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Abstract

Objective: MRI provides useful information regarding brain maturation and
injury in newborn infants. However, MRI studies are generally restricted during
acute phase, resulting in uncertainty around upstream clinical events responsi-
ble for subtle cerebral injuries. Time-resolved near-infrared spectroscopy non-
invasively provides the reduced scattering coefficient (), which theoretically
reflects tissue structural complexity. This study aimed to test whether yx values
of the newborn head reflected MRI findings. Methods: Between June 2009 and
January 2015, 77 hospitalised newborn infants (31.7 £ 3.8 weeks gestation)
were assessed at 38.8 & 1.3 weeks post-conceptional age. Associations of ! val-
ues with MRI scores, mean diffusivity and fractional anisotropy were assessed.
Results: Univariable analysis showed that u, values were associated with gesta-
tional week (p = 0.035; regression coefficient [B], 0.065; 95% confidence inter-
val [CI], 0.005-0.125), fractional anisotropy in the cortical grey matter
(p = 0.020; B, —5.994; 95%CI, —11.032 to —0.957), average diffusivity in the
cortical grey matter (p < 0.001; B, —4.728; 95%CI, —7.063 to —2.394) and sub-
cortical white matter (p = 0.001; B, —2.071; 95%CI, —3.311 to —0.832), sub-
arachnoid space (p < 0.001; B, —0.289; 95%CI, —0.376 to —0.201) and absence
of brain abnormality (p = 0.042; B, —0.422; 95%CI, —0.829 to —0.015). The
multivariable model to explain . values comprised average diffusivity in the
subcortical white matter (p < 0.001; B, —2.066; 95%CI, —3.200 to —0.932), sub-
arachnoid space (p < 0.001; B, —0.314; 95%CI, —0.412 to —0.216) and absence
of brain abnormality (p = 0.021; B, —0.400; 95%CI, —0.739 to —0.061). Inter-
pretation: Light scattering was associated with brain structure indicated by
MRI-assessed brain abnormality and diffusion-tensor-imaging-assessed water
diffusivity. When serially assessed in a larger population, y values might help
identify covert clinical events responsible for subtle cerebral injury.
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Brain Light Scatter and Water Diffusion

Introduction

Despite the recent decrease in mortality and morbidity
rates of preterm infants, they remain at an increased risk
of developing cognitive impairments, school failure and
behavioural problems.! Qualitative assessment findings
observed on brain MRI obtained at term-equivalent age
are now established markers for predicting the neurologi-
cal outcomes of preterm infants.>> More recent studies
have also used diffusion tensor imaging (DTI) to assess
brain microstructural changes based on the diffusion
properties of water in the cerebral tissue.*® Furthermore,
magnetic resonance spectroscopy has been utilised in clin-
ical studies as a probe to monitor the biochemical com-
position and metabolic status of the cerebral tissue.”
Although these techniques have established their indis-
pensable roles in the neurological assessment of newborn
infants, at most centres, MRI studies are performed only
after weaning from intensive care and shortly before dis-
charge due to their safety, cost and technical limitations.
Consequently, the role of upstream clinical events, such
as subclinical hypoxia—ischaemia, malnutrition, infection
and sedation, to abnormal MRI findings at the term
equivalent age, remain largely unknown.

Near-infrared spectroscopy (NIRS) is a non-invasive tool
that could be applied serially at the cot-side.”'® Conven-
tional continuous-wave NIRS provides information regard-
ing the fraction of oxygenated and deoxygenated
haemoglobin from the absorption coefficient (y,) of near-
infrared light at different wavelengths.'" This technique has
been used to monitor cerebral oxygenation and perfusion
in a wide range of subjects.'”'* Time-resolved NIRS (TR-
NIRS) is a relatively new technique that provides addi-
tional information regarding the optical path length and
scattering property of the near-infrared light."” Theoreti-
cally, light scattering depends on the structural complexity
of the tissue through which it passes.'®*'> Indeed, studies in
animal models have demonstrated a notable decrease in
the reduced scattering coefficient (4.) of the near-infrared
light obtained from the head in association with hypoxic-
ischaemic events and subsequent cell death.'®™"® In clinical
settings, lower . values obtained from the head were
reported in association with both physiological variables
and pathological events, such as younger gestational age at
birth, poor nutritional status after birth and the presence
of cerebral infarction.'”* If microstructural information
for the brain tissue could be obtained at the cot-side using
TR-NIRS, covert clinical events responsible for abnormali-
ties at term observed by MRI and higher cognitive impair-
ments at school age might be identified early.

