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We commend Applegate et al1 on their report of a 
novel oximetry-based system that provides an 
indicator of hyperoxemia, the ‘oxygen reserve 

index’. We are, however, intrigued to know more about 
the nature of the surgery that these patients underwent, as 
this was not reported in the article. The intraoperative Pao2 
appeared to be rather high in this cohort of patients. The 
mean Pao2 was 206.0 (199.4-213.6) mm Hg, which is com-
parable with UK data (183 mm Hg),2 demonstrating the 
pervasiveness of intraoperative hyperoxemia. The study by 
Applegate et al also reports Pao2 values up to 534 mm Hg 
and Figure 4 in the manuscript depicts a Pao2 greater than 
500 mm Hg for the first hour of surgery. Although there may 
be a rational explanation for such a supraphysiologic Pao2, 
we question its necessity during the most elective surgery.

Excessive oxygen administration promotes the gen-
eration of reactive oxygen species, which inflict cell dam-
age and dysfunction. As was eloquently discussed by 
Applegate et al, the threshold at which hyperoxemia may 
be harmful to patients undergoing surgery is unknown but 
could be as low as 150 mm Hg.1 Excessive use of oxygen 
can create cellular hyperoxia, which tips the pro-oxidant 
versus antioxidant balance toward the excessive produc-
tion of reactive oxygen species and promotion of oxidative 
stress. Paradoxically, high-risk patients, to whom oxygen 
frequently is administered liberally, may be the most vul-
nerable to this oxidative stress. Excessive oxygen use has 

been proposed as the common factor contributing to the 
earlier onset of dementia in older patients undergoing anes-
thesia.3 With clear parallels between many postoperative 
complications and diseases in which oxidative stress has 
been implicated, clinicians should endeavor to avoid unnec-
essary perioperative hyperoxemia. It is possible that oxygen 
reserve index may offer the ability to detect hyperoxemia, 
but simple measures can be used before this technology is 
fully assessed to minimize potential harm.
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Pulse oximetry use has been shown to enhance hypoxia 
detection and is associated with fewer perioperative 
hypoxic events,1 but the relationship between arte-

rial partial pressure of oxygen (Pao2) and arterial oxygen 

saturation (Sao2) is not linear, because there is a rapid Sao2 
decline once Pao2 decreases to <70 mm Hg.2 Pulse oxygen 
saturation (Spo2) is determined based on differences in light 
absorption that occur with arterial inflow compared with 
background light absorption by tissues, venous blood, and 
capillary blood.3,4 Commonly used pulse oximeters have 
a reported accuracy of ±2% to 4% compared with Sao2

5; 
thus, pulse oximeters may report Spo2 to be ≥98% when-
ever Pao2 exceeds 70 mm Hg. In clinical situations during 
which Pao2 is decreasing, pulse oximeters may not provide 
advance warning of impending hypoxia, because Spo2 may 
not decrease until Pao2 falls <70 mm Hg.6 Conversely, in an 
effort to prevent hypoxia, clinicians often provide supple-
mental oxygen to maintain Spo2 >98% during surgery to 
provide a “safety cushion” of oxygenation in the event of 
unexpected changes in oxygen delivery such as cardiac 
depression, rapid hemorrhage, or interrupted ventilation.7 
This can result in significant hyperoxia, which may have its 
own negative effects in some patients.8

