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BACKGROUND: Cerebral near-infrared spectroscopy is a non-invasive tool used to measure regional cerebral tissue oxygenation
(rScO,) initially validated in adult and pediatric populations. Preterm neonates, vulnerable to neurologic injury, are attractive
candidates for NIRS monitoring; however, normative data and the brain regions measured by the current technology have not yet

been established for this population.

METHODS: This study’s aim was to analyze continuous rScO, readings within the first 6-72 h after birth in 60 neonates without
intracerebral hemorrhage born at <1250 g and/or <30 weeks' gestational age (GA) to better understand the role of head

circumference (HC) and brain regions measured.

RESULTS: Using a standardized brain MRI atlas, we determined that rScO2 in infants with smaller HCs likely measures the
ventricular spaces. GA is linearly correlated, and HC is non-linearly correlated, with rScO, readings. For HC, we infer that rScO, is
lower in infants with smaller HCs due to measuring the ventricular spaces, with values increasing in the smallest HCs as the deep

cerebral structures are reached.

CONCLUSION: Clinicians should be aware that in preterm infants with small HCs, rScO, displayed may reflect readings from the

ventricular spaces and deep cerebral tissue.

Pediatric Research (2023) 94:1408-1415; https://doi.org/10.1038/541390-023-02618-x

IMPACT:

® (linicians should be aware that in preterm infants with small head circumferences, cerebral near-infrared spectroscopy readings
of rScO, displayed may reflect readings from the ventricular spaces and deep cerebral tissue.

® This highlights the importance of rigorously re-validating technologies before extrapolating them to different populations.

® Standard rScO, trajectories should only be established after determining whether the mathematical models used in NIRS
equipment are appropriate in premature infants and the brain region(s) NIRS sensors captures in this population, including the

influence of both gestational age and head circumference.

INTRODUCTION
Cerebral near-infrared spectroscopy (NIRS) is a widely used
monitoring technology that offers the ability to monitor regional
cerebral tissue oxygenation (rScO,), which is postulated to be an
expression of cerebral oxygenation and cerebral blood flow (CBF).!
The goal of cerebral NIRS technology is to offer non-invasive
continuous monitoring of cerebral tissue oxygenation and
extraction, providing clinicians with the prospect of real-time
monitoring of the patient's physiological state.”™ Currently,
cerebral NIRS monitoring is employed in many neonatal intensive
care units (NICU) across the world.>”

The technology used for cerebral NIRS was created for adult and
pediatric populations; however, it is important to recognize that a
large discrepancy exists between adult, pediatric, and neonatal

head circumferences (HCs) and tissue composition.® There exists a
paucity of data and studies evaluating differences in HC and tissue
composition when examining baseline rScO, in relation to
gestational age (GA) of the neonate.’ This relationship is
particularly important when monitoring preterm infants. Although
some normal ranges for rScO, during the first 72 h after birth in
preterm infants at different GAs have been published, data on
normative values remain limited."'®'" It is, however, widely
accepted that changes in an individual's own baseline rScO,
values are associated with alterations in oxygenation and oxygen
extraction.""™"3 Interestingly, the specific brain region(s) mea-
sured with existing NIRS technology have not been determined in
preterm infants.* The NIR beam is assumed to follow a banana-
shape path and measurement depth is thought to be
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approximately at 50-67% of the distance between emitter and
detector.'™ Currently available neonatal cerebral NIRS sensors
measure at an assumed depth of approximately 1.5-2.5cm,
depending on the manufacturer and the type of sensor used.'*'®
The actual path length of the NIR beam, which scales with the
depth of tissue sampled, remains unknown.'” Neonatal probes are
typically smaller and have a shorter emitter-detector distance
compared to the adult sensors.” Since the distance is a fixed
parameter, the underlying, corresponding brain region in neo-
nates may differ simply due to their smaller HCs and curvatures.
Lack of reliability between rScO, readings has been reported
when comparing sensors with different emitter-detector distances
and also with simple repositioning of the same sensor on the
same neonate highlighting the difference and optical hetero-
geneity of the underlying tissue.'® Furthermore, tissue maturation,
water composition, protein content, lipid content, and vascular-
ization all influence optic properties, and therefore, rScO,
measurements are subject to rapid changes in the still-
developing neonatal brain compared to an adult."

