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than normal concentrations of serum oxygen, the current guidance for target saturation ranges
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“We've had the pendulum swing
in both directions. Now we're trying
to find where that middle ground is.”

-Amy R. Koehn, PhD, NNP-BC
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Figure 1. The figures above outline diseases associated
with exposure to hypoxia and hyperoxia.'” The figures
labeled "0, Supply” refer to the supply of oxygen in the
blood and tissue.

Oxygen is essential for biological processes, especially
in developing newborns.8® They experience respiratory
distress when oxygen intake is insufficient to meet the
demands of the growing body. The resultant hypoxemia,
or low concentrations of oxygen in the blood, can
damage tissues and even lead to death if left untreated

(Figure 1).°" Supplemental oxygen is used to treat this
condition and when managed correctly, can help improve
tissue oxygenation.8® However, accumulating evidence
suggests that high concentrations of supplemental
oxygen can damage tissue and organs and that current
management strategies may not address both the supply
and the demand sides of oxygenation (Figure 1)."°
Moreover, the levels of oxygenation within a population
vary across a continuum. Therefore, creating a generalized
approach for optimizing oxygenation in each patient may
be difficult to achieve.?®

Oxygen use in neonatal intensive care continues to

evolve in conjunction with our understanding of the risks
associated with oxygen exposure. Bonnaire was the first to
report that a lack of oxygen contributed to hypoxia, or as
he described it: a “blue baby."™ Early reports by Rotch and
others in the 1890s described the administration of oxygen
as a key component to managing preterm neonates.”®

With oxygen use becoming increasingly common, oxygen
delivery soon became an indispensable part of treating
hypoxia in this and other patient populations.’®” By the
late 1960s and early 1970s, clinicians began describing
lung damage in neonates as associated with the use of
high concentrations of oxygen and positive pressure
ventilation.”” Since then, an increasing number of
clinicians have urged their colleagues to avoid hyperoxemia
and to use oxygen judiciously when treating hypoxemia.’®
Now, a patient's serum oxygen levels are regularly
assessed to guide oxygen supplementation and manage
tissue oxygenation. Yet this approach does not consider



whether a measured serum oxygen level is sufficient for
the demand of the patient’s tissues (Figure 2).2** This
could be described as the oxygen saturation conundrum.

The Oxygen Saturation Conundrum

Peripheral capillary oxygen saturation (SpO;) is a
measurement of the percentage of oxygen-bound
hemoglobin.?® While an SpO, measurement can be helpful
in assessing oxygen levels in the blood, it does not reveal
whether the oxygen demand of the tissue is being met.
Certain pathological conditions and neonatal treatments
can influence oxygen demand in tissue. Pathological
conditions, such as sepsis, fever, and infections have been
found to elevate oxygen demand.??? In addition, oxygen
demand can increase with motor activity (in the form of
agitation, shivering, seizures) and with increased work

of breathing.??* In contrast, the use of sedation and
neuromuscular blockers can decrease muscular activity,
decrease agitation, and inhibit catecholamine production
thereby decreasing the consumption of oxygen.?"?
Clinical use of hypothermia also reduces the oxygen
demands of the body.?

There are numerous variables that influence the demand

of oxygen in tissues, and therefore the consequences of
using or not using supplemental oxygen can vary widely
from patient to patient and from moment to moment. The
consensus view is that dissolved oxygen in serum causes
hyperoxia in tissue.?>?¢ The use of supplemental oxygenin a
patient with a high oxygen saturation measurement and low
oxygen demand can increase the levels of dissolved oxygen
in the blood and the risk of complications associated with
hyperoxia. However, a high oxygen saturation measurement
in a patient on supplemental oxygen can have less risk for
hyperoxia if the oxygen demand is high. Similarly, a low
oxygen saturation measurement can have less risk of
complications associated with hypoxia in a patient with a
low oxygen demand, but there will be a high risk if the
oxygen demand is high (Figure 2). Day-to-day and even
moment-to-moment variations in a patient’s oxygen
demand make it difficult for clinicians to determine

what oxygen saturation levels are safe and appropriate

at a given time and in a specific circumstance.”

