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Abstract

Background: Titration of inspired oxygen is a challenge in preterm infants with hypoxemic respiratory failure (HRF). Monitoring
of brain oxygen by near infrared spectroscopy (NIRS) has been proven to minimize the burden of hyperoxia and hypoxemia,
with better understanding of cerebral autoregulation (CAR). integrating NIRS and pulse oximetry (SpO2) for titrating inspired
oxygen is a novel approach. Methods: We aimed to study the impact of integrated monitoring of oxygen saturation by SpO2 and
cerebral regional tissue oxygen (ctRTO) by NIRS during oxygen reduction test (ORT) on reducing oxygen requirement in preterm
infants with HRF. The correlation between SpO2 with crRTO, and fractional oxygen extraction (FOE) was assessed, concordance
levels (r>0.5) were determined during the assessment period, and was considered as a sign of impaired autoregulation. The
primary outcome was the achievement of significantly lower FiO2 at 72 hours after start of the integrated monitoring. Results:
Total of 38 preterm infants were included, 27 had normal cerebral autoregulation (CAR), (group 1) in whom SpO2 was poorly
correlating with cerebral regional tissue oxygen (crRTO) with (r<0.5) and had significantly greater percentage of reduction
below baseline in FiO2 (Mean:34%). Eleven infants had impaired CAR (group 2) with SpO2 significantly correlating with ctrRTO
(r>0.5) and had a linear trend of FOE inverse to SpO2 and crRTO; this was considered as an arterial saturation dependent
oxygen delivery (SadDO2). Conclusion: Integrated monitoring of preterm infants by SpO2 and crRTO was associated with
easier weaning of oxygen with less burden of both hyperoxia and hypoxemia.

Introduction:

Since many preterm infants have impaired lung function, oxygen is one of the most common therapies in
neonatal medicine(1). However, preterm infants are also particularly sensitive to the harmful effects of
oxygen(2,3). Highly reactive free oxygen radicals cause cellular injury(4). Preterm infants are not ade-
quately protected from such direct biochemical oxidative stress(3,5-7). Oxygen saturation, blood flow and
hemoglobin are the three main components of oxygen delivery, and relying solely on arterial oxygen satura-
tion may not adequately monitor tissue exposure to either hypoxia or hyperoxia(8-10). What is the optimal
target arterial oxygen saturation as measured by pulse oximetry (SpO2) in infants with hypoxemic respiratory
failure (HRF) in the neonatal intensive care unit (NICU), is still an unanswered question(3,5,11). Despite
many recent large-scale studies, it is unclear if either low or high target oxygen saturation is safe, provides
adequate organ oxygen delivery, and at the same time limits oxygen toxicity and accumulation of reactive
oxygen species(3). Accepting lower oxygen saturation targets in infants with acute lung injury may limit
toxic oxygen exposure, and enable weaning of inspired oxygen over a shorter period of time(5). However the
outcome using this approach is dependent upon the ability of the organs to autoregulate blood flow(12,13).
Cerebral autoregulation is defined as the interaction between locally released nitric oxide from red blood cells
(RBCs), and the vasodilator ability of the arterioles in tissues, in order to protect oxygen delivery during



active tissue metabolism and maintain oxygen saturation of the brain during hypoxemic episodes, in a set-
ting of acceptable hemoglobin, carbon dioxide (CO2) and normal cerebral blood flow (12,14,15). In preterm
infants, we do not know if CAR can adequately protect the brain during even brief periods of desaturation or
intermittent hypoxemia(16). Our group has developed an integrated approach set-up to provide us with the
novel ability to longitudinally measure cerebral autoregulation in real time, in infants undergoing cerebral
oxygen and hemodynamics monitoring(17-19). Although it is standard of practice in modern neonatal inten-
sive care units to monitor SpOy via pulse oximetry, a limited number of units (including our unit) use near
infrared spectroscopy (NIRS) to monitor tissue oxygenation, and there is insufficient evidence that either
mild desaturations or hypoxemia impact cerebral autoregulation. Understanding the temporal relationship
between desaturation and cerebral blood flow autoregulation should lead to individualized safer weaning of
oxygen while maintaining the integrity of CAR(18,20,21).