Therefore, this study aimed to test whether p! values
obtained from the head of preterm and term newborn
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infants reflected the brain MRI-based macroscopic struc-
ture and DTI-assessed tissue water diffusion.

Methods

This prospective observational study was conducted in
compliance with the Declaration of Helsinki and was
approved by the ethics committee of the Kurume Univer-
sity School of Medicine (reference number: 12128 and
14218). Informed parental consent was obtained for all
participating infants. Relationships between the ! values
and clinical variables in a portion of the current study
cohort have been reported previously.””?’

Study population

Newborn infants admitted to a tertiary neonatal intensive
care centre (Kurume University Hospital, Kurume,
Fukuoka, Japan) between June 2009 and January 2015 and
whose MRI studies were scheduled before discharge as a
part of a follow-up protocol for infants at high risk of
brain injury, were considered as candidates for the study
(Fig. 1). In this centre, infants with preterm birth
<34 weeks gestation, clinical events suggestive of antenatal
hypoxia—ischaemia and congenital brain anomalies are
enrolled into this follow-up protocol to provide longitudi-
nal monitoring of brain growth, maturation, injury and
neurodevelopmental outcomes. For the current study,
infants with chromosomal aberrations, malformation syn-
drome, grade III/IV intraventricular haemorrhage, congeni-
tal hydrocephalus and other major cerebral anomalies were
excluded. In addition, infants who met the indication of
therapeutic hypothermia were not recruited because of
technical difficulties in simultaneously applying the TR-
NIRS probe and electrodes for electroencephalogram. To
test a multivariable model with up to three independent
variables, a sample of 77 infants was required to achieve a
study power of 0.8 at an alpha level of 0.05 and a beta
level of 0.20 with an effect size of 0.15. Therefore, we
aimed to recruit at least 85 infants in anticipation of
incomplete data in up to 10% of the participants.

TR-NIRS measurement

Data were acquired when infants were asleep or calmly
awake using a TR-NIRS system (TRS-10, Hamamatsu
Photonics K.K., Hamamatsu, Shizuoka, Japan), as previ-
ously described.”® In brief, the TR-NIRS probes were
inserted within a rubber holder and applied to a flat part
of the head with an inter-optode distance of 3 cm. A
time-correlated single-photon counting method was used
to obtain the ! values for three wavelengths of 761, 791
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Admission from June 2009 to Jan 2015 (n=1,497)

Not enrolled into follow-up protocol (n=1,246)

A 4

Enrolment into follow-up protocol for infants

at high risk of brain injury (MRI planned, n=251)

- Consent unavailable for TR-NIRS study (n=133)
- Congenital anomaly (n=23)
- Grade IIl/IV intraventricular haemorrahge (n=4)

Not recruited (n=160)

TR-NIRS and MRI studies performed (n=91)
Preterm birth <34 weeks and/or 1500g (n=72)
Antenatal hypoxia-ischaemia (n=19)

Chronic hypoxia-ischaemia (n=7)
Acute hypoxia-ischaemia (n=12)

o - MRI >42 weeks postconceptional age (n=8)
- Poor MRI quality (n=5)
- Poor TR-NIRS quality (n=1)

Excluded (n=14)

A 4

Final study cohort (n=77)
TR-NIRS data available from:
- Frontal region (n=72)
- Left temporo-lateral region (n=73)
- Right temporo-lateral region (n=73)
- Occipital region (n=63)

Figure 1. Study population. Flow diagram depicting the selection of participating newborn infants in the current study. MRI, magnetic-resonance

imaging; TR-NIRS, time-resolved near-infrared spectroscopy.