The Role of Oxygen Exposure

in the Formation of Energy and
Reactive Oxygen Species

Oxygen demand stems from the use of oxygen in cells to

produce energy in the form of adenosine triphosphate
(ATP). Energy production begins when pyruvate, the
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Figure 2. The figure above represents the relationship
between oxygen delivery and oxygen demand. In the
figure, “O, Supply” refers to the supply of oxygen in
the blood and tissue, and “O, Demand" refers to the
demand for oxygen in tissues. A) Oxygen delivery often
meets oxygen demand in patients with normal lungs.
B) Normoxia can sometimes be achieved in patients
with lung disease when low levels of oxygen are
sufficient to meet a low demand for oxygen. Hypoxia
results when these low levels of oxygen are insufficient
for the demands of the tissue. Normoxia can also

be achieved in patients with lung disease using
supplemental oxygen. Supplemental oxygen can
produce a normoxic state if delivered oxygen is
sufficient for the level of oxygen demand in the tissues.
Hyperoxia can occur with supplemental oxygen when
the tissue oxygen demand is lower than the quantities
of oxygen entering the bloodstream.”
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Figure 3. A) Shows cellular respiration within the mitochondria. B) Depicts the production of ROS within the
mitochondria. Purple lines show the flow of electrons and green arrows show the flow of hydrogen ions.



product of glucose processing in the cytoplasm, is metabo-
lized by mitochondria, a type of cellular organelle, to form
acetyl-CoA. Electron donors generated from acetyl-CoA
processing provide electrons to the electron transport
chain (ETC), a string of membrane-bound proteins and
channel proteins located on the inner membrane of the
mitochondrion. The movement of electrons along the ETC
transports hydrogen ions from the matrix into the inter-
membrane space. The enzyme ATP synthase is a channel
protein also located on the inner membrane. The flow of
hydrogen ions through ATP synthase back into the matrix
drives ATP production. Oxygen and hydrogen ions are used
to absorb the electrons from the ETC to form water, the
neutral byproduct of cellular respiration (Figure 3A).%

Clinical studies have revealed that oxygen, even in the
most ideal circumstances, can sometimes attract electrons
away from the ETC.?” The absorption of an extra electron
into a binary oxygen molecule creates superoxide, a form
of reactive oxygen species (ROS, Figure 3B).2® Most of the
ROS formed during normoxia is neutralized to hydrogen
peroxide by superoxide dismutase (SOD), an antioxidant
enzyme in the mitochondria and the cytoplasm.?®
Hydrogen peroxide is further processed into oxygen

and water by other antioxidant mechanisms, such as the
oxidation of glutathione and decomposition by the
enzyme catalase.’%™

ROS formation occurs more often when oxygen is
overabundant, such as during hyperoxia. Hyperoxia and
hyperoxemia are not natural phenomena. High
concentrations of oxygen in the body only occur with
oxygen supplementation.23 The high concentrations of
superoxide that form during hyperoxia can overwhelm
a cell's antioxidant defenses.?®3* Molecules of hydrogen
peroxide that circumvent antioxidant mechanisms react
with metal ions (e.g. iron) to form hydroxyl ions, a highly
reactive form of ROS. ROS formed during hyperoxia can
react with and damage biomolecules, such as

nucleic acids, lipids, and proteins.834

The rate of ATP production during cellular respiration
decreases during periods of hypoxia, when oxygen
concentrations are low. Accumulating evidence suggests
that the properties of the ETC change during hypoxia to
permit some cellular respiration to continue.®®* ROS are
also formed during periods of minimal oxygen, but in this
context ROS activate stress response pathways that
further promote survival. If the oxygen supply is not
restored, cell death pathways may be initiated.8

While the restoration of normoxia has clear, long-term
benefits for an oxygen-starved cell, reoxygenation can
cause short-term oxidative stress and cellular damage.
Recent studies suggest that as the supply of oxygen
returns to near-normoxic levels, adaptive changes in the
ETC permit more ROS to be produced. A burst of ROS has
been found to occur following the restoration of oxygen
delivery.333536 The amount of ROS that is produced is
dependent on the amount of time cells spend in hypoxia.*

