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Abstract

Oxygen is the most common and widely used drug. Oxygen therapy is used not only among mechanically ventilated pa-
tients in intensive care units, but also in the perioperative period and in patients requiring oxygen supplementation in other
hospital wards. The main methods of monitoring the blood oxygenation level include arterial blood gases and pulse oxim-
etry. A new parameter that allows the monitoring of patients’ oxygenation status is the oxygen reserve index (ORi). The ORi
provides easy, non-invasive, bedside monitoring of oxygen reserve capacity. The oxygen reserve index reflects the partial
pressure of oxygen in arterial blood (PaO,) in the range 100-200 mm Hg. It therefore allows the detection of mild hyperoxia,
enabling the safe use of lower concentrations of oxygen in the breathing mixture. It is also a useful tool in predicting im-
pending hypoxia. This paper summarizes the usefulness of oxygen reserve index monitoring in various clinical situations in
everyday anaesthesiology practice.

Streszczenie

Tlen jest najczesciej i najpowszechniej uzywanym lekiem. Tlenoterapia stosowana jest wéréd wentylowanych mechanicznie
pacjentéw oddziatéw intensywnej terapii, w okresie okotooperacyjnym, a takze u pacjentéw wymagajacych suplementacji
tlenem, przebywajacych na innych oddziatach szpitalnych. Do gtéwnych metod monitorowania poziomu utlenowania krwi
w organizmie nalezg oznaczanie gazometrii krwi tetniczej oraz pulsoksymetria. Nowym parametrem pozwalajacym na
monitorowanie gospodarki tlenowej jest indeks rezerwy tlenowej (ORi). ORi umozliwia fatwe, nieinwazyjne, przytézkowe
monitorowanie poziomu rezerwy tlenowej organizmu. Indeks rezerwy tlenowej odzwierciedla warto$ci ci$nienia parcjalne-
go tlenu we krwi tetniczej (PaO,) w zakresie 100-200 mm Hg. Pozwala on na wykrywanie tagodnej hiperoksji, co umozliwia
bezpieczne stosowanie nizszych stezen tlenu w mieszaninie oddechowej. Jest réwniez przydatnym narzedziem w przewi-
dywaniu zagrazajacej hipoksji. W artykule oméwiono przydatno$¢ monitorowania indeksu rezerwy tlenowej w réznych
sytuacjach klinicznych z codziennej praktyki anestezjologicznej.

159.6 mm Hg, which is equivalent to 21%. However,
its partial pressure progressively decreases during
the transport to various organs, which is known as
the oxygen cascade. There are 6 important points
of this cascade ending in the mitochondria (Figure 1).

Physiologically, oxygen tension ranges between
60 and 100 mm Hg in the arterial blood. Hypoxia is
a condition when the oxygen content in the tissues is
reduced. Hyperoxia is defined as excessive levels of ox-

Introduction

Blood oxygen saturation level analysis is the pri-
mary method of monitoring the efficacy of oxygen
treatment. However, measurement of blood satura-
tion (SpO,) is subject to many errors. In recent years,
there have been more and more reports discussing
the reliability of not only SpO,, measured at the pe-
riphery, but also a new parameter, which is the oxy-

gen reserve index (ORi).

Oxygen management

Oxygen is an essential element for aerobic ani-
mals; however, its elevated tension in the blood can be
harmful and can induces several disorders. The par-
tial pressure of atmospheric oxygen at sea-level with
atmospheric pressure 760 mm Hg is approximately
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ygen in the tissues. However, an increase of arterial
blood tension to 120-150 mm Hg is well tolerated and
frequently accepted as slight hyperoxia, and a blood
partial tension of oxygen between 120-200 mm Hg
is considered as a mild hyperoxaemia [1-3]. Severe
hyperoxaemia with partial oxygen tension above
200 mm Hg is associated with various adverse out-
comes, including an increase in mortality linear to
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Figure 1. The physiological oxygen cascade

oxygen [4]. An extreme tension of oxygen (greater than
300 mm Hg) has been associated with a dramatic mor-
tality ratio ranging between 59% and 92% in critically
ill patients [5]. Hence, maintaining oxygen tension at
a physiological value plays a crucial role in patients
treated with artificial ventilation. However, a control
of oxygen is mainly based on invasive blood gas analy-
sis, and the non-invasive monitoring is not well cas-
caded, and it is still being studied (Table 1).

Arterial blood gas test

An arterial blood gas (ABG) test is one of the most
frequently performed tests in intensive care units
(ICU). It is the most accurate method of assessing
the oxygenation level by determining the level of oxy-
gen pressure in arterial blood (PaO,) [6, 7]. The ABG
test is used to detect hypoxia (0-80 mm Hg), normox-
ia (80-100 mm Hg), and hyperoxia (> 100 mm Hg),
but it can also be used to measure parameters such
as the level of carbon dioxide pressure in arterial
blood (PaCO,), pH, concentration of bicarbonate in
arterial blood (HCO;"), and excess or deficit of base
in arterial blood (BE), thus allowing the assessment
of ventilation and the body’s acid-base balance [8].
However, continuous measurement of PaO, and other
gas exchange parameters is not feasible [9]. The com-
monly used method of blood saturation monitoring is
relatively accurate, but it only provides information
on changes in arterial blood oxygen pressure within
the range 0-100 mm Hg. This means it does not enable
early diagnosis of hyperoxia, which is increasingly in-
dicated as a factor in the development of multi-organ
complications, including brain function disorders
[10, 11]. Therefore, the ABG test, despite its many limi-
tations, remains the gold standard for measuring gas
exchange parameters.