The aim of this study is to evaluate continuous rScO, readings
within the first 72 h after birth in preterm infants without overt
neurologic injury and to determine whether these readings were
altered by GA, HC, or different brain regions captured by the
commercially available neonatal sensor of the INVOS™ 5100C
system.

METHODS

Patient selection

This was an observational single-center cohort study of preterm infants
born at <1250g and/or <30 weeks' gestation and admitted following
delivery to the University of Washington Medical Center NICU between
May 2019 and May 2021. Exclusion criteria were <66 h of continuous rScO,
monitoring, major congenital anomalies, death within 72 h after birth, HC
>30cm (Z-score >3), and intracranial hemorrhage (ICH) diagnosed by
cranial ultrasound 7-10 days after birth as half of these hemorrhages are
likely to have occurred by the first day of life.>° The study was approved by
the Institutional Review Board at the University of Washington School of
Medicine UW IRB #00006091.

Data collection

Demographic and clinical data collection occurred retrospectively from the
medical record and included administration of prenatal corticosteroids,
maternal pre-eclampsia, maternal chorioamnionitis, birth weight, GA, HC
obtained within 1 h of birth (birth HC), next recorded HC after initial birth
HC, small for GA defined as birth weight <10th percentile, Apgar score at 1
and 5 min after birth, respiratory support type at birth, first diastolic blood
pressure after birth, first hematocrit, vasopressor use, and lowest and
highest measured pCO, in the first 72 h after birth. For the first hematocrit,
the value from the day of birth was used; if no value was available on day
of birth, the value from day 1 after birth was used. For the first
documented diastolic blood pressure, an arterial measurement was used; if
no arterial measurement was available, a non-invasive measurement was
utilized. Diastolic blood pressure was examined as CBF in preterm
neonates has been shown to be highly reliant on diastolic blood flow.?'

NIRS monitoring and technology

Infants were monitored prospectively with continuous cerebral NIRS using
the INVOS™ 5100C regional oximeter with INVOS cerebral oximetry infant-
neonatal sensor (Medtronic, Minneapolis) during the first 72 h after birth.
The infant-neonatal sensor has two detectors: a shallow detector spaced
3 cm from the emitter and a deep detector spaced 4 cm from the emitter.
The shallow detector measures at a depth of approximately 1.5cm,
whereas the deep detector measures at a depth of approximately 2.5 cm.
The measurement depth is derived using spatially resolved spectroscopy,
subtracting shallow detector measurement from the deep detector
measurement to remove the interference of measurements from super-
ficial structures such as the skin, muscle, bone, and axial spaces, providing
a reading at approximately 2.5 cm depth.'**? The infant-neonatal sensor
was placed on the neonate’s forehead within the first 6 h after birth. We
chose to examine data from 6 h onward to best harmonize data analysis
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across the entire cohort. rScO, data were captured in 5-10-s intervals and
exported via INVOS™ Analytics Tool version 1.2.1 (Medtronic, Minneapolis).

Measurements of fetal MRI

Fetal T2 MRI brain images were provided by the Harvard Fetal Brain Atlas
(http://crl.med.harvard.edu/research/fetal_brain_atlas/), accessed March
15, 2022. Each image pixel represents an area of 0.8 mm?, allowing for
an elliptical arch to be drawn corresponding with the infrared ray detector
and arch depth measurements listed above. The depths of the rays were
adjusted to account for scalp and skull depth, which in neonates and
newborns has been measured as less than 1 mm.?® As the path of the ray is
influenced by multiple factors including myelination and water content of
the structures through which the ray is passing, these arches are provided
as estimates. Image analysis and measurements were performed using
FMRIB Software Library (FSL v6.0, Oxford, UK, https:/fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FslInstallation), accessed November 23, 2021.242¢ Graphical illustra-
tion and coloring of the arches was performed using Microsoft PowerPoint
(2019, Version 2211 Build 16.0.15831.20098).