The Role of Oxygen in Vasodilation

Beyond its use for energy production in the cell, oxygen
has also been found to function as a vasodilator in the
pulmonary vasculature.® Oxygen-mediated vasodilation
plays a central role in the cardiopulmonary transition at
birth as the newborn goes from the womb's hypoxic envi-
ronment (32-35 mm Hg) to the relatively hyperoxic envi-
ronment of extrauterine life (90-100 mm Hqg).*"*® Hypoxic
vasoconstriction is an adaptive process in newborns that
helps the body maximize gas exchange in areas of the lung
that are well-ventilated. Excessive hypoxic vasoconstriction
can increase pulmonary vascular resistance (PVR) and
reduce cardiac output. Oxygen is used to help relieve some
of this vasoconstriction and improve tissue oxygenation.394°
However, one study in fetal lambs by Lakshminrusimha and
colleagues showed that the vasodilatory effect of oxygen

is only evident up to a partial pressure of oxygen (pO,) of
52.5 mm Hg. Higher serum oxygen levels (up to a pO; of
600 mm Hg) did not promote further dilation of pulmonary
arterioles. While this preclinical data in lambs may not
necessarily translate to a similar physiological response

in humans, the hemoglobin dissociation curve shows that
~80% of hemoglobin molecules are saturated with a pO, of
~50 mm Hg.* Taken together, these findings may suggest
that most of the vasodilatory effect of oxygen occurs
immediately following recovery from an episode of hypoxia
when hemoglobin molecules are nearing full saturation.

Efforts to Define the Appropriate
Oxygenation Saturation Range
in Neonates

“The exact definition of how much
oxygen should be given to neonates
is unclear. No one is sure what the
actual range should be."”

-Amy R. Koehn, PhD, NNP-BC

Oxygen is a drug. While almost all drugs have clearly
defined guidelines for their use, oxygen does not. With the
exception of the Neonatal Resuscitation Program protocol,



used to guide resuscitation after birth, there are no clear
guidelines for oxygen use in neonates.*> Moreover, there

is no consensus of what arterial oxygen saturation range
is required to achieve optimal outcomes in neonates with
respiratory distress.*

This lack of consensus in the field, regarding acceptable
limits for SpO,, has resulted in a wide variation in oxygen
use. It has also fostered differing opinions as to what
constitutes a safe high- and/or low-saturation target
range.** In one 2015-2016 survey, 492 neonatologists were
asked about their goal parameters for pre-ductal SpO.
during treatment of a neonate with persistent pulmonary
hypertension of the newborn (PPHN). These physicians
reported a wide range of targets. The most commonly
reported target range (39% of respondents) was a lower
SpO; limit of X95% and no upper target limit.*

There is also a lack of consensus on SpO, target limits
among neonatal nurses. The ranges most commonly
reported by neonatal nurses at the 2017 NANN Symposium
involved a lower SpO; target of 90%-94% (48% of respon-
dents, Figure 4A) and a high SpO; target between 95% and
99% (59% of respondents, Figure 4B). These data illustrate
the lack of consensus that exists concerning oxygen satura-
tion ranges among clinicians in NICUs as well as in regard

to support efforts to standardize oxygen management.

A. What low target parameter of
pre-ductal SpO, do you use in the
management of PPHN? (n=128)

Low Oximeter SpO. Setting

H=>95% M90-94% M85-89% M380-84%

24 48 20 5

Respondents, %

B. What high target parameter of
pre-ductal SpO, do you use in the
management of PPHN? (n=158)

High Oximeter SpO. Setting

H100% M95-99% M90-94% M85-89%

_1

Respondents, %

Figure 4. NANN symposium 2017 attendees were asked
what they used as a A) low- or B) high-target range of
pre-ductal SpO, for the management of PPHN. The range
of responses is shown above.

How Is Oxygen Use in the NICU
Changing?