Haemoglobin oxygen saturation monitoring
- pulse oximetry

Pulse oximetry is a non-invasive method of mea-
suring blood oxygenation. The first blood saturation
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sensor (pulse oximeter) was designed in the 1970s by
a group of Japanese engineers led by Takuo Aoyagi
[12]. Pulse oximetry has since become the standard
for monitoring blood oxygenation in a variety of clin-
ical settings. It is a continuous, fast, and relatively ac-
curate method; however, its reliability can be consid-
erably affected by impaired blood perfusion, darker
skin pigmentation, or the presence of different types
of haemoglobin [13]. Therefore, a growing number
of researchers have been paying attention to a new
method of monitoring blood oxygen saturation, i.e.
the oxygen reserve index (ORi).

Oxygen Reserve Index (ORi)

Monitoring of the ORi is a non-invasive method
for diagnosing hyperoxia. The ORi measures the oxy-
genation reserve status in the mild hyperoxia range,
i.e. PaO, of 100-200 mm Hg. These values corre-
spond to ORI variations between 0.00 and 1.00, with
0 indicating PaO, < 100 mm Hg and 1.00 indicating
PaO,> 200 mm Hg. A further increase in PaO, above
200 mm Hg does not lead to an increase in the ORi
above 1.00. The ORI can provide information on both
hyperoxia and impending hypoxia [14].

Similarly to pulse oximetry, the ORi is measured
non-invasively in real time by placing a probe on a pa-
tient’s finger [15].

Created by Masimo Corporation, the sensor for
measuring the ORi analyses changes in the absorp-
tion of incident light in arterial and venous blood.
This enables the measurement of arterial oxygen satu-
ration (Sa0,) and oxygen saturation of mixed venous
blood (SvO,). When PaO, exceeds 100 mm Hg dur-
ing oxygen supplementation, SaO, peaks at 100%. In
contrast, SvO, continues to increase, changing the ab-
sorption of incident light, until it reaches a plateau at
PaO, values of about 200 mm Hg. These changes in
SvO, in the PaO, range of 100-200 mm Hg provide
a basis for determining the ORI [14].

Correlation between PaO, and oxygen reserve
index

The reliability of the ORi in the assessment of mod-
erate hyperoxia has been corroborated in clinical ob-
servations. They have documented a close relation-
ship between PaO, and the ORi [16, 17]. In the range
of moderate hyperoxia (PaO, 100-200 mm Hg), the re-
lationship between these parameters is strong and al-
lows the determination of the trend of ORi changes de-
pending on changes in PaO, [17]. A linear relationship
between these 2 variables has been observed to hold up
to a PaO, of 240 mm Hg; however, when this value was
exceeded, linear regression analysis no longer showed
such a close relationship. PaO, values above 100 mm Hg
were found to correspond to an ORi of 0.24, and PaO,
values equal to or greater than 150 mm Hg correspond-
ed to an ORi above 0.55 [16].
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Table 1. Comparison of available methods of monitoring oxygen management

Method  Detection Range Invasiveness

ABG Hypoxia No limits Yes
Normoxia
Hyperoxia

SpO, Hypoxia 0-100 mm Hg No
Normoxia

ORi Mild 100-200 mm Hg No
hyperoxia

Continuity Advantages/disadvantages
No + The most accurate method
+ Possibility of measuring other
parameters
—The need to collect blood samples
Yes + Commonly accessible
Real-time  — Measurement can be affected by many
factors
Yes + May warn of impending hypoxia
Real-time - Measurement can be affected by many

factors

ABG - arterial blood gas test, Sp0O, - blood saturation, ORi — oxygen reserve index.

The strong association between the ORi and PaO,
also enables safe monitoring of patients treated post-
operatively with passive oxygen therapy. In patients
monitored with the ORi, the assessment of the oxy-
gen dose administered in the postoperative period
showed that an oxygen supply of much less than
4 1/min was needed [18].

It is worth noting that ORi monitoring makes it
possible to maintain physiological PaO, values and
thus avoid postoperative hyperoxia. Therefore, it can
be suggested that the ORi is highly useful in monitor-
ing and dosing oxygen in patients requiring oxygen
supplementation, e.g. in the postoperative period [18].

Prediction of impending hypoxia

The ORi shows high sensitivity in detecting low
PaO, levels, owing to which it can be used to predict
impending hypoxia when SpO, values are high and
have not yet started to change [17]. A study by Apple-
gate et al. showed that a drop in the ORi to near 0.24
could provide an advance warning signal of decreas-
ing PaO, when SpO, was still at a maximum level [16].

This relationship has been used in clinical prac-
tice in the anaesthesia of a newborn with a tracheo-
bronchial fistula [19]. Newborns are a particularly
demanding group of patients. They are sensitive to
both high and low oxygen concentrations. Excess
oxygen in the breathing mixture may result in condi-
tions such as retinopathy of prematurity [20]. The use
of ORi monitoring in such a sensitive patient made it
possible to observe the oxygenation trend, and on its
basis to make decisions about the oxygen concentra-
tions to be administered in the breathing mixture.
This minimised the risk of hyperoxia and hypoxia, as
well as their complications [19].