and 836 nm in the frontal, left and right temporoparietal
and occipital regions. Data collection was not performed
for head regions with poor probe contact, poor fit to the
photon diffusion equation or low signal-to-noise ratios
with the count rate with relative dark- to peak-count
ratios of >0.1. Ten-second data acquisition was repeated
five times for each head region by repositioning the probe
each time; five u/ readings were averaged for each head
region. Although data were acquired longitudinally from
birth to discharge with intervals of approximately 1 week,
for the current study, only TR-NIRS studies obtained
closest to the MRI studies were used for comparisons
with MRI findings.

MRI acquisition and assessment

A 3-Tesla Signa HDxt scanner (GE Medical Systems, Mil-
waukee, WI, USA) was used to acquire T1-weighted

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

images (repetition time [TR], 11 msec; echo time [TE],
5 msec; slice thickness, 1 mm; matrix, 384 X 224; interpo-
lated, 512 x 512; field of view [FOV], 200 x 200 mm;
both coronal and sagittal sections were reconstructed
from axial slices), T2-weighted images (TR, 5000 msec;
TE, 87 msec; slice thickness, 4 mm; matrix, 384 X 224;
reconstruction matrix, 512 X 512; FOV, 200 x 200 mm)
and a single-shot, spin-echo, planar imaging DTI
sequence with isotropic resolution (TR, 15,000 msec; TE,
86 musec; slice thickness, 3 mm; matrix, 256 X 256; FOV,
240 X 240 mm; six directions; b values, 0 and 1000 s/
mm?). MRI and DTI data were then assessed by an expe-
rienced examiner (S.I.). Each MRI scan was visually
inspected for its quality and assessed using an established
MRI scoring system for brain maturation, growth and
injury in the cerebral white matter (6 items), cortical grey
matter (3 items), deep grey matter (2 items) and cerebel-

lum (2 items) to give a composite score of 0-40.>%
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A composite score of >4 was regarded as either mild (to-
tal score 4-7), moderate (8—11) or severe (>12) brain
abnormality. DTI data were analysed to determine the
average diffusivity (D,,) and fractional anisotropy (FA)
for six regions of interest (ROIs) within the right and left
frontal, parietal and occipital cortices, and six adjacent
white matter ROIs, using a slice dissecting the centrum
semiovale (Fig. 2). These ROIs were manually placed on
the T2-weighted (b = 0 s/mm?®) images using an open-
source JAVA-based image processing program (Image],
U.S. National Institutes of Health, Bethesda, MD, USA).**
Since both intra- and extracerebral structures might affect
the scattering property of near-infrared light, the sub-
arachnoid space or the shortest distance between the top
of the gyrus and the dural side of the skull was quantified
on the T2-weighted image corresponding to each ROL.

Data analysis

Considering postnatal temporal changes in MRI and DTI
findings over weeks,”>*>*® infants with TR-NIRS and
MRI data obtained more than 6 days apart were not con-
sidered. Since the scattering property of near-infrared
light is similar between the wavelengths used,”” the mean
u. value at 760 nm for each brain region was used as the
representative datapoint. For convenience, the DTT ROIs
of the bilateral frontal and occipital regions were averaged
and binned to compare with TR-NIRS data from the
frontal, right parietal, left parietal and occipital regions.
All statistical analyses were conducted using the IBM
SPSS Statistics for Windows, Version 25.0 (IBM Corp.,

S. lwata et al.

Armonk, NY, USA) software. Unless otherwise stated, val-
ues are shown as means £ standard deviations. Since
missing data were limited to TR-NIRS measures from dif-
ferent head regions, multiple imputations for missing data
were not performed. Before assessing the relationship
between TR-NIRS and MRI/DTI data, inter-regional vari-
ations in !, D,, and FA were examined using repeated
measure ANOVA. Statistical findings were corrected for
multiple comparisons by Bonferroni correction for the
four head regions.