Statistical analysis

Descriptive statistics were used to describe the demographic variables of
the included infants using either median and interquartile range (IQR) or
count and percentage. rScO, data were averaged into hourly epochs by
determining the median value for each infant in each epoch. To visually
examine how rScO, changes with HC and GA, continuous rScO, curves
were generated using locally estimated scatterplot “loess” fitting with
either standard deviation (aggregated trajectories) or 95% confidence
intervals (Cl, individual patient trajectories) starting 6h after birth.
Trajectories of rScO, were plotted for three HC groups (18-21.9, 22-25.9,
and =26 cm) and four GA groups (22-24, 25-27, 27-29, and =30 weeks).
For GA plots, infants with an HC Z-score more than +2 were excluded
(n=7). To examine the population effects of GA and HC on rScO, over
time, a generalized estimating equations (GEE) approach was used.?’
Linear GEE models accounting for HC, GA, hematocrit, and time (as hourly
epoch) were constructed, with clustering by infant and an exchangeable
correlation structure. Both HC was modeled a third-order polynomial, with
time epoch as a second-order polynomial and hematocrit and GA as linear
continuous variables. A multivariate Wald test was used to compare
models with and without the HC terms. Daily hematocrit was used and
aligned with the respective epochs, with missing values replaced with the
nearest available hematocrit level. Graphs of the data and their respective
assumptions in the GEE model are provided in Supplementary Fig. S1.
P values <0.05 were considered statistically significant. Statistical analyses
were performed in R version 4.1.2 in the R studio environment.?®

RESULTS

During the study period, 98 infants were monitored with cerebral
NIRS. Of those, we excluded 2 infants (2.0%) with congenital
abnormalities, 3 infants (3.1%) with HCs >30 cm, 4 infants (4.1%)
who died prior to 72 h of NIRS monitoring, and 30 infants (30.6%)
who were diagnosed with ICH. The remaining 60 (61.2%) infants
were included in our analysis (Fig. 1). Baseline characteristics of
the study population are depicted in Table 1. Median (IQR)
number of hours of data collection in the 60 infants was 66
(65.5-66), indicating that most infants had data for the entire
6-72 h period after birth. We found no significant difference
between HC at birth (median 24.5cm, IQR 23.4-26.5) and next
measured HC (median 24.0 cm, IQR 23.0-25.95) (Supplementary
Table S2 and Supplementary Fig. S2).

Determination of estimated NIRS sensor measurement by
head circumference and gestational age

First, we determined the anatomical structures located at a signal
depth of 2.5cm using a fetal MRI atlas as a reference guide for
normal brain development. The anatomical structures captured
2.5cm from the forehead, where the NIRS probe is placed, are
listed in the table in Fig. 2a. Representative images in Fig. 2b
depict the approximate trajectory of where the rScO, reading
arises for a given HC—the red arc estimates the light path for the
deep sensor and blue arc estimates the light path for the shallow
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Total infants monitored with
cNIRS: N=98

A,

Excluded for congenital
anomalies: N=2

A,

Excluded for HC > 30 cm:
N=3

A,

Excluded for ICH:
N=30

A

Died prior to 68 h of
recording: N=3

Included infants:
N=60

Fig. 1 Consort diagram. Screened and final infants included in this
study are shown.

sensor. In infants with HC <30 cm, there is a high probability that
at least a portion of the rScO, readings reflects data from
ventricular cerebrospinal fluid (CSF). For infants with an HC
<27 cm, the majority of the rScO, reading is likely to come from
the ventricle and deep brain structures.

Based on the results in Fig. 2, infants were grouped by the
anatomical structures estimated to be measured most frequently
within a given HC and GA. This resulted in three groups for rScO,
trajectory analysis as follows—Group 1: 18-21.9cm with an
estimated measurement level at the deep gray matter structures,
Group 2: 22-259cm with the estimated measurement of the
cerebral NIRS sensor coming from the ventricle, and Group 3:
26-30 cm, with an estimated measurement region of cortex and
white matter.

rScO, in relation to head circumference and gestational age
The median rScO, trajectory over the first 6-72 h after birth varied
significantly based on different HCs. Infants with the largest HC
had the highest rScO, readings and average rScO, tended to
decrease with decreasing HC (Fig. 3a).

