-

cency matrices Apyrr = [aZM RI] and Agnirs = [a;N IRS], respectively, where i and j are nodes, the Euclidean

distance between two maps was defined as.

g = \/Zi,j (a{jMRI _a{]msy

The Jaccard distance for weighted maps was defined as.

d]W =1 _]w
Z"’fmm(”gvms’“mv . IRS fMRI
where J,, = W,lfz”max(ag\] ’“{y]‘w ) -0

1, otherwise
While for binarized maps, the Jaccard distance was defined as.

B |EfNIRS N EJ‘MRI‘

dp =1
|Emvirs U Epvri |

One level of sparsity yielding the most similarity between two modalities was selected for the subsequent
analyses. Based on this specific sparsity, we also calculated similarity maps for weighted and binarized RSFC
maps. The similarity map was defined as.

S = [sy]

L _ 1 _ 1N
where s;j = 1 ﬁ2n=1 R

TRS,n RI,n
!

1

where a{N RS and a{JM REM are entries of individual adjacency matrices of n'" subject from a total of N. Note
that for weighted RSFC maps, s;; was an index based on Euclidean distance, while for binarized maps, s;; equals
to the percentage of subjects sharing the connection.

We addressed our second aim, concerning whether fNIRS-based RSFC would predict IVH severity in
very preterm born neonates compared to healthy newborns, in generalized linear models (GLM), which offer
more clincally interpretable results through g values. In the first model, the summation of weighted connectiv-
ity values of the whole brain for HHb were entered as the dependent variable, with IVH grade (none [healthy
newborns], mild, moderate-severe) as a factor, adjusting for biological sex, GA, and postmenstrual age (PMA) at
scan. In the second model, HbO connectivity values were entered as the dependent variable, using the identical
independent variables as in the first model. It was assumed the connectivity values followed a Gaussian distribu-
tion, and the tests among groups were adjusted for multiple comparisons using the Bonferroni correction method.

Results

Participants

Sixteen very preterm born neonates with GMH-IVH were enrolled (mean GA at birth =26.28 weeks,
standard deviation [SD] =2.82 weeks). All preterm infants underwent MRI scanning at TEA (mean GA at
scan =37.04 weeks, SD =0.96 weeks). In eleven participants, fNIRS was also acquired. A total of 15 term-born
infants were recruited from the LHSC MBCU with mean birth GA of 38.92 (SD =1.30) weeks and fNIRS scans
performed within 48 h of life. None of the healthy newborns underwent MRI. Detailed demographics of partici-
pants can be found in Table 1. Clinical variables of the IVH group can be found in Table 2. Most of the infants
were scanned during natural sleep for the fNIRS and fMRI scans. The preterm born infants were receiving care
in incubators during the fNIRS scans and healthy newborns were scanned either in their caregivers arms or in
their cots.

Comparing fNIRS and fMRI

Lobe-wise connectivity maps were obtained from fNIRS for both HbO and HHb. The f{NIRS maps were then
compared against fMRI RSFC maps at various levels of sparsity using metrices of Euclidean and Jaccard distances.
Only large- and positive-weighted connections were kept when achieving for a certain level of sparsity. Sparsity
ranged from 0.2 to 0.4. At 38% of sparsity, for both weighted and binarized maps, for both HbO and HHb maps,
least Euclidean and Jaccard distances were achieved (i.e., the fNIRS and fMRI yielded most similar RSFC maps,
Fig. 2). Therefore, in the subsequent analyses, this level of sparsity was applied.
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Neonates with IVH Healthy Newborns p-value
n 16 15
Male sex [%] 12 (75) 6 (40) 0.050
Birth GA (SD) 26.3 (2.8) 39.1 (1.3) <0.001
PMA at scan (SD) 37.0 (1.0) 38.9(1.3) <0.001
GMH-IVH severity
Mild [%] 7 (44) -
Moderate/severe [%] 9 (56)

Table 1. Participant demographics. GA gestational age, PMA postmenstral age, SD standard deviation,
GMH-I1VH germinal matrix haemorrhage—intraventricular hemorrhage. Note: Values represents counts for
categorical variables and means for continuous variables.