We hypothesized that CAR can compensate for short periods of hypoxemia or desaturation in preterm infants
with normal hemodynamics and hemoglobin, thus maintaining brain oxygen tension, and this compensatory
role of CAR can be clinically recognized as low SpO2 below target limits but crRTO is maintained without
change.

Methods:

This was a retrospective study conducted in two level IIT NICUs in Winnipeg, Manitoba, Canada from
April 2015 to July 2020. We included infants with HRF who underwent a CAR assessment with integrated
monitoring by SpOs and ¢crRTO by NIRS using the following scheme: 1) a baseline assessment of mean
SpO3, and FiO4 for the previous 24 hours before CAR assessment, together with baseline hemoglobin (Hb)
and blood gases; 2) assessment of hemodynamics with a predefined targeted neonatal echocardiography
protocol, excluding infants with pulmonary hypertension, significant PDA and circulatory shock; 3) a CAR
assessment test, which is stepwise reduction of FiOy by 0.02 every 2 minutes with continuous monitoring
of SpOs by pulse oximetry, and crRTO by NIRS. The infant should be quiet without significant handling
for at least 30 minutes before the test, SpOs should be between 90 to 95 % before starting, and must be
maintained within the acceptable range as per unit protocol (86% to 94%) during the test, or the test
was discontinued. Following the CAR test, routine saturation monitoring including SpOs and NIRS was
continued with titration of FiO2 with maintaining SpO2 as above and crRTO between 60 to 80% for 72
hours or until weaning FiO2 to <0.3. Institutional ethics board approval was obtained before commencing
this study, figure 1 is an algorithm clarifies the steps of ORT and assessment of CAR.

Definitions of terms used in this study:
Hypozxemic respiratory failure in premature infants:

Preterm infant < 28 weeks gestational age and beyond the postnatal transition, who is on invasive respiratory
support with increasing FiO, for > 24 hours before assessment.

Fluctuation of arterial oxygen saturation:

Swinging of SpO2 above or below the acceptable target saturation (86-94% for our unit)
Hypoxemia:

Arterial oxygen saturation <80% (3,5,11)

Mild desaturation:

Arterial oxygen saturation <85% and >80%

Monitoring of oxygenation:

Arterial Oxygen saturation (SpOsz) was monitored using the Masimo Rad 7 Massimo®) (Massimo Corpo-
ration, Irvine, California) pulse oximeter; Cerebral regional tissue oxygen (crRTO) was measured by NIRS
(FORE—SIGHT®Absolute Tissue Monitor, Casmed®), Branford, CT). The sensor was applied to the frontal



area of the head; fractional oxygen extraction (FOE)(22) was defined physiologically as the ratio between
oxygen delivery and regional oxygen consumption using NIRS(23):(24), calculated as FOE = (SpOs — RTO)
/ SpOs (all expressed as fractions). The Oxygen saturation index (OSI)(25) = MAP x FiOy x 100/ SpOs
was used as a marker of the severity of HRF in each studied patient, and SpO2: FiO2 ratio was corrected
with crRTO.

Data analysis and assessment of CAR:

The SpOy, heart rate (HR) and ¢crRTO data were archived in the memory of the pulse oximeter and NIRS
machines as a value recorded every 2 seconds, and transferred after the CAR test for further off line analysis.
FiOy was captured from records of mechanical ventilation. All data were studied using SPSS program to test
the correlation of SpOs with each of ctRTO, FiOs, calculated FOE, and HR. The correlation between SpOq
and crRTO was also assessed during the most significant hypoxemic episodes, measured at rest without
handling, during the monitoring period. Significant concordance (r >0.5) is seen when oxygen delivery
becomes dependent on arterial saturation, due to impaired CAR. The end point of the integrated monitoring
was 72 hours after the CAR assessment test.

Titration of FiO, after CAR test:

Titration of inspired oxygen was continued as per unit protocol, relying on combined monitoring of crRTO
(targeted between 60 to 80%) and SpO2 (targeted between 86% to 94%), in those infants with maintained
CAR, and who had successful weaning of supplemental oxygen more than 20% below the starting FiOy by
the end of the CAR test. FiOs could be weaned stepwise by 0.02 FiOsg if ecrRTO was >80%, even when SpO2
is within acceptable target saturation(20). Mild desaturations and short self-resolved hypoxemic episodes
were observed without intervention as long as crRTO was maintained within target limits.