A multiple wavelength pulse co-oximeter is avail-
able that provides Spo2 and additional measurements 
based on differences in absorption spectra at the emitted 
wavelengths. Multiwave pulse co-oximetry use has been 
reported to detect carboxyhemoglobin, methemoglobin,9,10 DOI: 10.1213/ANE.0000000000001262
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may not provide advance warning of falling arterial oxygenation until PaO2 approaches this level. 
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and intraoperative arterial blood gas analysis were planned. Data from multiple pulse co-oxim-
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mixed-effects regression models for repeated measures were then used to account for within-
subject correlation across the repeatedly measured PaO2 and ORI and for the unequal time 
intervals of PaO2 determination over elapsed surgical time. Regression plots were inspected for 
ORI values corresponding to PaO2 of 100 and 150 mm Hg. ORI and PaO2 were compared using 
mixed-effects models with a subject-specific random intercept.
RESULTS: ORI values and PaO2 measurements were obtained from intraoperative data collected from 
106 patients. Regression analysis showed that the ORI to PaO2 relationship was stronger for PaO2 
to 240 mm Hg (r2 = 0.536) than for PaO2 over 240 mm Hg (r2 = 0.0016). Measured PaO2 was ≥100 
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indicated that PaO2 was significantly related to ORI (β[95% confidence interval] = 0.002 [0.0019–
0.0022]; P < 0.0001). A similar analysis indicated a significant relationship between change in PaO2 
and change in ORI (β [95% confidence interval] = 0.0044 [0.0040–0.0048]; P < 0.0001).
CONCLUSIONS: These findings suggest that ORI >0.24 can distinguish PaO2 ≥100 mm Hg when 
SpO2 is over 98%. Similarly, ORI > 0.55 appears to be a threshold to distinguish PaO2 ≥150 mm 
Hg. The usefulness of these values should be evaluated prospectively. Decreases in ORI to 
near 0.24 may provide advance indication of falling PaO2 approaching 100 mm Hg when SpO2 is 
>98%. The clinical utility of interventions based on continuous ORI monitoring should be studied 
prospectively.  (Anesth Analg 2016;123:626–33)
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and total hemoglobin in volunteers11 and during surgery12 
in a wide range of clinical settings.13 Similar to standard 
pulse oximetry, multiwave pulse co-oximetry detects back-
ground light absorption in tissues and venous and capillary 
blood between arterial pulsations.

Oxygen supply is the product of cardiac output and oxygen 
content, which is determined by hemoglobin concentration, 
Sao2, and Pao2. Dissolved oxygen increases by 0.3 mL/100 mL 
of blood for each 100-mm Hg increase in Pao2. This dissolved 
oxygen can meet some of the metabolic demand for oxygen, 
decreasing the release of oxygen from hemoglobin. The bal-
ance between oxygen supply and demand will alter venous 
oxygen saturation. In summary, as oxygen supply rises, so 
will venous oxygen saturation, provided oxygen consumption 
is stable, as is often the case during anesthesia and surgery. 
During situations in which Sao2 is 100%, and if hemoglobin 
and cardiac output are also stable, then venous oxygen satura-
tion will increase as Pao2 increases. Change in venous oxygen 
saturation results in changes in background light absorption 
at the multiple emitted wavelengths in the presence of hyper-
oxia (Pao2 >100 mm Hg). The ratios of light absorption at the 
multiple emitted wavelengths are mapped at varying degrees 
of hyperoxia to allow calculation of an oxygen reserve index 
(ORI) using proprietary algorithms.a ORI is not a measure 
of Pao2 per se, but rather is a dimensionless index between 
0.0 and 1.0 that is derived from and directly related to these 
absorption patterns and reported when Spo2 is over 98%. ORI 
will generally be 0.0 when Spo2 is 98% or below. Although 
physiologic conditions may introduce interindividual variabil-
ity in ORI, changes in the ratio of light absorption at the mul-
tiple emitted wavelengths will still be present in an individual. 
This should allow ORI to be used as an indication of the degree 
of hyperoxia over time when Spo2 is over 98%.

Although the algorithm was developed to be sensitive 
to changes in Pao2 between 100 and 200 mm Hg, ORI may 
be able to detect changes in Pao2 >200 mm Hg as well. 
ORI may also serve to indicate Pao2 trends (rising or fall-
ing Pao2) when Spo2 is over 98%. It is possible that falling 
ORI could indicate Pao2 decreases before Spo2 falls. This 
could provide advance warning of impending desaturation 
events. This study evaluates the relationship between Pao2 
and ORI during surgery.