Persistent pulmonary hypertension of the newborn
(PPHN) can be a challenging disease to manage. It can
arise when the cardiopulmonary transition does not
successfully progress in a newborn, often due to lung
disease and/or hypoxic respiratory failure. Oxygen is
commonly used to improve oxygenation with PPHN.¥"

The use of oxygen in this patient population was assessed
by polling among attendees at the 2017 NANN symposium,
as well as at similarly-sponsored NANN symposia in

2014 and 2015. Results from the audiences in 2014, 2015,
and 2017 were compared to examine whether perceptions
of oxygen use had changed over time.

Results from these 3 audiences, when taken together,
suggest that attitudes surrounding oxygen usage did in
fact change over time. In the past 3 years, attendees have
become more willing to consider alternative treatments
to fraction of inspired oxygen, Fi0,=0.60 earlier in
near-term and term neonates with PPHN (Figure 5A),
with half of 2017 attendees now waiting less than 1 hour
compared to just 29% in 2014. 87% of 2017 attendees
were willing to wait at most 2 hours before considering
additional options for a near-term or term neonate with
hypoxic respiratory failure (HRF)/PPHN. When the same
guestion was asked about preterm infants, respondents
took even less time, with 67% waiting less than one hour
to consider alternative options (data not shown).

Over time, fewer respondents were willing to permit
near-term and term neonates with HRF/PPHN to remain
on an FiO, of 1.0 before considering additional interventions
(Figure 5B). Regardless of whether a neonate is near-term
or preterm, over 95% of respondents were unwilling

to use an FiO; of 1.0 for more than one hour if at all in 2017
(Figure 5B and data not shown).

These attitudes surrounding reduced length of use also
extended to a reduction in the concentration of oxygen
used. Most attendees were unwilling to use high levels of
inspired oxygen (FiO, > 0.70). In 2017, 84% of respondents
would not exceed an FiO, of 0.70 to obtain adequate
oxygenation (arterial partial pressure of oxygen,

Pa0, >60 mm Hg) in a near-term infant with HRF/PPHN.
This number jumps to 94% when preterm infants with
HRF/PPHN are considered (Figure 5C).

Subanalyses of all collected ARS data comparing different
unit types (Levels 1-4) and primary profession in the NICU
(e.g., neonatal nurses and nurse practitioners) showed

no significant differences in audience response to the
guestions examining oxygen use (data not shown). This
suggests that the shift in attitudes surrounding oxygen
usage may be occurring across all professions and unit
types in the NICU.



A. How long do you typically permit near-term/term neonates with HRF/PPHN to
remain on an FiO, of 0.60 before considering additional interventions?
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B. How long do you typically permit near-term/term neonates with HRF/PPHN
to remain on an FiO, of 1.0 before considering additional interventions?
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C. What would you consider to be a maximal amount of FiO, to obtain adequate oxygenation
(Pa0, >60 mm Hq) for a preterm or a near-term/term infant with HRF/PPHN?

50
s M Near-term/Term (n=155)
40+ M Preterm (n=157)
* 84% IN NEAR-TERM/TERM
** 94% IN PRETERM
304 = 3
28**
204 21
19**
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Figure 5. Graphs illustrate the audience response at the 2014, 2015, and 2017 NANN Symposia. A) Shows changing
attitudes surrounding usage of Fi0,=0.60 near-term/term neonates with PPHN. B) Illustrates shifting views concerning
usage of Fi0,=1.0 near-term/term neonates with PPHN. C) Compares what 2017 NANN symposium attendees consider
to be a maximal amount of FiO, to obtain adequate oxygenation for a preterm infant relative to a near-term/term
infant with PPHN.