Statistical Analysis:

SPSS v.24 (SPSS, Chicago, IL, USA) was used to perform the statistical analysis. Data presented as median
with interquartile range or frequencies. Comparisons between groups analyzed by Mann— Whitney U-test; p
< 0.05 considered significant. Pearson correlation was used to correlate between SpO2 and other variables,
correlation was considered significant if r >0.5. GraphPad was used to instruct the correlation graph.

Results:

A total of 38 infants who had significant HRF were enrolled in the study. All of them had developed
chronic lung disease, defined as requirement of respiratory support at postmenstrual age of 36 weeks; but all
subsequently survived until discharge. None of the studied infants had intraventricular hemorrhage >grade
IT or were diagnosed with hydrocephalus. No infants had suspected or culture proven sepsis during the
period under study. The assessed infants were at median inter quartile range (IQR) gestation (GA) and
birth weight (BW) of 26 weeks (25, 27) and 725g (737, 842) respectively. The patterns of response to CAR
assessment were used to separate the studied infants into two groups: those with normal CAR (group 1)
and those with impaired CAR (group 2). Twenty-seven infants tolerated the CAR assessment test (group 1)
with median (IQR) duration of 12 minutes (9, 15 minutes). Eleven infants did not tolerate CAR assessment
(group 2) with desaturation on SpO2, associated with low ¢crRTO on NIRS after the first few attempts of
FiO5 reduction. Table 1 shows the basic clinical and hemodynamic parameters including Hb, carbon dioxide
(CO2) and left heart cardiac output (LVO) which are the main confounders affecting oxygen delivery. There
was no statistical difference between both groups regarding all basic clinical and hemodynamic parameters,
other than infants in group 2 were less mature in gestational age, 4 infants from group 2 discharged home on
oxygen and non from group 1. Table 2 shows the oxygen indices before and at the end of CAR assessment
test. All infants in group 1 achieved a lower FiOs after CAR assessment compared to their baseline; and
all had significantly lower FiOy (both as percent of reduction and as an absolute fraction; Mean percent of
reduction :34% and FiO2: 0.5) compared to group 2 (Mean percent of reduction of 5.3% and FiO2 of 0.63),
calculated after CAR test and at 72 hours of integrated monitoring by pulse oximetry and NIRS. Group 1
had significantly higher crRTO and lower FOE (Mean of 71 % and FOE of 0.13) compared to group 2 (Mean



of 62% and FOE of 0. 3). There was no significant difference between both groups in OSI before and after
CAR test, figure 2 shows the comparison between oxygen indices before and after ORT, group 1 (figure 2A)
had significantly lower FiO2 at the end of ORT, and group 2 (figure 2B) had significantly lower crRTO and
higher FOE at the end of ORT.

Phenotype of infants with intact CAR during assessment (groupl):

Figure 3-A1 is a graphical representation of the FiOy, SpOs and HR trends during CAR assessment test in
one of the cases from group 1 . During stepwise reduction of FiOs from 0.57 to 0.38, the SpOs was maintained
(figure 3-A2). A self-resolved hypoxemic episode resulted in cessation of the test at 12 minutes. Figure 3-a (B)
shows that despite SpOs fluctuation, crRTO was maintained linearly; but FOE was concordant linearly with
SpO,. Table 3 shows the poor positive correlation of SpOy with crRTO and with FiOg, and poor negative
correlation of SpO2 with HR(r <0.5). The correlation between SpOsand FOE was strong in infants of this
group (r >0.5), and there was a poor correlation between SpO2 and crRTO during the significant hypoxemic
episode.

Phenotype of infants with impaired CAR during assessment (group 2):

Figure 3-B shows discontinuation of CAR assessment after a few steps of FiOy reduction due to significant
fluctuation of SpOs which was associated with bradycardias (figure 3-B1). Figure 3-B2 shows the linear
concordance between SpOsy and crRTO. FOE was negatively correlated with both SpO2 and crRTO. Table 3
shows a strong positive correlation between SpO2 and crRTO, HR, and FiO2, and strong negative correlation
of SpO2 with FOE, and there was a significant positive correlation between SpO2 and crRTO during a
significant hypoxemic episode.