METHODS
The Loma Linda University IRB approved this observa-
tional study of multiwave pulse co-oximetry use dur-
ing surgery. Written informed consent was obtained from 
patients scheduled for surgery in whom the management 
plan included arterial catheterization and intraoperative 
blood gas analyses. Data collection included patient and 
intraoperative characteristics.

Multiwave pulse co-oximetry (Radical-7, Touch Screen 
Software version V1451i; Root Software version V1470i; MS-5 
DSP version V7B16; Masimo, Irvine, CA) data were con-
tinuously collected and stored on a computer and ORI was 
calculated. Each patient had multiple (up to 6) pulse co-oxim-
etry sensors applied to fingers as part of the research proto-
col. Clinicians were not provided with ORI values during the 

procedures. ORI values were not available from all sensors 
at each arterial blood gas measurement. For each time point 
at which a clinically indicated arterial blood gas analysis was 
performed, all available ORI values collected from the multiple 
sensors were compared with the Pao2 obtained from arterial 
blood gas co-oximetry (ABL-800; Radiometer, Copenhagen, 
Denmark). Sequential changes in Pao2 and ORI were calculated 
as the value at the time of the later blood gas analysis minus 
the value at the time of the immediately preceding blood gas 
analysis (value 2 − value 1; value 3 − value 2; and so on) so that 
positive values indicate an increase, whereas negative values 
indicate a decrease in Pao2 or ORI between the samples.

Statistical Methods
Regression analysis was used to compare Pao2 with pooled 
ORI obtained at the time of arterial blood gas analysis and 
calculated Pao2 changes with calculated ORI changes from 
sequential samples. Data were analyzed to determine a Pao2 
above and below which linear regression r2 was maximized. 
Linear mixed-effects regression models for repeated mea-
sures were then used to account for within-subject corre-
lation across the repeatedly measured Pao2 and ORI and 
for the unequal time intervals of Pao2 determination over 
elapsed surgical time. Mixed-effects regression was per-
formed using PROC MIXED in SAS software (SAS Institute 
Inc., Cary, NC), which analyzes and adjusts for both bal-
anced and unbalanced data designs, with unequal time 
points. Regression plots were inspected to identify potential 
cutoff values for ORI that would indicate Pao2 >100 and 150 
mm Hg. The lower cutoff value was chosen to correspond 
to the normal upper limit of Pao2. The Pao2 above which 
hyperoxia risks increase is not known.14 However, meta-
analyses report that even mild degrees of hyperoxia may 
be associated with increased risks in critically ill patients 
with some studies reporting an increased risk at Pao2 as low 
as 150 mm Hg,15,16 which we used as the upper cutoff Pao2 
value. The sensitivity and specificity for predicting falling 
Pao2 were calculated. Analyses were performed using SAS/
STAT software, version 9.4 of the SAS System for Windows.

RESULTS
Table 1 shows patient and intraoperative characteristics of 
the 106 patients from whom data were collected. ORI could 

Table 1.  Patient and Intraoperative Characteristics
Patient and intraoperative characteristics, n = 106

Sex female, n (%) 53 (50.0%)
Age, y 57.4 (53.8–62.2)
  Range 9–86
Body mass index, kg/m2 27.3 (25.9–28.9)
  Range 11.1–50.2
ASA physical status I; II; III; IV 1; 16; 67; 22
Intraoperative arterial blood gas samples 

obtained
4.3 (4.0–4.7)

Intraoperative hemoglobin, g/dL 10.6 (10.5–10.8)
  Range 5.1–17.3
Intraoperative PaO2, mm Hg 206.0 (199.4–213.6)
  Range 62–534

Continuous data are given as smoothed empirical median (95% confidence 
interval). Patient and intraoperative characteristics of 106 patients undergoing 
scheduled surgery in which arterial catheterization and intraoperative blood 
gas analyses were planned.

aMasimo Whitepaper. Accessed October 13, 2015. Oxygen Reserve Index. http://
www.masimo.co.uk/pdf/ori/LAB8543A_Whitepaper_ORI_British.pdf

http://www.masimo.co.uk/pdf/ori/LAB8543A_Whitepaper_ORI_British.pdf
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be calculated for 92.1% of the 2492 total monitored hours. 
ORI was not considered reliable in 7.9% of the recorded 
time related to issues with data collection system resets 
following dropped data packets and artifacts induced by 
conditions such as motion or very low perfusion index. 
Intraoperative Pao2 ranged from 62 to 534 mm Hg in the 485 
arterial blood gas analyses obtained. Pao2 was <100 mm Hg 
in 25 arterial blood gas analyses. Because each patient had 
multiple sensors applied, a total of 1594 ORI values were 
used to compare with Pao2.