Crude associations between the MRI/DTI findings and
clinical variables and the y values were assessed using the
generalised estimating equation with linear regression
adjusted for the four head regions; statistical findings
from the univariable analysis were not corrected for mul-
tiple comparisons because these were not part of our
main objectives.”” Based on our hypothesis, dependence
of u! on the presence of cerebral abnormality detected by
conventional MRI, subarachnoid space and D,, values of
the subcortical white matter were assessed in a multivari-
able model, while controlling for covariates of the head
regions and gestational age at birth. Alternative models,
which replaced D,, of the subcortical white matter with
D,, of the cortical grey matter and FA in the cortical grey
matter and subcortical white matter, were also developed
to allow comparison with the first model.

Data availability

The raw data used in the current analysis are available
from the corresponding author upon reasonable request.

Figure 2. Placement of regions of interest in representative diffusion-tensor images. Regions of interests in the cortical grey matter and adjacent
subcortical white matter (open elliptic) in T2-weighted image (A), fractional anisotropy map (B) and average diffusivity map (C) on the centrum
semiovale level.
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Results

During the study period, 1,497 infants were admitted to
the unit, 251 of whom were enrolled into the follow-up
protocol for infants at high risk of brain injury (Fig. 1).
Of these, informed consent was unavailable in 133
infants, major congenital anomalies were noted in 23
infants and grade III/IV intraventricular haemorrhage was
confirmed in four infants, leaving 91 infants available for
the study. Indications of admission were preterm birth
(n = 72), acute hypoxia—ischaemia (n = 12) and chronic
hypoxia—ischaemia (n = 7). All the infants successfully
performed TR-NIRS and MRI studies. However, head
MRI was performed at postconceptional age of over
42 weeks in eight infants. MRI quality was poor because
of motion artefacts in five infants. In one infant, who had
developed an extensive subarachnoid and subdural haem-
orrhage, the TR-NIRS acquisition was not performed
because of excessively weak light penetration. Data from
these 14 infants were not considered further. The final
cohort comprised 77 newborn infants at a gestational age
of 31.7 &+ 3.8 weeks, body weight of 1474 £ 550 g at
birth and at postconceptional age of 38.8 & 1.3 weeks at
the time of the MRI study and 38.8 & 1.4 weeks at the
time of the TR-NIRS study (Table 1). TR-NIRS data were
not collected from the frontal (n = 5), left temporopari-
etal (n = 4), right temporoparietal (n = 4) and occipital
(n = 14) regions because of poor probe contact or insuf-
ficient light penetration. No other data were missing.

Conventional MRI findings

Cerebral abnormality with total MRI composite scores of
>4 was noted in 26 infants (mild abnormality, n = 24;
moderate, n = 2; severe, n = 0). The subarachnoid space
was 3.3+ 1.7 mm, 2.7+ 1.1 mm, 2.3 &+ 1.0 mm and
4.4 + 2.0 mm for the frontal, left temporoparietal, right
temporoparietal and occipital regions, respectively.

p. values and their regional variations

The mean g, value in the right temporoparietal region
(7.33 £ 1.16/cm) was larger than the occipital
(6.95 + 1.40/cm, p =0.019), left temporoparietal
(6.59 £ 1.22/cm, p < 0.001) and frontal (5.98 £+ 1.23/cm,
p < 0.001) regions (See Table 2 for other inter-region
comparisons).

D,, values and their regional variations

D,, values in the frontal region of the cortical grey matter
(0.985 + 0.064 X 10~> mm?*/s) were greater than in the
occipital (0.937 4 0.054 x 107> mm*/s, p < 0.001), right

Brain Light Scatter and Water Diffusion

Table 1. Clinical background variables of the study population.