In their study, Shimizu et al. showed that ORi mon-
itoring helped prevent deep desaturation of a one-
year-old patient during nasotracheal intubation be-
cause the ORi was observed to fall prior to a decrease
in SpO,. In another patient, hospitalised in the ICU
due to pulmonary hypertension, desaturation caused
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by exacerbation of the disease was prevented owing to
the use of the ORi [21].

ORI in predicting hyperoxia

High partial pressure oxygen values are as dan-
gerous for the human body as are low values [22].
Breathing a mixture containing a high concentration
of oxygen leads to increased production of reactive
oxygen species (ROS) [23]. ROS are produced dur-
ing oxidative phosphorylation reactions taking place
in mitochondria. The electron transport respiratory
chain is a complex of proteins and organic molecules
located in the inner membrane of mitochondria. All
electrons transported in the respiratory chain come
from NADH and FADH, molecules [24]. Electrons
are transferred between the 4 complexes (complexes
I-1V) of the respiratory chain during a series of re-
dox reactions. The energy released in these reactions
is stored as a proton gradient. It is used to produce
ATP in the process of chemiosmosis. Both processes
constitute oxidative phosphorylation. From complex
IV, electrons are transferred to O,, which is the final
acceptor for electrons [25]. The reduction of oxygen
requires 4 electrons, which, when combined with
the acceptance of 4 protons, produce 2 water mol-
ecules. However, the transfer of 1 or 2 electrons leads
to the formation of reactive superoxide ions. ROS, as
well as their reaction products, cause oxidation of lip-
ids and proteins, and cause mutations in DNA, and
are therefore harmful to cells [26]. However, cells
have the ability to neutralize ROS thanks to enzymes
such as superoxide dismutase, catalases and peroxi-
dases, thioredoxins, and peroxiredoxins. Superoxide
dismutase effectively reduces the concentration of su-
peroxide anions, enabling its transformation into oxy-
gen or hydrogen peroxide [24]. When overproduced,
oxygen radicals cannot be neutralised in sufficient
quantities by enzymes. The supply of high oxygen
concentrations may cause the accumulation of oxy-
gen radicals and initiate oxygen toxicity known as
oxidative stress.
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Long-term exposure to high levels of oxygen in
the breathing mixture has negative effects on the pa-
tient [27]. Hyperoxia leads to atelectasis [28, 29], but it
can also cause other pulmonary complications, such
as pneumonia [30] or hyperoxic acute lung injury [22,
31]. Hyperoxia also has an adverse impact on the func-
tioning of the circulatory system, leading to a decrease
in cardiac output and stroke volume, and an increase
in systemic vascular resistance (SVR) [32, 33].

The decrease in cardiac output is due to both an
increase in SVR and a decrease in heart rate. The ef-
fect of lowering the heart rate is related to the influ-
ence of hyperoxia on the predominance of the activ-
ity of the parasympathetic system [34]. The increase in
SVR is associated with reduced nitric oxide (NO) pro-
duction, which is inhibited by an increased amount
of ROS [35]. The increase in vascular resistance also
affects the coronary vessels, resulting in a decrease in
coronary blood flow [36]. Mak et al. observed hyper-
oxia-induced impairment of cardiac relaxation [37].

Hyperoxia is associated with increased mortality
among critically ill patients with traumatic brain in-
jury (TBI) [38], stroke patients requiring artificial lung
ventilation [39], cardiac arrest patients [40], and other
groups of critically ill patients [41, 42]. In a follow-up
study of a PROXI trial, ventilation with high concen-
trations of oxygen during abdominal surgery was
found to be associated with increased mortality in
cancer patients. Observations like this were not made
in the group of patients without cancer [43].

Hyperoxia affects neural activity. High concentra-
tions of oxygen decrease the cerebral metabolic rate
of O, (CMRO,) [44, 45]. It has been observed that hy-
peroxia supresses the a and B bands of spontaneous
neuronal activity [46]. Studies in animal models have
shown that high oxygen concentrations reduce neu-
rotransmission, particularly in the cerebellum and
striatum [47]. Hyperoxia leads to impaired glucose
transport across the blood-brain barrier (BBB) by in-
hibiting glucose transporters in the brain (primarily
GLUT1), causing a decrease in glucose levels in the ce-
rebrospinal fluid and in cells behind the BBB and
causing local hypoglycaemia [48].

Hyperoxia increases the risk of non-traumatic
acute brain injury [49]. A high oxygen concentration
in the breathing mixture causes postoperative de-
lirium [50]. Because it causes alterations in cerebral
blood flow, hyperoxia is also associated with cogni-
tive impairment and dementia [51]. It may also lead to
secondary brain damage in TBI patients by increasing
the concentration of glutamate in the brain tissue [52].
Hyperoxia is associated with increased mortality and
worse outcomes among patients with TBI [53].