The ORI to Pao2 relationship was not linear across the 
range of Pao2 obtained (Figure  1A). Locally weighted 
regression analysis suggested a more linear relationship 
with a positive linear relationship for Pao2 up to 240 mm 
Hg. Based on the scatterplot, we modeled 2 simple linear 
regressions with the cutpoint of Pao2 of 240 mm Hg to 
maximize the r2 for both linear regression equations. Linear 
regression analysis showed a positive Pao2 to ORI relation-
ship for Pao2 up to 240 mm Hg (r2 = 0.536) but not for Pao2 
over 240 mm Hg (r2 = 0.0016; Figure 1B).

A linear mixed-effects regression model for repeated 
measures with a variance component covariance matrix was 
used to account for the within-subject correlation across the 
repeatedly measured Pao2 and ORI and the potential inter-
action between treatment effect (Pao2) and the repeated fac-
tor (elapsed time). This allowed determination of the level 

of agreement between the Pao2 measurements with ORI 
while controlling for the clustering of measurements within 
a patient. Pao2 and ORI were unequally measured over time. 
The linear mixed-effects regression model specified ORI as 
the dependent variable, Pao2 as the independent variable, 
and elapsed time in surgery as a continuous covariate. In 
this analysis, the intercept was random and significant  
(β [95% confidence interval {CI}] = 0.0235 [0.0177–0.0326];  
Z = 6.49, P < 0.0001; intraclass correlation = 0.5185), permit-
ting use of the random intercept model. Random slopes 
were assessed and were not found to be significant. A vari-
ance component covariance matrix was chosen. The inter-
action between Pao2 and time was assessed. The linear 
regression of the dependent variable of Pao2 and the inde-
pendent variable of time was not significant (F[1, 1152] = 
0.33; P = 0.5634). Because Pao2 does not necessarily depend 
on elapsed surgery duration, time is not included in our 
model. In all analyses, we consistently found Pao2 to be sig-
nificantly related to ORI (Table 2).

Inspection of the Pao2 to ORI linear regression plot sug-
gested that cutoff values were present. When ORI was over 
0.24, all measured Pao2 were ≥100 mm Hg (Figure  2A). 
When ORI was over 0.55, we found that 96.6% of Pao2 mea-
surements were ≥150 mm Hg (Figure 2B).

To examine the relationship between change in Pao2 
and change in ORI, we ran a simple linear regression 