Variables Values
Variables at birth
Male sex 39 (50.6)
Gestational age (week) 31.7 £3.8
<28 weeks 10 (13.0)
28-31 weeks 30 (39.0)
>32 weeks 37 (48.1)
Body weight at birth (g) 1474 + 550
Head circumference at birth (cm) 282 +£3.2
Intrauterine growth restriction 30 (38.9)
Symmetrical 9 (11.7)
Antenatal glucocorticoid 34 (44.2)
Caesarean section 58 (75.3)
Emergency caesarean section 52 (67.5)
Multiple pregnancy 14 (18.1)
Postnatal variables
Indomethacin for ductus arteriosus 24 (31.2)
Chronic lung disease 18 (23.4)
Postnatal glucocorticoid 18 (23.4)
Enteral feeding >100 ml/kg/day (age in day) 8+5
Necrotising enterocolitis 0 (0.0)
Intestinal perforation 0 (0.0)
Recovery to the birth weight (age in day) 9+5
Days on mechanical ventilation 9+ 12
MRI brain abnormality classification
Normal 51
Mild abnormality 24
Moderate abnormality 2
Severe abnormality 0
Postnatal age at the time of TR-NIRS study (day) 50.2 £+ 26.6
Postconceptional age at the time of TR-NIRS study 388+ 1.4
(week)
Postnatal age at the time of MRI study (day) 49.7 + 26.5
Postconceptional age at the time of MRI study (week) 388+ 1.3

Values are shown as mean =+ standard deviation or number (%). TR-
NIRS, time-resolved near-infrared spectroscopy; MRI, magnetic-
resonance imaging.

temporoparietal (0.929 £ 0.052 X 10> mm?/s, p < 0.001)
and left temporoparietal (0.919 & 0.041 X 107> mm?/s,
p < 0.001) regions (See Table 2 for other inter-region
comparisons).

The subcortical white matter D,, values of the frontal
region (1.330 & 0.126 X 10> mm?/s) were similar to
the occipital region (1.319 4 0.165 X 107> mm?s), and
greater than the right temporoparietal (1.230 & 0.114 X
107> mm®s, p<0.001) and left temporoparietal
(1.219 + 0.110 x 10~ mm?/s, p < 0.001) regions.

FA values and their regional variations

The cortical grey matter FA values in the frontal region
(0.138 £ 0.023) were similar to the left temporoparietal
region (0.128 £ 0.030, p = 0.076), and greater than the

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1421
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Table 2. Regional variations in the reduced scattering coefficient, mean diffusivity and fractional anisotropy.

p value (vs.)
Head region Mean Standard deviation Left temporo-parietal Right temporo-parietal Occipital
Reduced scattering coefficient (/cm)
Frontal 5.98 1.23 0.006 <0.001 <0.001
Left temporo-parietal 6.59 1.22 <0.001 0.370
Right temporo-parietal 7.33 1.16 0.019
Occipital 6.95 1.40
Average diffusivity (x10™> mm?/s)
Cortical grey matter
Frontal 0.985 0.064 <0.001 <0.001 <0.001
Left temporo-parietal 0.919 0.041 0.465 0.021
Right temporo-parietal 0.929 0.052 1
Occipital 0.937 0.054
Subcortical white matter
Frontal 1.330 0.126 <0.001 <0.001 1
Left temporo-parietal 1.219 0.110 1 <0.001
Right temporo-parietal 1.230 0.114 <0.001
Occipital 1.319 0.165
Fractional anisotropy
Cortical grey matter
Frontal 0.138 0.023 0.076 0.009 <0.001
Left temporo-parietal 0.128 0.030 1 0.004
Right temporo-parietal 0.126 0.030 0.033
Occipital 0.113 0.024
Subcortical white matter
Frontal 0.162 0.031 1 1 1
Left temporo-parietal 0.163 0.044 1 1
Right temporo-parietal 0.163 0.042 1
Occipital 0.156 0.045

right temporoparietal (0.126 + 0.030, p = 0.009) and
occipital (0.113 £ 0.024, p < 0.001) regions (See Table 2
for other inter-region comparisons).

The subcortical white matter FA values were similar in
the frontal (0.162 4+ 0.031), left temporo-lateral
(0.163 £ 0.044), right temporo-lateral (0.163 £ 0.042)
and occipital (0.156 £ 0.045) regions.