Due to the above observations, researchers em-
phasize the unfavourable effects of liberal oxygen
therapy and are inclined to restrict oxygen dosing in
critically ill patients [2, 54, 55].
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It seems that ORi monitoring may be helpful in
controlling high PaO, values during artificial lung
ventilation. Yoshida et al. demonstrated that hyper-
oxaemia could be detected in patients under general
anaesthesia by observing ORi values, which suggest
what the correlating PaO, values might be [56]. Com-
pared to the sole use of blood saturation monitor-
ing, intraoperative monitoring of blood oxygenation
by pulse oximetry with simultaneous measurement
of the ORi enables the use of lower inspired oxygen
concentrations, thus helping to avoid the risk of hyp-
eroxaemia [57].

Contrasting findings have been obtained by de
Courson et al. in a study conducted among ICU pa-
tients hospitalised for subarachnoid haemorrhage,
haemorrhagic stroke, or ischaemic stroke. They found
a weak correlation between the ORi and PaO,. They
speculated that their result was different because in-
tensive care patients are exposed to factors such as
the presence of peripheral oedema, the need to use
catecholamines, and others, which potentially affect
the reading of the signal by the ORi sensor placed on
the patient’s finger [58].

ORi in endotracheal intubation

Fleming et al. conducted a study to investigate
the usefulness of the ORI as a tool for early detection
of the risk of desaturation during endotracheal intu-
bation [59]. They observed that during prolonged ap-
noea after endotracheal intubation, in cardiac surgery
patients, the ORI signalled impending hypoxia an
average of 48 s earlier than the standard pulse oxim-
eter measuring blood saturation, and the median time
from the ORi alarm to a 94% decrease in saturation
(warning time) was 80.4 s. The median SpO, warn-
ing time was 29 s [59]. Similar results were reported
in obese patients, in whom ORi monitoring provided
an early warning of possible desaturation, although
the period between the decrease in the ORi and de-
saturation was shorter in these patients compared to
those with a BMI in the normal range [60].

Szmuk et al. conducted a similar study among
33 children with a mean age of 7.6 +4.6 years. In this
group of patients, the median time for the ORI to de-
tect impending desaturation was 31.5 s before SpO,
reached 90% [61].

In a study by Cheng et al., the median time from an
ORi alarm to a 90% drop in SpO, was 300 s According
to the authors, this prominently longer warning time
was probably due to the longer pre-oxygenation of pa-
tients prior to intubation and the fact that the cohort
consisted of healthier patients — 88% of the individuals
enrolled in the study were ASA I or II patients [62].

Equally promising results were obtained by Yo-
shida et al., who examined the ORi reaction time in
rapid sequence induction (RSI). During RSI and endo-
tracheal intubation, which was not preceded by face
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mask ventilation, a decrease in the ORi was registered
approximately 30 s before a decrease in SpO, [63].

Yoshida et al. also suggested that the ORi could be
considered as an indicator of adequate preoxygenation
in RSI. They claimed that the moment when the ORi
reached a plateau could be the moment of maximum
oxygenation of the patient, i.e. the optimal time to
start RSI [63].

Hille et al, in a NESOI study, demonstrated
the usefulness of ORi monitoring in addition to moni-
toring blood saturation during endotracheal intuba-
tion in a group of intensive care patients. In their
study, during apnoea, the decrease in the ORi below
the predetermined threshold of 0.4 considerably pre-
ceded the decrease in SpO, below 97%; the median be-
tween these 2 time points was 81 s. In addition, those
authors observed that in patients who had higher ORi
values during pre-oxygenation, the risk of hypoxia
during intubation was lower [64].

To sum up, earlier detection of impending desat-
uration may translate into greater patient safety in
the operating room and contribute to the reduction
of complications resulting from hypoxemia during
RSI. This applies particularly to difficult airway pa-
tients. For this reason, the use of ORi monitoring in
the perioperative period may significantly improve
the safety of anesthetised patients.

ORi in one-lung ventilation

The usefulness of ORi monitoring was also stud-
ied during one-lung ventilation (OLV) in patients
undergoing thoracic surgery [65-69]. Koishi et al.
demonstrated that there was a significant correlation
between the ORi and PaO, during OLV. A decrease in
the ORi during OLV was registered much earlier than
a decrease in SpO,. The mean time difference between
the decrease in these parameters was 200 s. These re-
sults are consistent with other reports presented so
far. Koishi et al. also observed that for a given PaO,
value, ORI values varied between different patients;
and vice versa — with the same ORi value, different
patients had different PaO, values. Those authors sug-
gested that the ORi could be a useful tool for the early
detection of deteriorating blood oxygenation during
one-lung ventilation [65].

Similarly, Sagiroglu et al. found that the ORi could
warn of impending hypoxia during OLV approxi-
mately 5-6 min before SpO, values began to decline.
They noted that ORi monitoring was particularly use-
ful in the initial period of anaesthesia up to 30 min
after the initiation of OLV. By monitoring the ORj,
the anaesthesiologist gains added time to prevent im-
pending hypoxia [66].

Alday et al. also demonstrated that the ORi was
particularly useful in predicting impending hypoxia
at the beginning of anaesthesia. They observed that an
ORI value of zero 5 min after the initiation of intuba-
tion predicted a high risk of hypoxia during OLV [67].
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Monitoring the ORi during OLV enabled the use
of lower concentrations of oxygen in the breathing
mixture. As a result, patients with ORi monitoring
had lower PaO, values than patients without addi-
tional ORi monitoring. Saracoglu et al. thus demon-
strated that ORi monitoring could prevent the risk
of hyperoxia in patients, and in this way shorten their
postoperative stay in hospital [68].