Figure 1. Plot of oxygen reserve index (ORI) 
compared with arterial partial pressure of 
oxygen (PaO2) obtained from 106 patients 
undergoing surgery in whom measured 
PaO2 from 485 arterial blood gas analyses 
was between 62 and 534 mm Hg. Patients 
had >1 sensor applied, with analysis 
done using 1594 ORI values. A, Locally 
weighted regression analysis showed a 
nonlinear relationship overall with a more 
positive linear relationship for PaO2 up to 
240 mm Hg than >240 mm Hg. B, Linear 
regression analysis of ORI and PaO2 up to  
240 mm Hg showed a positive relationship 
(r2 = 0.536); dashed lines indicate 95% 
confidence interval of regression line.
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model, ignoring time and the within-subject correlation. 
The scatterplot was linear, and the results from the sim-
ple linear regression analysis indicated a statistically sig-
nificant relationship between change in ORI and change 
in Pao2 (β [95% CI] = 0.0037 [0.0034–0.0041]; P < 0.0001). 
We then modeled a linear mixed-effects regression model 
for the repeated measures with the dependent variable of 
change in ORI and the independent variable as change in 
Pao2. Models of random slopes, random intercepts, and 
both random slope and random intercepts were assessed 
with a variance component covariance matrix. The vari-
ance of the change in Pao2 was nearly zero and deter-
mined to be a fixed effect. The intercept was random and 
significant with a variance of 0.0171 (Z = 4.85, P < 0.0001; 
intraclass correlation = 0.4618). In all analyses, we consis-
tently found change in Pao2 to be significantly related to 
change in ORI (Table 2). Because the positive ORI to Pao2 
relationship was better for Pao2 up to 240 mm Hg, analy-
sis of the relationship between change in Pao2 and change 
in ORI was done only for changes in which Pao2 was up 
to 240 mm Hg. Thus, 117 Pao2 changes were compared 
with 717 ORI changes. In this subset, change in ORI and 
change in Pao2 were associated (r2 = 0.421; Figure 3). For 
samples in which Pao2 was up to 240 mm Hg, decreas-
ing ORI had 77.7% sensitivity and 76.7% specificity for 
detecting decreasing Pao2 (area under the receiver oper-
ating characteristic curve = 0.821).

DISCUSSION
Advance detection of worsening oxygenation is valuable 
in operative and critical care settings. Our data suggest 
that in a somewhat wider Pao2 range than the algorithm 
was developed for, decreasing ORI detects decreasing 
Pao2 and that an ORI decrease to 0.24 should provide 

advance warning of Pao2 declining to approximately  
100 mm Hg. This cutoff could be of value during pro-
cedures that mandate apnea or 1-lung ventilation or 
during difficult intubation. Future prospective studies 
should be performed to determine the clinical utility of 
using an ORI of 0.24 as a lower threshold and an ORI 
>0.55 as an upper threshold for titrating inspired oxy-
gen (Fio2) because in our data, ORI >0.24 indicates Pao2 
≥100 mm Hg, whereas Pao2 was ≥150 mm Hg for >96% 
of measurements in which ORI was >0.55. When intraop-
erative Pao2 is up to 240 mm Hg, decreasing ORI appears 
to indicate falling Pao2 before Spo2 reports desaturation, 
whereas increasing ORI appears to indicate increasing 
Pao2, as illustrated in plots obtained from individual 
patients (Figures 4 and 5).

ORI use has the potential to provide continuous moni-
toring to detect changes in pulmonary function. Although 
not evaluated in this study, it is possible that when patients 
are receiving stable Fio2 and when Spo2 is at least 98%, a 
decreasing ORI may indicate worsening pulmonary func-
tion, as may occur in patients with pulmonary contusion 
or those who require massive transfusion. Further study 
is needed to determine whether decreasing ORI could be 
a continuous noninvasive surrogate for the routinely used 
Pao2 to Fio2 ratio. Such a study could focus on patients in 
whom changing Pao2 to Fio2 ratios may have predictive 
value such as after cardiac surgery, in suspected pneumo-
nia, in septic shock, or with worsening congestive heart 
failure.17–19 Continuous ORI monitoring using the identi-
fied threshold value of 0.24 to indicate Pao2 approaching 
100 mm Hg may provide earlier detection of worsening 
pulmonary function in these settings, allowing more rapid 
treatment, which might mitigate the need for intubation 
and mechanical ventilation. The threshold for hyperoxic 