Independent variables associated with the
u, value

Univariable analysis showed that greater u/ values were
associated with greater gestational age at birth
(p = 0.035), smaller FA values in the cortical grey matter
(p = 0.020), smaller D,, values in the cortical grey matter
and subcortical white matter (p < 0.001 and p = 0.001,
respectively), smaller subarachnoid space (p < 0.001) and
absence of brain abnormality (p = 0.042; Table 3 and
Fig. 3). In the multivariable model, adjusted for the head
region and gestational age at birth, greater 4, values were
explained by smaller D,, in the subcortical white matter
(p < 0.001), smaller subarachnoid space (p < 0.001) and

absence of brain abnormality (p = 0.021; Table 3). The
findings from the alternative models, in which the D,, in
the subcortical white matter was replaced with D,, in the
cortical grey matter and FA in the cortical grey matter
and subcortical white matter, are presented in Table 4.
Greater ! values were associated with smaller D,, values
in the cortical grey matter (p = 0.025, Alternative model
1) and greater FA values in the subcortical white matter
(p = 0.005, Alternative model 2), but not with FA in the
cortical grey matter (p = 0.476, Alternative model 3)
(Table 4).

Discussion

Using the qualitative and quantitative MRI information
of the brain at term-equivalent age, we have demon-
strated that the scattering property of near-infrared light
was associated with macro- and microstructural informa-
tion of the cerebral tissue in a cohort of preterm and
term newborn infants. Specifically, greater light scattering
was associated with smaller D,, values of the subcortical
white matter and less severe brain abnormalities assessed

1422 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Table 3. Independent variables of the reduced scattering coefficient of near-infrared light.

95% confidence interval

Variables Regression coefficient Lower Upper p
Univariable analysis
DTI measurement’
D,y in cortical grey matter (x10™> mm?/s) —-4.728 —7.063 —2.394 <0.001
D., in subcortical white matter (x102 mm?/s) -2.071 -3.311 -0.832 0.001
FA in cortical grey matter -5.994 -11.032 -0.957 0.020
FA in subcortical white matter 3.806 -0.167 7.778 0.060
MRI assessment’
Subarachnoid space (cm) -0.289 -0.376 -0.201 <0.001
Brain abnormality -0.422 -0.829 -0.015 0.042
Gestational age at birth! (week) 0.065 0.005 0.125 0.035
Corrected age at TR-NIRS study' (day) 0.004 -0.152 0.159 0.964
Head region
Frontal 0 Reference
Left temporo-parietal 0.617 0.295 0.940 <0.001
Right temporo-parietal 1.387 1.037 1.737 <0.001
Occipital 0.954 0.582 1.327 <0.001
Multivariable model’
D,, in subcortical white matter (x1073 mm?/s) -2.066 -3.200 -0.932 <0.001
Brain abnormality -0.400 -0.739 -0.061 0.021
Subarachnoid space (cm) -0.314 -0.412 -0.216 <0.001
Gestational age at birth (week) 0.012 -0.038 0.061 0.648

Dy, average diffusivity; DTI, diffusion-tensor imaging; FA, fractional anisotropy; MRI, magnetic-resonance imaging; TR-NIRS, time-resolved near-

infrared spectroscopy.
'Adjusted for the four head regions.

on conventional MRI, even after adjusting for the sub-
arachnoid space and other covariates. To the best of our
knowledge, this is the first study to confirm the relation-
ship between u. and MRI findings obtained at term-
equivalent age. With further validation studies, we believe
that the ! values might provide a clue to the mechanism
of cerebral injury associated with preterm birth, subtle
hypoxia—ischaemia, inflammation, poor nutrition and
other covert but critical clinical events.