Contrasting observations have been reported by
Yang et al. They did not find evidence that ORi-guided
adjustment of oxygen concentration in the breathing
mixture allowed the use of lower FiO, during OLV.
Such a possibility only arose during pulmonary vas-
cular ligation, which may have been related to the re-
duction in the pulmonary shunt fraction. The authors
did not observe any significant differences in the inci-
dence of hyperoxia, hypoxia, or pulmonary complica-
tions between the ORi group and the control group.
However, they pointed out that their study might
have been limited by the small size of the patient
groups and an excessively high target ORi value ad-
opted in the experiments [69].

Further perspectives for ORi measurement
in critically ill patients

Research published so far indicates the significant
usefulness of ORI as one of the parameters for moni-
toring the body’s oxygen metabolism.

The possibility of using the oxygen reserve index for
detecting patients requiring prolonged pre-oxygenation
who have not increased their oxygen reserves within
a standard time seems to be particularly important.
This applies to critically ill patients requiring intuba-
tion during treatment in an intensive care unit, as well
as patients undergoing general anaesthesia in elective
surgeries or patients in emergency departments [64].

ORj, as a continuously monitored parameter, may
contribute to shortening the time of unrecognized hy-
peroxia among critically ill patients who receive too
much oxygen in the respiratory mixture. ORi monitor-
ing could reduce the frequency of follow-up blood gas
tests and the need for frequent blood collections [70].

It is also worth monitoring the oxygen reserve in-
dex to detect impending hypoxia, which gives the an-
aesthesiologist more time to take preventive measures
before a drop in SpO, occurs [16, 17, 19, 20].

Limitations of ORi

Despite the numerous possibilities of using ORi
monitoring in both anaesthesiology and intensive
care, one should not forget about the limitations
of this method.

There are reports that after intravenous injection
of indigo carmine, ORi values temporarily decrease. This
may falsely warn clinicians of impending hypoxia [71].

Of course, similarly to pulse oximetry, the ORi
may not read when peripheral perfusion is impaired.
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In addition, the ORi may be affected by PaCO,, pH, or
temperature [14, 67].

As mentioned previously, ORi values range be-
tween 0.00 and 1.00. This parameter does not have
negative values, which may make it difficult to detect
hypoxia in certain settings. Therefore, simultaneous
use of the ORi and SpO, as complementary param-
eters is recommended.

Conclusions

ORi monitoring is a simple, quick, and versatile
tool that allows clinicians to predict both impending
hypoxia and hyperoxia, giving them time to take ap-
propriate action.

Studies on the use of the ORI in clinical practice
have shown promising results, but further research
with large study groups is needed to confirm them.

Conflict of interest

The author declares no conflict of interest.

References

1. Samaja M, Ottolenghi S. The oxygen cascade from atmo-
sphere to mitochondria as a tool to understand the (mal)
adaptation to hypoxia. Int ] Mol Sci 2023; 24: 3670-3706.

2. Damiani E, Donati A, Girardis M. Oxygen in the critically
ill: friend or foe? Curr Opin Anaesthesiol 2018; 31: 129-135.

3. Gan ES, Ooi EE. Oxygen: viral friend or foe? Virol J 2020;
17:115-126.

4. Helmerhorst HJ, Arts DL, Schultz M]J, van der Voort PH,
Abu-Hanna A, de Jonge E, van Westerloo DJ. Metrics
of arterial hyperoxia and associated outcomes in critical
care. Crit Care Med 2017; 45: 187-195.

5. Munshi L, Kiss A, Cypel M, Keshavjee S, Ferguson ND,
Fan E. Oxygen thersold and mortality during extracorpo-
real life support in adult patients. Crit Care Med 2017; 45:
1997-2005.

6. Chandran J, D’Silva C, Sriram S, Krishna B. Clinical utility
of arterial blood gas test in an intensive care unit: an obse-
rvational study. Indian J Crit Care Med 2021; 25: 172-175.

7. Lian JX. Interpreting and using the arterial blood gas ana-
lysis. Nurs Crit Care 2010; 5: 26-36.

8. Castro D, Patil SM, Keenaghan M. Arterial Blood Gas. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls Pu-
blishing; 2023 Jan. 2022 Sep 1.

9. Ganter MT, Schneider U, Heinzelmann M, Zaugg M, Luc-
chinetti E, Zollinger A, Hofer CK. How often should we
perform arterial blood gas analysis during thoracoscopic
surgery? ] Clin Anesth 2007; 19: 569-575.

10. Quintard H, Patet C, Suys T, Marques-Vidal P, Oddo M.
Normobaric hyperoxia is associated with increased ce-
rebral excitotoxicity after severe traumatic brain injury.
Neurocrit Care 2015; 22: 243-250.

11. Vincent JL, Taccone FS, He X. Harmful effects of hypero-
xia in postcardiac arrest, sepsis, traumatic brain injury, or
stroke: the importance of individualized oxygen therapy
in critically ill patients. Can Respir J 2017; 2017: 2834956.