Recently, 5 multicenter studies attempted to identify a

safe oxygen saturation range for preterm neonates (<28
weeks gestational age) by examining the clinical outcome
of 2 cohorts of neonates exposed to high (91%-95%) and
low (85%-89%) SpO, target ranges. Oxygen saturation
targets in all of these studies were maintained until 36
weeks of postmenstrual age. A meta-analysis of these data
(for 4911 infants across the 5 studies) called the Neonatal
Oxygenation Prospective Meta-Analysis, or NeOProM,
found that use of high SpO, targets resulted in higher levels
of retinopathy of prematurity (ROP) while use of lower
targets were possibly associated with more deaths and a
greater incidence of necrotizing enterocolitis.*® While such
meta-analyses may be misleading due to biases in search
methodology, study selection, and the preference to publish
positive results, when used properly, can help increase the
power of multiple studies to focus on a single effect.*” The
results from the NeOProM demonstrate the difficulty clini-
cians face when trying to standardize oxygen management.
They suggest that both high and low SpO, target ranges put
newborns at risk for potential long-term sequelae. A “one
size fits all" approach to oxygen saturation targeting will
likely not be possible for neonates in critical care.*

One variable that interferes with the ability of studies —
such as those included in NeOProM- to identify a safe
oxygen saturation range is the varying and shifting oxygen
demands of the study participants. The oxygen saturation
target ranges in these studies were fixed and may not
have been clinically appropriate for certain subjects during
certain periods of the studies. The authors of two recent
meta-analyses of these studies noted that other factors
such as gestational age, growth status, and pulmonary
hypertension can influence the sensitivity of neonates

to insufficient and/or excessive oxygenation. They
concluded that certain fixed ranges may not be ideal for
all patients.*®“® On one hand, it is important to standardize
clinical practice when variability exists in a way that may
impact patients, but on the other, standardization of
oxygen delivery without consideration of oxygen demand
may affect the overall effectiveness of the protocol.

Some NICUs are attempting to develop a local policy for
oxygen saturation target ranges. In one 2015-2016 survey
of neonatologists, only 28% of respondents reported having
a specific protocol or clinical practice guideline that the
nurses and/or respiratory therapists could use to titrate
the Fi0,.%> Only half of the neonatal nurses at the 2017

NANN symposium were certain that their units audit
protocol adherence to SpO, targets (data not shown).
Furthermore, 79% reported having a unit policy to
aggressively wean neonates off FiO, as long as minimum
SpO; targets are maintained (data not shown). Results
from a recent study by Hagadorn and colleagues at the
NICUs in the Vermont Oxford Network (iNICQ) 2015: Alarm
Safety Collaborative, suggest that having a local policy for
oximeter alarm settings may reduce unintended oxygen
exposure. Neonates treated at iNICQ with high

oximeter alarms that were not set to policy were more
likely to be exposed to episodes of hyperoxia.*

Even with a local policy in place, maintaining oxygen

levels within an intended range can be a clinical challenge.
A prospective, multicenter cohort study, called AVIOx,
examined this issue by documenting the pulse oximeter
measurements of 84 preterm neonates (<28 weeks
gestation) during their first four weeks of life at 14 centers
in three countries. Oxygen saturation measurements were
recorded and compared with the oxygen saturation ranges
targeted by local policy, which ranged between 83% and
92% for the lower SpO, target limits and 92% and 98% for
the upper SpO, target limits. Neonates in this study spent
48% of the time within the intended range, 16% of the
time below the low SpO; target, and 36% of the time above
the high SpO, target. This data suggests that neonates
monitored in AVIOx spent more than half of the time out

of compliance with local policy.>°

One approach clinicians have begun to explore to improve
the time a neonate in critical care spends within an intend-
ed range, involves the use of automation. There are cur-
rently three types of automated oxygen delivery systems
in development: the closed-loop control of inspired oxygen
concentration delivery system, the closed-loop

mechanical ventilation system, and the dual-closed-loop
control of oxygen delivery system. Multiple studies have
shown that automated systems do a better job of keeping
patients within a specified target range (Table 1).5">° In a
recent 2017 study of 16 infants (30 weeks' gestational age),
it was found that subjects spent 83%-93% of their time
within the target range (91%-95% SpO,) when using an
automated system controlled using a specialized algorithm.
This is higher than what was observed in neonates
managed with manual controls, who spent only 39%-54%
of the time in the specified range.> While the specified
methods of automation appear promising, additional
clinical studies are needed to evaluate whether these
approaches are safe and suitable for clinical practice.
Moreover, automated systems do not currently ensure
that a chosen target range is appropriate for a patient's
shifting oxygen demands.