Bronchopulmonary dysplasia (%)

Necrotizing enterocolitis (%)

Days of mechanical ventilation
(SD)

Patent ductus arteriosus (%)

Early parenteral nutrition (within
4 weeks of life) (%)

13 (81)

2(12)

25.1(18.4)

13 (81)

16 (100)

Table 2. Clinical variables of the IVH group. SD: standard deviation.
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Fig. 2. Similarity of RSFC maps between fNIRS and fMRI with sparsity, measured with Euclidean and Jaccard
distances on weighted and binarized maps, respectively. Means and confidence intervals (CI) were estimated

using a bootstrapping method.

Based on the sparsity of 38%, the similarity maps were calculated comparing every connection between fNIRS
and fMRI. Similarity maps of HbO compared against fMRI and HHb evaluated relative to fMRI showed good
correspondence for both weighted and binarized cases (Fig. 3). This is largely a reflection of the anti-correlation
between the two chromophores, yielding similar RSFC maps. Additionally, the majority of connections that dem-
onstrated high correspondence were interhemispheric.
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Fig. 3. Lobe-wise similarity maps at sparsity of 38%. Higher values reflect greater similarity between the two
modalities. Average values among channels were 0.55 (upper left, standard deviation [SD] 0.16, CI 0.48-0.61),
0.66 (lower left, SD 0.18, CI 0.59-0.73), 0.49 (upper right, SD 0.16, CI 0.43-0.55) and 0.63 (lower right, SD 0.19,
CI0.56-0.71).

Connectivity and severity of IVH

In a GLM, the functional connectivity within the cortical network was examined in relation to IVH severity
(none [healthy newborns], mild IVH, moderate/severe IVH). The weighted connectivity values for HHb were
significantly lower in healthy newborns (B=- 53.5, 95%, CI — 94.61—— 12.39, p=0.011, Table 3, Fig. 4), and pre-
term neonates with mild IVH (B=-24.7, 95%, CI — 42.7- — 6.7, p=0.007) compared to preterms with moderate/
severe IVH adjusting for birth GA, sex, and PMA at scan. No significant differences in HHb connectivity values
were evident between the healthy newborns and very preterm born neonates with mild IVH (p=0.5, Bonferroni
corrected for multiple comparisons). The weighted connectivity values were also significantly lower when exam-
ining HbO in a separate GLM, whereby healthy newborns (B = - 42.6, 95%, CI — 79.1- - 6.0, p=0.023, Table 3,
Fig. 4) and very preterm neonates with mild IVH (B=- 18.2, 95%, CI — 34.3- — 2.2, p=0.026) had lower values
when compared to very preterm born neonates with moderate/severe IVH. No differences were evident between
the HbO sparsity values for healthy newborns and neonates with mild IVH (p =0.6, Bonferroni corrected for
multiple comparisons). Similar analyses were performed for the fMRI data; yet, we found no significant differ-
ences (p>0.05) in connectivity strength between mild and moderate/severe injury patterns.

95% Confidence Intervals

HHb HbO

B Upper | Lower |pvalue |B Upper | Lower | p value
Birth GA 32 0.19 6.22 0.038° |25 0.23 5.14 0.074
PMA at scan -23 -7.93 3.42 0.436 -04 |-549 |46l 0.865
Male sex -10 |-1518 |13.22 0.892 -16 |-1419 |11.08 |0.810
Injury severity
Healthy newborns -535 |-9461 |-1239 |0.011° |-426 |-79.15 |-598 |0.023"
Mild IVH —247 | -4272 | -6.72 0.007* - 182 |-3427 |-223 |0.026°
Moderate/severe IVH | ref - - - ref - - -

Table 3. Results of a generalized linear model examining HHb and HbO connectivity relative to IVH severity.
GA: gestational age, PMA: postmenstrual age, IVH: intraventricular hemorrhage, HHb: deoxygenated
hemoglobin, HbO: oxygenated hemoglobin, B: coefficient estimate. *Statistically significant, p <0.01.
PStatistically significant, p <0.05.
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Fig. 4. Very preterm born neonates with moderate/severe IVH scanned at term-equivalent age showed
increased HbO (left) and HHb (right) connectivity values relative to healthy newborns and neonates with mild
IVH. *p<0.01, *p<0.05.