12. Aoyagi T. Pulse oximetry: its invention, theory, and futu-
re. ] Anesth 2003; 17: 259-266.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30

31.

Matgorzata Barud

. Luks AM, Swenson ER. Pulse oximetry for monitoring

patients with COVID-19 at home. Potential pitfalls and
practical guidance. Ann Am Thorac Soc 2020; 17: 1040-
1046.

Scheeren TWL, Belda FJ, Perel A. The oxygen reserve in-
dex (ORI): a new tool to monitor oxygen therapy. J Clin
Monit Comput 2018; 32: 379-389.

Ishida Y, Okada T, Kobayashi T, Uchino H. ORi™: a new
indicator of oxygenation. ] Anesth 2021; 35: 734-740.
Applegate RL 2™, Dorotta IL, Wells B, Juma D, Applega-
te PM. The relationship between oxygen reserve index
and arterial partial pressure of oxygen during surgery.
Anesth Analg 2016; 123: 626-633.

Vos JJ, Willems CH, van Amsterdam K, van den Berg JP,
Spanjersberg R, Struys MMRE, Scheeren TWL. Oxygen
Reserve Index: validation of a new variable. Anesth Analg
2019; 129: 409-415.

. Kumagai M, Kurihara H, Ishida K, Komatsu H, Suzuki K.

The Oxygen Reserve Index as a determinant of the ne-
cessary amount of postoperative supplemental oxygen.
Minerva Anestesiol 2021; 87: 439-447.

Ray S, Kulkarni KS, Dave NM, Chincholi I. The utility
of the oxygen reserve index™ in a neonate undergoing
re-exploration of a tracheoesophageal fistula. Indian
J Anaesth 2018; 62: 233-234.

Reich B, Hoeber D, Bendix I, Felderhoff-Mueser U. Hy-
peroxia and the immature brain. Dev Neurosci 2016; 38:
311-330.

Shimizu N, Ogiwara S, Saito O. Usefulness of monitoring
the oxygen reserve index in the pediatric intensive care
unit. Chiba Medical J 2019; 95E: 7-9.

Singer M, Young PJ, Laffey JG, Asfar P, Taccone FS, Skri-
fvars MB, Meyhoff CS, Radermacher P. Dangers of hype-
roxia. Crit Care 2021; 25: 440-454.

Nathan C, Cunningham-Bussel A. Beyond oxidative
stress: an immunologist’s guide to reactive oxygen spe-
cies. Nat Rev Immunol 2013; 13: 349-361.

Helmerhorst HJ, Schultz M], van der Voort PH, de Jon-
ge E, van Westerloo DJ. Bench-to-bedside review: the ef-
fects of hyperoxia during critical illness. Crit Care 2015;
19: 284-295.

Di Donato S. Wielouktadowe objawy choréb mitochon-
drialnych. Neurologia po Dyplomie 2010; 5: 21-36.
Rattan SI. Theories of biological aging: genes, proteins,
and free radicals. Free Radic Res 2006; 40: 1230-1238.
Rothen H, Sporre B, Engberg G, Wegenius G, Reber A,
Hedenstierna G. Prevention of atelectasis during general
anaesthesia. Lancet 1995; 345: 1387-1391.

Edmark L, Kostova-Aherdan K, Enlund M, Hedenstier-
na G. Optimal oxygen concentration during induction
of general anesthesia. Anesthesiology 2003; 98: 28-33.
Hedenstierna G, Edmar L. Mechanisms of atelectasis in
the perioperative period. Best Pract Res Clin Anaesthesiol
2010; 24: 157-169.

. Staehr-Rye AK, Meyhoff CS, Scheffenbichler FT, Vidal

Melo ME, Gatke MR, Walsh JL, Ladha KS, Grabitz SD, Ni-
kolov M, Kurth T, Rasmussen LS, Eikermann M. High in-
traoperative inspiratory oxygen fraction and risk of ma-
jor respiratory complications. Br ] Anaesth 2017; 119:
140-149.

Horncastle E, Lumb AB. Hyperoxia in anaesthesia and in-
tensive care. BJA Educ 2019; 19: 176-182.

Medical Studies/Studia Medyczne 2023; 39/4



Usefulness of oxygen reserve index (ORi) in clinical practice

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Haque WA, Boehmer ], Clemson BS, Leuenberger UA,
Silber DH, Sinoway LI. Hemodynamic effects of supple-
mental oxygen administration in congestive heart failure.
J Am Coll Cardiol 1996; 27: 353-357.

Stolmeijer R, van leperen E, Lameijer H, van Beest P, Ter
Maaten JC, Ter Avest E. Haemodynamic effects of a 10-
min treatment with a high inspired oxygen concentration
in the emergency department: a prospective observatio-
nal study. BMJ Open 2022; 12: e059848.

Lund VE, Kentala E, Scheinin H, Klossner J, Helenius H,
Sariola-Heinonen K, Jalonen ]. Heart rate variability in
healthy volunteers during normobaric and hyperbaric
hyperoxia. Acta Physiol Scand 1999; 167: 29-35.

Sjoberg E, Singer M. The medical use of oxygen: a time for
critical reappraisal. ] Intern Med 2013; 274: 505-528.
Farquhar H, Weatherall M, Wijesinghe M, Perrin K, Ran-
chord A, Simmonds M, Beasley R. Systematic review
of studies of the effect of hyperoxia on coronary blood
flow. Am Heart J 2009; 158: 371-377.