Light scattering and microstructural
complexity of the brain

DTI measures of isotropic and anisotropic water diffusion
have been used to assess the microstructural development
of grey and white matter.”® " Maturation in the grey
matter was associated with a reduction in isotropic and
anisotropic water diffusion, which is explained by the dis-
ruption of the highly radial organisation of the immature
cortical plate by dendritic arborisation, synaptic forma-
tion, neuronal differentiation, intracortical white matter
myelination and radial glia regression.”®** Early stages of
white matter maturation were associated with a reduction

in isotropic and an increase in anisotropic water

diffusion, attributed to reduced water content, diminished
extracellular spaces, increased complex microstructures,
oligodendrocyte maturation and myelin formation.”® In
our current study, u. showed consistent relationships
with D,, and FA in the cortical grey matter and D,, in
the adjacent white matter, suggesting that greater light
scattering within the brain represents more mature cere-
bral tissue, confirmed by quantitative DTI measures.

Light scattering and the macrostructural
feature of the brain

In addition to the water diffusion properties of the brain
tissue, the y. values of our study cohort were associated
with an established qualitative score of brain abnormality
for preterm infants, the relevance of which has extensively
been demonstrated in relatively more mature infants.”>”!
Considering that the items of this scoring system predom-
inantly evaluate morphological features,”* the 4/ values
of the near-infrared light in the brain tissue might be
determined by its micro and macrostructural features. Of
the morphological information obtained from conven-
tional MRI, we considered the subarachnoid space,
located between the TR-NIRS probe and cerebral tissue,

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1423
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8 9 1.0 1.4 1.2 10 12 1.4 16 1.8
Average diffusivity in Cortex (10-3mm2/s) Average diffusivity in White Matter (10-3mm?2/s)

.05 .25 .05
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Fractional anisotropy in Cortex Fractional anisotropy in White Matter

Figure 3. Relationships between diffusion-tensor biomarkers and reduced scattering coefficient of near-infrared light. Scatter plots showing asso-
ciations between the reduced scattering coefficient (4;) of near-infrared light and average diffusivity in the (A) cortical grey matter and (B) subcor-
tical white matter and fractional anisotropy in the (C) cortical grey matter and (D) subcortical white matter. Regression lines are shown for
convenience with p-values <0.05 from simple regression analysis without adjustment for covariates. Symbols: red open rhomboid, frontal region;
blue cross, left temporo-parietal region; green open triangle, right temporo-parietal region; grey open circle, occipital head region.

Table 4. Alternative multivariable models to explain the reduced scattering coefficient of near-infrared light using different diffusion-tensor
biomarkers.

95% confidence interval

Variables Regression coefficient Lower Upper p

Alternative model 1, incorporating grey matter average diffusivity

D,y in cortical grey matter (x10~> mm?/s) -2.697 —5.054 -0.341 0.025
Brain abnormality -0.416 —-0.730 -0.102 0.009
Subarachnoid space (cm) -0.309 -0.403 -0.215 <0.001
Gestational age at birth (week) —0.002 —0.053 0.049 0.945
Alternative model 2, incorporating white matter fractional anisotropy
FA in subcortical white matter 4918 1.514 8.321 0.005
Brain abnormality -0.390 -0.728 -0.052 0.024
Subarachnoid space (cm) -0.319 -0.419 -0.219 <0.001
Gestational age at birth (week) 0.000 —0.052 0.051 0.988
Alternative model 3, incorporating grey matter fractional anisotropy
FA in cortical grey matter -1.810 -6.781 3.162 0.476
Brain abnormality -0.315 -0.662 0.033 0.076
Subarachnoid space (cm) -0.311 -0.408 -0.215 <0.001
Gestational age at birth (week) 0.004 —0.049 0.056 0.888

Models are also adjusted for the four head regions. D,,, average diffusivity; FA, fractional anisotropy.

1424 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.



S. Iwata et al.

as an important variable, potentially affecting the moni-
tored . values. Further, y! was negatively correlated
with the subarachnoid space measurement, suggesting
that a fraction of the near-infrared light passed through
the subarachnoid space without being scattered. Although
we do not have sufficient information to specify the frac-
tions of light that passed through the subarachnoid space
and cerebral tissue differently in our current study, rela-
tionships between !, D,, and MRI composite score were
observed, even after adjusting for the measurement of the
subarachnoid space. This confirms our hypothesis that y.
depended on the structural information of the cerebral
tissue and extracerebral cerebrospinal fluid.