Discussion

In a prospective cohort of very preterm born infants with IVH, we examined the predictive utility of fNIRS con-
nectivity in assessing brain health. As expected, RSFC maps were comparable between fMRI and fNIRS in very
preterm born infants with IVH. Findings indicate that fNIRS can be used to study cortical RSFC at the bedside.
We further examined whether the severity of injury could be predicted by functional connectivity metrics. We
found that for both HHb and HbO, the connectivity values at TEA were increased in infants with moderate/
severe IVH relative to healthy newborns and very preterm born infants with mild IVH. Overall, our results
highlight the use of fNIRS as a bedside monitoring tool to examine brain-health metrics in very preterm born
neonates with IVH.

We saw good correspondence of the RSFC maps (HbO vs fMRI and HHb vs fMRI) between the two imaging
modalities. Our findings are consistent with other studies. For example, Duan et al., using fNIRS and fMRI data
acquired from 21 adult participants during resting state, and demonstrated good correspondence between the
two imaging modalities'®. In another adult study, Sasai et al. also reported that fNIRS HbO and fMRI BOLD maps
demonstrated significant positive correlations for all brain regions investigated®”. We were able to demonstrate
similar results in our neonatal population. Second, except for the occipital region, the other regions (frontal,
parietal and temporal) showed high levels of similarity between the RSFC maps for the two imaging modali-
ties. The discrepancy in the occipital region could be because of measurement errors, including thick hair, poor
contact between optodes and scalp, cap fit, which are common in fNIRS studies in infants®'>?, In addition, all
our bedside {NIRS measurements were carried out with the neonates laying supine in their incubator, cot or
caregivers’ arms which could explain the poor optode contact in the occipital region. Overall, our study adds to
the body of literature showing that NIRS indeed provides comparable RSFC measures to fMRI. This is especially
important given the bedside availability of fNIRS for this vulnerable NICU population.

RSFC of fMRI BOLD was compared to HbO and HHb maps, respectively. It is commonly considered that
HHb is more similar to BOLD since the biophysical basis of fMRI relies on the magnetic properties of deoxygen-
ated hemoglobin?, yet in our comparisons, we showed that HbO RSFC was more similar to fMRI with lower
between-modality distances at various sparsity levels (Fig. 2) and higher averaged similarity (Fig. 3). Previous
studies also gave inconsistent findings on this issue. Toronov et al. showed that the BOLD response in the motor
cortex was more strongly associated with HHb than HbO, yet the same group later found that spatial localiza-
tion of visual networks was more consistent between HbO and BOLD?". In terms of RSFC, Duan et al. reported
greater correlation coefficients between BOLD and HbO compared to HHbY, and the authors indicated that
their findings may reflect HbO having higher signal-to-noise ratio compared to HHb??, and higher reliability
of detecting RSFC?. Yet it was also pointed out by Abdalmalak et al. that HbO is more sensitive to systemic
physiology than HHb*. To avoid statistical multiplicity, future analyses to determine whether HbO or HHb
better represents true RSFC is needed.

Filtering connections that are either negative- or low-weighted is a common practice for fNIRS RSFC
research®. RSFC yielded from various sparsity levels were tested in previous studies, and demonstrated incon-
sistent results*-*°. Recent studies have highlighted the necessity of selecting proper sparsity values and have
introduced various strategies*>*!. In the current work, we have addressed this issue by identifying a maximal
similarity value for the two imaging modalities (i.e., fNIRS and fMRI). For future research in fNIRS RSFC with
neonates, this method may be impractical without access to another imaging modality such as fMRI. Yet, poten-
tially this challenge can be overcome through scanning larger numbers of neonates, as this will aid in identifying
a sparsity level that could be more universally applicable for neonatal RSFC studies.