Mak S, Azevedo ER, Liu PP, Newton GE. Effect of hype-
roxia on left ventricular function and filling pressures in
patients with and without congestive heart failure. Chest
2001; 120: 467-473.

Rincon F, Kang ], Vibbert M, Urtecho J, Athar MK, Jallo J.
Significance of arterial hyperoxia and relationship with
case fatality in traumatic brain injury; a multicentre cohort
study. ] Neurol Neurosurg Psychiatry 2014; 85: 799-805.
Rincon E Kang J, Maltenfort M, Vibbert M, Urtecho J, Athar
MK, Jallo ], Pineda CC, Tzeng D, McBride W, Bell R. Associa-
tion between hyperoxia and mortality after stroke: a multi-
center cohort study. Crit Care Med 2014; 42: 387-396.
Bellomo R, Bailey M, Eastwood GM, Nichol A, Pilcher D,
Hart GK, Reade MC, Egi M, Cooper DJ; Study of Oxygen
in Critical Care (SOCC) Group. Arterial hyperoxia and in-
-hospital mortality after resuscitation from cardiac arrest.
Crit Care 2011; 15: R90-R98.

Girardis M, Busani S, Damiani E, Donati A, Rinaldi L, Ma-
rudi A, Morelli A, Antonelli M, Singer M. Effect of con-
servative vs conventional oxygen therapy on mortality
among patients in an intensive care unit: the oxygen-ICU
randomized clinical trial. JAMA 2016; 316: 1583-1589.

de Jonge E, Peelen L, Keijzers PJ, Joore H, de Lange D,
van der Voort PH, Bosman R]J, de Waal RA, Wesselink R,
de Keizer NE. Association between administered oxygen,
arterial partial oxygen pressure and mortality in mecha-
nically ventilated intensive care unit patients. Crit Care
2008; 12: R156-R163.

Meyhoff CS, Jorgensen LN, Wetterslev ], Christensen KB,
Rasmussen LS; PROXI Trial Group. Increased long-term
mortality after a high perioperative inspiratory oxygen
fraction during abdominal surgery: follow-up of a rando-
mized clinical trial. Anesth Analg 2012; 115: 849-854.

Xu E Liu P, Pascual JM, Xiao G, Lu H. Effect of hypoxia
and hyperoxia on cerebral blood flow, blood oxygena-
tion, and oxidative metabolism. ] Cereb Blood Flow Me-
tab 2012; 32: 1909-1918.

Richards EM, Fiskum G, Rosenthal RE, Hopkins I, McKen-
na MC. Hyperoxic reperfusion after global ischemia de-
creases hippocampal energy metabolism. Stroke 2007; 38:
1578-1584.

Sheng M, Liu P, Mao D, Ge Y, Lu H. The impact of hy-
peroxia on brain activity: a resting-state and task-evoked
electroencephalography (EEG) study. PLoS One 2017; 12:
E0176610.

Medical Studies/Studia Medyczne 2023; 39/4

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

387

Bickford PC, Chadman K, Williams B, Shukitt-Hale B,
Holmes D, Taglialatela G, Joseph ]. Effect of normobaric
hyperoxia on two indexes of synaptic function in Fisher
344 rats. Free Radic Biol Med 1999; 26: 817-824.

Wilson DE, Matschinsky FM. Hyperbaric oxygen toxicity
in brain: a case of hyperoxia induced hypoglycemic brain
syndrome. Med Hypotheses 2019; 132: 109375.
Dabrowski W, Siwicka-Gieroba D, Gasinska-Blotniak M,
Zaid S, Jezierska M, Pakulski C, Williams Roberson S, We-
sley Ely E, Kotfis K. Pathomechanisms of non-traumatic
acute brain injury in critically ill patients. Medicina (Kau-
nas) 2020; 56: 469-485.

Kupiec A, Adamik B, Forkasiewicz-Gardynik K, Gozdzik W.
Intra-operative hyperoxia and the risk of delirium in el-
derly patients after cardiac surgery. Aging (Albany NY)
2020; 12: 7006-7014.

Mutch WAC, El-Gabalawy R, Ryner L, Puig J, Essig M, Kil-
born K, Fidler K, Graham MR. Brain BOLD MRI O, and
CO, stress testing: implications for perioperative neuro-
cognitive disorder following surgery. Crit Care 2020; 24:
76-88.

Quintard H, Patet C, Suys T, Marques-Vidal P, Oddo M.
Normobaric hyperoxia is associated with increased ce-
rebral excitotoxicity after severe traumatic brain injury.
Neurocrit Care 2015; 22: 243-250.

Brenner M, Stein D, Hu P, Kufera J, Wooford M, Scalea T.
Association between early hyperoxia and worse outco-
mes after traumatic brain injury. Arch Surg 2012; 147:
1042-1046.