Table 2.  Statistical Models

Variable Estimate

95% confidence interval

P valueLower limit Upper limit
Relationship between PaO2 and ORI
Simple linear regression, n = 1553; r2 = 0.3975
  Intercept 0.0534 0.0209 0.0860 0.0013
  PaO2 0.0024 0.0023 0.0026 <0.0001
Simple linear regression for PaO2 up to 240 mm Hg, n = 1087; r2 = 0.5363
  Intercept −0.28492 −0.3292 0.2407 <0.0001
  PaO2 0.00448 0.0042 0.0047 <0.0001
Simple linear regression for PaO2 >240 mm Hg, n = 475; r2 = 0.0024
  Intercept 0.6659 0.5733 0.7585 <0.0001
  PaO2 0.000174 −0.0001 0.0005 0.2854
Solution for random intercept model n = 1553
Effect
  Intercept 0.0865 0.0366 0.1364 0.0008
  PaO2 0.002042 0.0019 0.0022 <0.0001
  Elapsed time from anesthesia start 0.000165 0.0001 0.0002 <0.0001
Relationship between change in PaO2 and change in ORI
Simple linear regression, n = 717; r2 = 0.4209
  Intercept −0.00961 −0.0233 0.0041 0.1696
  Delta PaO2 0.00374 0.0034 0.0041 <0.0001
Solution for random intercept model of change in PaO2 compared with change in ORI, n = 717
  Intercept 0.0131 −0.0210 0.0472 0.4463
  Delta PaO2 0.0044 0.0040 0.0048 <0.0001

Results of statistical models of the relationship between intraoperative arterial partial pressure of oxygen (PaO2) and oxygen reserve index (ORI) and between 
change in PaO2 and change in ORI.
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damage in a variety of pathologies is still unknown,8,20 
but titrating Fio2 to the lowest desirable Pao2 may be of 
clinical significance in some patients.7,8,21 Monitoring ORI 
could potentially prevent excessive hyperoxia, but further 
study is needed.

Several factors limit generalization of our findings. 
We studied only intraoperative patients in whom arte-
rial catheterization was deemed indicated for medical 
or surgical reasons. Studies of ORI monitoring in patient 
settings such as intensive care units would be prudent. 
Our ability to evaluate the intraoperative utility of ORI 
or ORI changes when Pao2 is between 60 and 100 mm 
Hg is limited by the small number of patients and arte-
rial blood gas samples in which intraoperative Pao2 was 
<100 mm Hg. Further investigation is needed to deter-
mine whether ORI provides clinically useful information 
that could add to Spo2 when Pao2 is between 100 and 
70 mm Hg and thus approaches the level at which the 
Sao2 to Pao2 slope steepens. This study was not designed 

to evaluate the impact of physiologic changes that alter 
oxyhemoglobin dissociation such as hypercapnia or 
hypocapnia on ORI. Our study patients underwent elec-
tive surgical procedures with the usual intraoperative 
management that resulted in a median measured Paco2 
of 36.9 mm Hg (95% CI, 36.4–37.3 mm Hg). This limits 
our ability to assess the effect of abnormal Paco2 on the 
ORI to Pao2 relationship. There may be other clinical or 
feasibility limitations of this technology that have not 
been identified.

CONCLUSIONS
This study suggests that intraoperative ORI can distinguish 
Pao2 between 100 and 150 mm Hg when Spo2 is >98%. 
Decreases in ORI to near 0.24 may provide advance indica-
tion of falling Pao2 when Spo2 is still >98% and above the 
Pao2 level at which Sao2 declines rapidly. Usefulness of ORI 
>0.24 to distinguish Pao2 ≥100 mm Hg and ORI >0.55 to dis-
tinguish Pao2 ≥150 mm Hg should be tested prospectively 

A

B

Figure 2. Plot of oxygen reserve index (ORI) to arterial partial pressure of oxygen (PaO2) obtained from 106 patients undergoing surgery sug-
gested cutoff ORI values were present. A, When ORI was >0.24, all PaO2 were ≥100 mm Hg. B, When ORI was >0.55, 96.6% of PaO2 were 
≥150 mm Hg.
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in a range of clinical settings. The clinical utility of interven-
tions based on continuous ORI monitoring should also be 
studied prospectively. E
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Figure 5. Example of continuous intraoperative oxygen reserve index trend (ORI; black line), continuous pulse oxygen saturation trend (SpO2; 
green line), and intermittent arterial partial pressure of oxygen determination (PaO2; red diamonds) obtained during surgery. ORI was zero at 
times when low PaO2 was measured and SpO2 was recorded at 96% and then increased over time as PaO2 and SpO2 increased.
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