Similar trajectories of rScO, were observed in relation to GA. The
most immature infants had the lowest measured rScO, trajec-
tories, whereas the more mature infants had higher rScO,
measurements (Fig. 3b).

While the relationship between GA and rScO, was linear, HC was
non-linearly associated with rScO, (Supplementary Fig. S1a, b). In
particular, rScO, appeared to decrease with decreasing HC, but
flattened or potentially began to increase again as HC decreased
below 22 cm.

Influence of gestational age on rScO, in infants with similar
head sizes

To examine the role of changes in tissue composition with
increasing GA on rScO, measurement, we grouped the neonates
into two categories: Group 1 HC <26 cm, and Group 2 HC =26 cm.
The two categories were derived by determining that those with HC
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Table 1. Baseline patient characteristics.
Participating infants
(n=60)

Birth weight (g) 877 (737-1101)
Gestational age® (completed weeks) 27 (22-33)
Head circumference® (cm) 24.5 (19-30)
Head circumference (Z-score) -0.44 (-1.02 to 0.14)
Small for gestational age 17 (28.3%)
Prenatal corticosteroids

None 5 (8.3%)

1 dose 9 (15.0%)

2+ doses 46 (76.7%)
Maternal pre-eclampsia 18 (30.0%)
Maternal chorioamnionitis 2 (3.3%)
Respiratory support type at birth

CPAP 39 (65.0%)

Intubated 20 (33.3%)

Room air 1 (1.7%)
First diastolic blood pressure (mmHg) 29 (26-34)
Vasopressor use 4 (6.7%)
First hematocrit (%) 43 (40-49)
Apgar

1 min 4 (3-5)

5 min 7 (6-7)

Apgar 5min <5 5 (8.3%)

pCO, (mmHg) during first 72 h

Lowest 39.3 (34.3-43.8)

Highest 57.6 (46.3-64.6)
Died after 72 h of life (without IVH) 2 (3.3%)

Median and interquartile ranges or count with percentages reported.
®Except for gestational age and head circumference as full range given.

=26 cm likely had rScO, readings in part in the cortex (Fig. 2). As
expected, higher GA was associated with higher rScO, measure-
ments even after accounting for HC grouping (Fig. 3¢, d); however,
the range of rScO, measurements in neonates with HC <26 cm was
59-85% across all GAs compared to 76-87% in neonates with HC
>26 cm, demonstrating a dominant effect of HC on rScO,
measurement (Fig. 3¢, d). Similarly with matched GA infants at 26
and 28 weeks, those with larger HC had higher rScO, measurements
(Fig. 3e, f).

After accounting for GA, HC also contributes to rScO, readings
In the fully adjusted GEE model, terms for HC, GA, and hematocrit
were all significantly associated with the median rScO, value
(Supplementary Table S1). Using a multivariate Wald test, the HC
terms were statistically significant (p = 0.031), suggesting that HC
is an important contributor to rScO, after accounting for complex
relationships with GA and time, as well as adjusting for hematocrit.

DISCUSSION

As the field of neonatology continues to advance and the lower
limit of viable GA continues to decrease, clinicians are faced with
technologies that are not completely adapted or validated to their
youngest patients. In the case of cerebral NIRS, this includes
smaller head sizes which results in considerable variation in the
brain region being measured by current cerebral NIRS sensors. To
date, no studies have been conducted evaluating which
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GA HC Diameter
(weeks) (cm) (1)}

Radius
(cm)

cNIRS probe location
(2.5 cm measures- red arch)

Ventricle

24 21.4 6.8 3.4 Ventricle

26 245 7.8 3.9 Ventricle

28 25.3 8.1 4.0 Ventricle

30 27.0 8.6 4.3 Ventricle

31 28.4 9.0 4.5 Corpus callosum/ventricle
32 29.5 9.4 4.7 Corpus callosum/ventricle
33 29.8 9.5 4.7 Corpus callosum/ventricle
34 30.4 9.7 4.8 Anterior limb/white matter tract
35 31.7 10.1 5.0 Anterior limb/white matter tract
36 32.0 10.2 5.1 White matter tract

37 32.0 10.2 5.1 White matter tract

38 32.3 10.3 5.1 White matter tract

S.E. Kolnik et al.