Chu DK, Kim LH, Young PJ, Zamiri N, Almenawer SA,
Jaeschke R, Szczeklik W, Schiinemann HJ, Neary JD, Al-
hazzani W. Mortality and morbidity in acutely ill adults
treated with liberal versus conservative oxygen therapy
(IOTA): a systematic review and meta-analysis. Lancet
2018; 391: 1693-1705.

van den Boom W, Hoy M, Sankaran J, Liu M, Chahed H,
Feng M, See KC. The search for optimal oxygen satura-
tion targets in critically ill patients: observational data
from large ICU databases. Chest 2020; 157: 566-573.
Yoshida K, Isosu T, Noji Y, Ebana H, Honda ], Sanbe N,
Obara S, Murakawa M. Adjustment of oxygen reserve in-
dex (ORi™) to avoid excessive hyperoxia during general
anesthesia. ] Clin Monit Comput 2020; 34: 509-514.

Ahn JH, Shim JG, Park J, Lee SH, Ryu KH, Cho EA. Oxygen
reserve index guided fraction of inspired oxygen titration
to reduce hyperoxemia during laparoscopic gastrectomy:
arandomized controlled trial. Medicine (Baltimore) 2022;
101: e31592.

de Courson H, Julien-Laferriére T, Georges D, Boyer P,
Vercheére E, Biais M. The ability of Oxygen Reserve In-
dex® to detect hyperoxia in critically ill patients. Ann
Intensive Care 2022; 12: 40-47.

Fleming NW, Singh A, Lee L, Applegate RL 2. Oxygen
Reserve Index: utility as an early warning for desatura-
tion in high-risk surgical patients. Anesth Analg 2021;
132: 770-776.

TsymbalE, Ayala S, Singh A, Applegate RL 2", Fleming NW.
Study of early warning for desaturation provided by
Oxygen Reserve Index in obese patients. ] Clin Monit
Comput 2021; 35: 749-756.

Szmuk P, Steiner JW, Olomu PN, Ploski RP, Sessler DI,
Ezri T. Oxygen Reserve Index: a novel noninvasive me-
asure of oxygen reserve — a pilot study. Anesthesiology
2016; 124: 779-784.



388

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Cheng HW, Yeh CY, Chang MY, Ting CK, Chang PL. How
early warning with the Oxygen Reserve Index (ORi™)
can improve the detection of desaturation during induc-
tion of general anesthesia? ] Clin Monit Comput 2022; 36:
1379-1385.

Yoshida K, Isosu T, Noji Y, Hasegawa M, Iseki Y, Oishi R,
Imaizumi T, Sanbe N, Obara S, Murakawa M. Usefulness
of oxygen reserve index (ORi"™), a new parameter of oxy-
genation reserve potential, for rapid sequence induction
of general anesthesia. ] Clin Monit Comput 2018; 32:
687-691.

Hille H, Le Thuaut A, Canet E, Lemarie J, Crosby L, Otta-
vy G, Garret C, Martin M, Seguin A, Lamouche-Wilquin P,
Morin J, Zambon O, Miaihle AF, Reignier ], Lascarrou JB.
Oxygen reserve index for non-invasive early hypoxemia
detection during endotracheal intubation in intensive
care: the prospective observational NESOI study. Ann In-
tensive Care 2021; 11: 112-119.

Koishi W, Kumagai M, Ogawa S, Hongo S, Suzuki K.
Monitoring the Oxygen Reserve Index can contribute to
the early detection of deterioration in blood oxygenation
during one-lung ventilation. Minerva Anestesiol 2018;
84: 1063-1069.

Sagiroglu G, Baysal A, Karamustafaoglu YA. The use
of oxygen reserve index in one-lung ventilation and its
impact on peripheral oxygen saturation, perfusion index
and, pleth variability index. BMC Anesthesiol 2021; 21:
319-329.

Alday E, Nieves JM, Planas A. Oxygen reserve index pre-
dicts hypoxemia during one-lung ventilation: an obse-
rvational diagnostic study. J Cardiothorac Vasc Anesth
2020; 34: 417-422.

Saracoglu A, Yamansavci Sirzai E, Yildizeli B, Yiiksel M,
Aykacg ZZ. Oxygen reserve index guided oxygen titration
in one lung ventilation with low fresh gas flow. Turk
J Med Sci 2021; 51: 2413-2419.

Yang M, Kim JA, Ahn HJ, Choi YS, Park M, Jeong H, Kim K,
Lee NY. Continuous titration of inspired oxygen using
Oxygen Reserve Index to decrease oxygen exposure du-
ring one-lung ventilation: a randomized controlled trial.
Anesth Analg 2022; 135: 91-99.

Lasocki S, Brochant A, Leger M, Gaillard T, Lemarié P,
Gergaud S, Dupré P. ORI monitoring allows a reduction
of time with hyperoxia in critically ill patients: the rando-
mized control ORI? study. Intensive Care Med 2019; 45:
1661-1662.

Isosu T, Yoshida K, Oishi R, Imaizumi T, Iseki Y, Sanbe N,
Ikegami Y, Obara S, Kurosawa S, Murakawa M. Effects
of indigo carmine intravenous injection on oxygen re-
serve index (ORi™) measurement. ] Clin Monit Comput
2018; 32: 693-697.

Address for correspondence

Malgorzata Barud MD, PhD

Department of Anaesthesiology and Intensive Therapy
Medical University of Lublin

Lublin, Poland

E-mail: gosiekbar@wp.pl

Matgorzata Barud

Medical Studies/Studia Medyczne 2023; 39/4