Oxygen is essential for life.8 It is often an appropriate
treatment for patients with a low oxygen saturation. How-
ever, high levels can be toxic."™ The level or concentration
at which it becomes toxic is not well-defined, especially
given the current tools available for monitoring and mea-
surement. In recent years, the use of supplemental oxygen
has become more judicious, and more care is being taken
to manage its delivery.>® However, these efforts focus on
the supply side of oxygen delivery and ignore demand.”

Our polling results suggest that oxygen use is changing
among neonatal nurses. Polling data from the 2014, 2015,
and 2017 NANN Symposia show an increased reluctance
to exposing PPHN patients to high concentrations of
oxygen. In addition, neonatal nurses are considering
alternative treatments to oxygen earlier, suggesting that
they are not comfortable with prolonged exposure.

It is unclear whether these improvements in neonatal care
are due to changes in local policy. While the majority of 2017
NANN respondents work in NICUs with policies for oxygen
use, only half of all respondents are certain that these
protocols are being followed. One recent study showed that
adherence to local policies can reduce unintended oxygen
exposure.* Future developments in automated oxygen
delivery may help clinicians meet the requirements of local
policy and improve patient outcomes.>">

Given the variables that exist in neonates requiring

respiratory support, identification of an ideal oxygen

saturation range for a given population may be difficult if

the supply and demand for oxygen are not well-matched.”

The oxygen demands of the patient can change during the

course of treatment dependent on pathological conditions

and the treatments. In addition, patient characteristics and

pathological conditions can influence a neonate’s sensitiv-

ity to insufficient and/or excessive oxygenation.?22* While

there are clear benefits to establishing a local policy for

oxygen use in the NICU, the appropriate oxygenation target

range for a patient may be best determined by the clinician.

Attempts to standardize oxygen management in newborns

are focused on managing the oxygen supply.*¢#¢ These ef-

forts to delineate a safe oxygenation range can be difficult.

While clinicians do an excellent job monitoring and manag-

ing oxygen supply, oxygen demand is often ignored. Even if

clinicians regularly monitored demand, matching the supply

of oxygen to the patient’s ever-changing demand would be a

challenge. Each patient and every moment for each patient

is different. Hyperoxia and hypoxia probably constitute

a continuum for patients in critical care.® It remains the

clinician's burden to manage oxygenation using their best

judgement. Clinical practice is evolving. In time, improvements

in knowledge and technology may clarify safer oxygen use

and help resolve this oxygen saturation conundrum.

Stud Gestational Age, Subiects Oxygen Manual Automated
Y Weeks ) Saturation Range Time in Range, % Time in Range, %
<90% 19 (12-27) 0
20 90%-94% (target) 55 (46-60) 0
>94% 25 (23-35 0
Plottier et al, 20175 26:30 > (2335
<91% 0 14 (7.8-19)
20 91%-95% (target) 0 78 (715-87)
>95% 0 5.1(3.1-6.9)
<91% 10 (7.2-17) 37 (31-4.2)
Dargaville et al, 20174652 30 16 91%-95% (target) 49.2 (39.3-54.1) 91.1(83.1-92.6)
>95% 38 (32-54) 4.8 (3.9-13)
<89% 21 +8 17 £11
40 89%-93% (target) 54 +16 62 +17
>93% 25 =10 21 13
Van Kaam et al, 201545 26 > - =
<91% 23 +9 17 £10
40 91%-95% (target) 58 +15 62 £17
>95% 19 +8 22 13
<88% 237 £14.4 25.3 +154
Clarke et al, 20154854 32 16 88%-92% (target) 34.6 +28.5 38.3 £29.3
>92% 45.8 (25.5-59.3) 40.2 (14.8-54.4)
<88% 27 9 33 £7
Claure et a|’ 20094955 25 16 88%-95% (target) 42 +9 58 +10
>95% 31+8 9 +10

Table 1. Table summarizing several studies that compared experimental automated oxygen saturation monitoring and

delivery with manual controls.
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