Fig. 2 Estimated NIRS sensor measurement by head circumference and gestational age. a Head circumference and brain region captured
by rScO, at 2.5cm depth from midline forehead for increasing gestational ages (22-38 weeks gestation) as derived from fetal brain MRI
images. For each head circumference, the diameter (head circumference/n) is calculated for an assumed perfectly circular head shape and the
radius (diameter/2) as well as the estimated brain structure in the presumed area. b Simulation of rScO, detection depths from the midline
forehead overlying axial T2 fetal brain MRIs for increasing gestational ages as depicted in 22, 24, 26, 28, 30, 32, and 34 weeks of gestation. The
blue and red arches represent the underlying areas captured by the short- and long-distance emitted infrared rays, respectively.

intracranial regions are measured by NIRS technology in preterm
babies, or how rScO, values change over time. As rScO, readings
are increasingly incorporated into clinical decision making, it is
imperative to understand the brain region captured in preterm
infants. In our study, we present rScO, trajectories over the first
6-72 h after birth in a cohort of 60 preterm infants born at
<1250 g or <30 weeks gestation without ICH. We show that in
these first 6-72 h, the expected rScO, trajectory is different when
stratified by HC independent of GA, emphasizing the importance
of the tissue being measured. In particular, rScO, readings in
infants with HCs <26 cm are likely to have a higher proportion of
the rScO, measurement by ventricular content, therefore not
consistently reflecting cerebral tissue oxygenation itself (Fig. 2). In
the smallest heads, rScO, may then incorporate greater propor-
tions of deep gray matter, with independent non-linear effects of
HC on rScO, after taking into account GA and hematocrit.

In a cerebral NIRS probe, light is detected by proximal and distal
detectors, which allows for the processing of the shallow and
deep optical signals separately to provide a spatial resolution; data
from the scalp and surface tissue are subtracted and suppressed
to provide a reading that reflects rScO, in deeper tissues.?>?°732
Unlike the adult, pediatric, or even term newborn, the region of
rScO, reading in preterm infants is unlikely to be the superficial
cortex and may frequently extend through the ventricles into the
deep gray matter (Fig. 2). For example, the average HC of term
neonates is 35 cm with a radius of 5.5 cm (assuming a perfectly
round head shape), and an average adult HC is 55 cm with a radius
of 87cm.?*3* In our cohort, the smallest HC was 18 cm, which
equates to a radius of 2.9 cm. Therefore, rScO, measurements
reflect deeper cerebral structures rather than just the cortical
white matter. Given that light absorption through the skull and
extracerebral tissues is negligible in neonates, the NIR beam
projects into the ventricles and deep gray matter>**' The
different anatomical structures of the brain also vary in composi-
tion. As an extreme example, CSF in the ventricles clearly has a
different composition and oxygen content relative to white matter
structures measured in Iar?er HCs or deep gray matter structures
measured in smaller HCs.">323> Although NIRS technology was
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created to measure regional tissue oxygen bound to hemoglobin,
CSF itself has been shown to alter the propagation of light in NIRS
models.3%>738 Our results support the potential for CSF (or the
absence of tissue) to interfere with the rScO, reading, with a
greater proportion of CSF included at the 2.5cm measurement
depth in infants with smaller HCs (Fig. 2), which is associated with
lower rScO, independently of GA (Fig. 3).