Discussion:

Understanding the capacity of critical body organs to compensate for short periods of hypoxemia is important
to individualize the acceptable SpO5 and crRTO for sick preterm infants. The degree of this compensation
is largely dependent upon the ability of the cerebral vasculature to autoregulate blood flow and thus buffer
brain oxygenation, and there is a gap in literature regarding mechanisms of compensation in infants with
HRF(12,13). In this study we assessed patterns of CAR in preterm infants with HRF through graded stepwise
reduction of FiOj aiming to test the concordance between SpO; and crRTO which represents integrity
of autoregulation(26—28). Monitoring oxygen by pulse oximetry has several limitations, including different
calibration between different devices, and the SpOy on the monitor is a calibrated mean between 2 standard
deviations, this might increase the chances of hyperoxia with higher delivered FiO4(29,30). Autoregulatory
mechanism is induced by a local vasodilator effect through local release of nitric oxide from red blood cells
when there is decrease of oxygen delivery, and augments blood flow to buffer low delivery of oxygen; this serves
as the initial brain rescue step in hypoxemia (13,31). In some preterm infant this CAR might be impaired
as a consequence of prematurity or severity of sickness, and it is almost absent for early postnatal transition
period in very premature infants and increased oxygen extraction is the main compensatory mechanism with
impaired or compromised autoregulation (32,33). Infants with intact CAR (group 1) had low FOE, reasoning
in reverse, we infer that maintenance of a normal crRTO and a low FOE signifies that CAR is still able to
compensate for desaturations. Where FOE maintained or decreases as SpOsdecreases (as in figure 1B), it
means that the brain tissue does not need to increase oxygen extraction to compensate for the decreased
hemoglobin oxygen saturation, as CAR is compensating by increasing the volume of brain blood flow(20).
In infants with impaired CAR (group 2) linear fluctuations of both SpO2 and crRTO trigger mirror image
fluctuations of FOE, and increased FOE will immediately maintain cerebral oxygen demands (figure 2B),
while SpOs, crRTO and HR are positively correlated. This concordance may represent sensitivity of SA node
and chemoreceptors to brief hypoxemic episodes. We speculate that mild tachycardia during desaturations
signifies intact autoregulation, but bradycardia represents failure of the sinoatrial node to continue firing at
a physiologic rate due to energy compromise secondary to hypoxia. The strong positive correlation between
SpO> and HR in infants in group 2 signifies impaired CAR at the SA node level resulting in frequent
bradycardia, which would also contributing to compromise of cerebral blood flow and oxygen delivery(16).



Understanding the safe ranges of FiOy at which SpOs and crRTO are acceptable is considered helpful to
individualize titration of inspired oxygen, aiming to avoid either cerebral hypoxia or hyperoxia(29). We
utilized this approach to titrate FiOq only in group 1 infants with intact CAR, in whom we were able to
wean FiOg significantly and this is after teaching the nurses on how to wean oxygen according to both SpO2
and crRTO simultaneously. This oxygen titration approach was avoided in infants with a group 2 pattern of
impaired autoregulation and arterial saturation-dependent oxygen delivery, this new physiologic approach
was approved by our patient care committee as a standard of care.

This is the first study to our knowledge reporting CAR in preterm infants with HRF. The strength of our
study is the development of a practical bedside application with direct clinically relevance to management of
HRF. The main limitation is the retrospective design of the study, absence of long term follow up, and the
small sample size, although this report can be considered as a quality assessment of the approved patient
care protocol. The methods used here also cannot distinguish a FOE decrease due to a primary impairment
of tissue oxygen utilization; however, infants studied were medically stable and non-septic, rendering toxic
impairment of oxygen uptake unlikely.

Conclusion:

Identification of infants with intact CAR by assessment of cerebral oxygenation during weaning of sup-
plemental oxygen resulted in easier titration of FiOy. Further studies are needed to confirm the underlying
capacity of the preterm infants to compensate for hypoxemia, and to examine the impact of CAR assessment
on long-term outcome.
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FOE, crRTO, and SpO2 (%)
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FOE, ¢crRTO, and SPO2
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