Aside from the potential influence of the subarachnoid
space on light scattering, the tissue component spectrum
through which the near-infrared light travels needs to be
considered as well. The relationships between the quanti-
tative DTI biomarkers and g/ observed in our current
study were similar in the cortical grey and white matter.
However, stating that p reflects the structural informa-
tion of the superficial and deep brain structures would be
a premature conclusion since the stage of tissue matura-
tion, injury and remodelling would be similar in various
tissue components in the same individual.*>*> Therefore,
further studies are needed to delineate the precise depen-
dence of y on various tissue components and the depth
within the head.

Spatial differences in light scattering and
water diffusion in the brain

Considerable spatial variations were observed in our study
for the DTI biomarkers and p!. Histological studies
addressing the cortical grey matter development have
highlighted the spatially heterogeneous caudal-to-rostral
progression of cortex formation.”® Recent neuroimaging
studies have revealed that the timing of regional matura-
tion is further regulated according to the local function,
with the primary motor and sensory cortices differentiat-
ing before the cortical association areas.”>>> Furthermore,
the white matter maturation follows a spatiotemporal pat-
tern similar to that of the cortical grey matter, with
posterior-to-anterior and central-to-peripheral  direc-
tions.*

Moreover, our study confirmed the spatially heteroge-
neous microstructures of the cortical grey and white mat-
ter, extrapolated from regional DTI biomarkers. The
relatively high D,, and FA values of the frontal cortex
suggested that this brain region matures slower than the
other regions. The D,, values in the white matter of the
frontal region were consistently the highest, while no spa-
tial difference was noted for the FA values. The . values
were the lowest in the frontal region and the highest in

Brain Light Scatter and Water Diffusion

the occipital region, which was consistent with the
caudal-to-rostral progression of maturation.”* Such agree-
ments in the maturation-related spatial patterns of the
measured variables between MRI, DTT and TR-NIRS pro-
vided further evidence supporting the hypothesis that the
microstructural maturation process of the brain tissue
could be non-invasively monitored using TR-NIRS.

Study limitations

First, our study cohort included both preterm and term
hospitalised infants, who were likely to be different from
their healthy peers in the developmental, maturational
and healing processes of their brains. Second, as a signifi-
cant relationship was observed between y and the sub-
arachnoid space in our study, the y! values obtained
from the newborn head are likely to reflect the extracere-
bral information of the head, as well as anatomical infor-
mation from the brain tissue. Third, considering that
near-infrared light is efficiently absorbed by haemoglobin,
i, values might also be affected by blood haemoglobin
levels. However, we have previously reported in a cohort
of hospitalised preterm and term infants including the
current study cohort that, although y and p, were tightly
correlated between each other, only u,, but not u, was
correlated with blood haemoglobin levels, suggesting that
the influence of haemoglobin to y values is small, if
any.”! Finally, due to the limited schedule for the TR-
NIRS data acquisition, we used MRI and TR-NIRS data
obtained up to 6 days apart. However, the actual differ-
ence in the postnatal age between MRI and TR-NIRS
studies was small (2.0 £ 2.5 days). Given that develop-
mental changes in the MRI score, D,, and FA are noted
over a few weeks basis,”>*”*® it is unlikely that the rela-
tionships between MRI and TR-NIRS variables observed
in our current study were significantly obscured.

Conclusions

We demonstrated in a relatively large cohort of preterm
and term newborn infants that the scattering property of
near-infrared light was associated with the macro- and
microstructural information of the cerebral tissue, as con-
firmed by conventional MRI-based scores and DTI
biomarkers. However, the observed relationships between
the light scattering property and MR markers of brain
structures were not robust enough to provide a reliable
estimation of MR abnormalities for specific newborn
infants. Nonetheless, considering the non-invasive nature
of TR-NIRS, data acquisition could be performed repeat-
edly at the cot-side in a large population of hospitalised
infants, which may help accelerate the understanding of
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covert clinical events responsible for subtle cerebral inju-
ries and subsequent higher cognitive impairments.
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