Compared with their healthy counterparts, we found increased RSFC at TEA among infants with IVH,
regardless of the severity. This was an unexpected finding, as most studies of very preterm infants with IVH
have demonstrated reduced RSFC at TEA!'>!1742, Reduced RSFC, especially in higher grades of IVH injury is
attributed to disruptions to the periventricular white matter. However, some studies have also shown intact RSFC
in infants with IVH®. The results from our study, while different from what is previously known in literature,
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could be explained by several possible mechanisms. First, our study population was very preterm (<32 weeks’
gestation), with IVH within the first week of life and our findings represent the RSFC 10-12 weeks post IVH.
Thereafter, during their NICU stay and with ongoing surveillance, depending on the IVH severity, some of the
study participants underwent neurosurgical interventions to divert cerebrospinal fluid. In tandem with the above-
mentioned, over time the neonatal brain undergoes exponential growth and reorganization, demonstrating a
mature architecture by TEA***5. Moreover, some case studies have shown neural plasticity in infants with high
grades of IVH*. Immaturity of neurovascular coupling mechanisms also could have influenced the increased
connectivity seen in the IVH group. It was previously reported in animal models that newborns showed glob-
ally correlated hemodynamic fluctuations during resting state*’, likely due to the absence of hyperemia, which
is typically present in adults in response to neuronal activity. Also, preterm neonates with IVH, compared to
those without, lack vascular responses needed for the compensation of increased metabolism after neuronal
activation®®. Therefore, the IVH group could also be expected to have even lower hemodynamic responses than
healthy term newborns, which may have led to less distinction among brain regions rather than reflect increased
connectivity. Hence, all these factors could explain our findings. These questions could be best addressed in
future longitudinal studies, correlating RSFC with neurodevelopmental outcomes. Disruptions in neonatal func-
tional connectivity in children with perinatal brain injuries have been associated with developmental outcomes,
and in turn better characterization of these patterns is needed to improve early care practices'*. In addition, we
found no significant differences of connectivity strength on our fMRI dataset between mild and moderate/severe
groups. One possible explanation of this is that fNIRS recordings were from more localized positions instead
of whole lobules as in fMRI (i.e., some within-lobule alterations could be overlooked by averaging the lobules).
Also, the level of localization (e.g., from voxel to anatomical regions) has been shown to have significant impact
on network properties of RSFC**.

Our study has several strengths, namely, both groups (neonates with IVH and healthy controls) were recruited
from and assessed at the same centre, using the same high-density fNIRS system and at similar postmenstrual
ages. The above-mentioned measures ensure uniformity and eliminate potential biases. Second, compared to
clinical NIRS systems that are now commonly used in most level III NICUs, high density fNIRS systems provide
whole brain coverage and measures of connectivity. Our study population (preterm neonates with IVH and
healthy controls) was also well characterized. However, some challenges and limitations with our study can
be noted. Primarily, the sample size for our study population was small. This was due to difficulty acquiring
excellent quality data, which is a challenge for fNIRS studies?. These challenges could potentially be addressed
through the development of hardware specifically designed for neonates. Appropriate and effective hardware may
also promote greater ease of use of {NIRS in NICU-settings. Also, our eventual goal is to use fNIRS for clinical
decision making in individual neonates at the bedside. Despite some signals of poor quality, we were still able
to show comparable fNIRS and fMRI connectivity maps and discriminative fNIRS features for separating the
groups. Second, more males than females were recruited, due to lack of competitive enrolment. However, sex
differences were not evident in any analyses. Thirdly, including a group of preterm infants without brain injury
would strengthen the study and would allow for a clearer comparison of functional connectivity and brain injury.
This is in consideration of evidence suggesting that preterm newborns without known brain injuries can also
exhibit altered functional connectivity*"*2. Another limitation is that the positions of the fNIRS optodes could
not be precisely registered into MRI space, therefore, we could not perform more localized analysis to assess
the similarity between the two modalities and how the severity of IVH affects RSFC. As a compromise, we could
only implement a lobe-wise analysis for the fMRI data that corresponded to coverage of the fNIRS channels. In
addition, some potential covariates were not analyzed (e.g., clinical variables, whether the neonates were scanned
in incubators or caregivers’ arms). However, the sample size of this study was not large enough to include the
full range covariates in the GLM models. Finally, though the classic Papile’s method* for grading IVH sever-
ity was used for our population, it is acknowledged that there is a new and more detailed descriptive method
for GMH-IVH classification®. Despite these limitations, we believe that fNIRS offers promising avenues that
could inform the clinical care of preterm neonates with IVH. Larger prospective studies are needed to address
the above mentioned challenges.

Conclusions

In a heterogenous cohort of very preterm born neonates with IVH who underwent fNIRS and fMRI we report
comparable RSFC maps between the two modalities. Findings indicate, that in a small sample of neonates that
bedside fNIRS can produce comparable results to that of fMRI. Secondly, fNIRS revealed distinct RSFC pat-
terns between preterm infants with IVH at TEA and healthy infants. Larger prospective studies are needed to
better characterize fNIRS-based functional connectivity changes over time and whether they are predictive of
functional outcomes.
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