Despite the same wavelength, optical path length differs in
adult and neonatal heads (average of 6.26 vs 4.99 cm, respectively)
and can vary in the same subject with changes in tissue geometry,
tissue water content, and hemoglobin concentration.??*°° Tissue
composition and myelin content change throughout neonatal
developmental stages and also affect the brain’s optical proper-
ties. For example, the penetration depth is highly dependent on
the scattering effect of myelin which is not well developed in the
extreme preterm brain; therefore, penetration depth of the
emitting light might be even deeper than the expected
2.5cm.”?*! This process is dynamic, with myelination starting in
the brainstem around 20 weeks of gestation and progressing
rapidly alongside a concurrent decrease in ventricle size.'"*
Furthermore, deep gray matter has differences in optical proper-
ties compared to white matter, which may account for further
variations in rScO, based on the region of measurement.> Thus,
not only is head size and physical location of the cerebral NIRS
probe crucial when interpreting values, but the change of
maturational tissue composition also needs to be considered
when evaluating rScO, measurements over time.

The anatomical structures captured also vary in their vascu-
lature and microvasculature, which results in a difference of the
mixed arterial and venous signal for which the NIRS algorithm is
engineered to report.*”® rScO, is calculated from the difference
between arterial and venous oxygenation (fSO, =0.25 x Sa0, +
0.75 x SvO,), which changes with age.** While this 25:75 constant
of arterial to venous blood is applicable to adults, pediatric
patients have a constant of 15:85, and no normative values have
been established in (preterm) neonates.”* Furthermore, regional
trends in rScO, at lower GAs differ from those of the peripheral
vasculature, perhaps due to variations in the arterial:venous
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a NIRS rSc02 by head circumference b NIRS rSc02 by gestational age
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Time after birth (h) Time after birth (h)
c Effect of GA in HC <26 cm d Effect of GA in HC > 26 cm
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6 12 24 36 48 60 72 6 12 24 36 48 60 72
Time after birth (h) Time after birth (h)

Fig. 3 rScO, trajectories by head circumference and gestational age. a rScO, trajectories by head circumference (HC) stratified into
numerical tertiles: 18-21.9, 22-25.9, and 26-30 cm. Larger HC demonstrates higher rScO, trajectories. b rSCO, trajectories by gestational age
at birth stratified into numerical quartiles: 22-24, 25-27, 27-30, and >30 weeks of gestation. More mature infants show higher rScO,
trajectories. ¢ rScO, trajectories of infants with HC <26 cm stratified by gestational ages into tertiles: 22-24, 25-27, and 27-30 weeks of
gestation. d Cerebral NIRS rScO, trajectories of infants with HC >26 cm stratified by gestational ages in tertiles: 25-27, 27-30, and >30 weeks
gestation. e rScO, at 26 weeks GA is higher in the neonate with larger HC. f rScO2 at 28 weeks remains higher in the neonate with the larger
HC compared to smaller HC. Trajectories were plotted using the locally estimated scatterplot smoothing (loess) method. Shaded areas indicate
either the standard deviation (calculated hourly, a—e) or 95% ClI (e, f).
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constant in cerebral tissue.*> The relatively larger proportion of
venous volume at younger GAs may partially explain why cerebral
rScO, values are lower in these infants and may be further
exacerbated by differences in developmental stages of vascular-
ization in the brain region measured.** For example, a recent
study using pulse sequence MRI in neonates found that veins
draining the central brain had 5% lower cerebral venous
oxygenation (65% compared to 70%; p = 0.02) than veins draining
cortical brain** This may provide an additional mechanistic
explanation of how venous differences could help account for
lower rScO, measurements in neonates with smaller HCs in whom
the probe measures more centrally (Fig. 3b).

Lastly, fluctuations in cerebral arterial and venous volume in
neonates are unique during the transitional period immediately
following birth.***¢ As depicted in Fig. 3, rScO, measurements
increase around 12-14 h and peak at 24-30 h. These transitions in
rScO, differ clinically from the peripheral venous saturation, which
transitions and stabilizes within minutes after birth.*’ Changes in
rScO, over time may result from a known transient decrease in
arterial CBF after birth that then increases again by 24 h after
birth.*® In addition, if the arterial component is less than the
empirically derived 25% by the INVOS technology, the decrease in
the reading might be artifactual.'**? This alteration appears to be
more pronounced at lower GAs, which is consistent with the
inverse relationship between CBF autoregulation and GA.2'46:48:49
The rScO, unique shape during the transitional period may also be
accounted for by a GA-related decrease in vascular resistance and
subsequent increase in venous circulation following delivery
(Fig. 3).>°

NIRS technology relies on light absorption by hemoglobin,
using near-infrared light at wavelengths 730 and 810 nm to allow
absorption by hemoglobin.?? Furthermore, a higher hematocrit,
has been positively correlated to rScO, readings in pediatric and
neonatal patients>'™3 In our model, hematocrit was positively
correlated and thus accounted for when deciphering the HC and
rScO, association (Supplementary Table S1 and Supplementary
Fig. S1). Alderliesten et al. did not find an association between HC

Head
circumference

Skin and skull

Oxygen
vg thickness

saturation

Small for
gestational
age

Skin
pigmentation

Blood pressure

Gestational
age
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and rScO; and thus postulated that differences in CBF account for
the observed differences between infants of different GAs;
however, their data did not account for the potential contribution
of differing tissue type and composition nor did their study
differentiate between infants with and without ICH." Since NIRS
probes in preterm infants may be capturing an area filled with
CSF, blood within the CSF would be expected to alter rScO, as
suggested by recent evidence.'**%>* Therefore, any studies of
rScO, in premature infants must account for influence of
intraventricular hemoglobin.>> =% Lastly, although NIRS technology
is designed to measure the concentration changes of oxy and
deoxy-hemoglobin, the presence of hemoglobin has not been
shown to be a requirement for getting a reasonable reading—it
has been described that NIRS readings are still possible in
metabolically inactive tissues from cadavers and objects void of
hemoglobin such as vegetables.*'° The high prevalence of ICH in
preterm infants, and the likelihood that a blood clot resulting from
an ICH would be an important confounder when examining rScO2
from infants with smaller HCs where readings include the
ventricles, suggests that any studies of cerebral NIRS in premature
infants must account for the impact of ICH.>>>8

There are several limitations to this study including not
knowing the exact location of the rScO, probe placement on
each infants’ forehead; however, as noted in the images, the
depth of the signal will only have infrequently measured cortex
regardless of where the probe was placed. Another limitation of
this study is that rScO, measurements are multifactorial, thus
isolating one contributory or causative factor is challenging.*®
We attempted to overcome overt contributions by excluding
infants with ICH or congenital anomalies such as congenital
heart disease, which is known to alter rScO, significantly.>>¢
However, due to the multitude of interrelated clinical factors
that affect rScO, readings, future studies using matched time
series will be required to accurately delineate the contributions
of these factors independently (Fig. 4). Future studies evaluating
a shortened distance between the light source and the receiver
should be considered to determine whether more shallow

Brain region and
proportion of ventricle
captured in reading

Small for gestational age

Fig. 4 Factors that influence rScO, measurements. a Multitude of factors that have been shown to influence rScO, measurements. Factors
outlined in red and yellow are addressed in this study. b Theoretical interrelated factors that affect cerebral NIRS measurements in this study.
Light gray arrows depict a negative relationship. Black arrows depict a positive relationship. Yellow arrow depicts positive or negative

relationship depending on where NIRS probe is capturing signal.
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measurements result in more reliable rScO, from the cortex and
more homogeneous readings across different GAs. If this is the
case, this would support the development of a probe that was
tailored to different HCs.

In summary, we objectively describe how HC and rScO,
readings are positively but non-linearly correlated in preterm
infants, which is likely due to variation in the brain region the
cerebral NIRS probe is sensing at a fixed distance. Standard rScO,
trajectories should only be established after determining (1)
whether the mathematical models used in NIRS equipment are
appropriate in premature infants, and (2) the brain region(s) that
are captured by commercially available NIRS sensors in this
population, including the influence of both GA and HC.
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