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Abstract

Background Concerns about the adverse effects of excessive oxygen have grown over the years. This study investigated the
relationship between high oxygen saturation and short-term prognosis of patients with spontaneous intracerebral hemorrhage
(sICH) after liberal use of oxygen.

Methods This retrospective cohort study collected data from the Medical Information Mart for Intensive Care II1 (MIMIC-
IIT) database (ICU cohort) and a tertiary stroke center (general ward cohort). The data on pulse oximetry-derived oxygen
saturation (SpO,) during the first 24 h in ICU and general wards were respectively extracted.

Results Overall, 1117 and 372 patients were included in the ICU and general ward cohort, respectively. Among the patients
from the ICU cohort, a spoon-shaped association was observed between minimum SpO, and the risk of in-hospital mortal-
ity (non-linear P<0.0001). In comparison with minimum SpO, of 93-97%, the minimum SpO,>97% was associated with
a significantly higher risk of in-hospital mortality after adjustment for confounders. Sensitivity analysis conducted using
propensity score matching did not change this significance. The same spoon-shaped association between minimum SpO, and
the risk of in-hospital mortality was also detected for the general ward cohort. In comparison with the group with 95-97%
SpO,, the group with SpO,>97% showed a stronger association with, but non-significant risk for, in-hospital mortality after
adjustment for confounders. The time-weighted average SpO,>97% was associated significantly with in-hospital mortality
in both cohorts.

Conclusion Higher SpO, (especially a minimum SpO,>97%) was unrewarding after liberal use of oxygen among patients
with sSICH and might even be potentially detrimental.
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Pa0O2 Partial pressure of oxygen in arterial blood
HR Hazard ratio
Introduction

Since the advent of oxygen therapy, liberal oxygen has been
routinely administrated for the management of emergent
diseases [1, 2]. Concerns about the adverse effects of exces-
sive oxygen, however, have grown over the years. Hyper-
oxic conditions may contribute to oxidative stress through
the production of reactive oxygen species (ROS), which is
responsible for the oxidation of lipids, proteins, and nucleic
acids and consequently leading to cellular dysfunction or
death [3, 4]. The mortality rate was documented to be higher
among critically ill patients under a hyperoxic state than
in those under a normoxic state, and an optimal value of
oxygen saturation or partial pressure of oxygen is still incon-
clusive [5-8].

In patients with spontaneous intracerebral hemorrhage
(sICH), activated phagocytes, mitochondria, endoplasmic
reticulum, and red blood cell (RBC) lysates all cause excess
release of ROS, which further exacerbates the inflamma-
tory response, apoptosis, autophagy, and blood-brain bar-
rier (BBB) disruption [9, 10]. Excessive oxygen-mediated
generation of ROS can further aggravate oxidative stress
and contribute to the progression of secondary brain injury.
Hence, it is imperative to carefully determine the endpoint
of oxygen therapy in ICH.

While existing studies have reported the potential draw-
backs of hyperoxia in stroke, the endpoint of liberal use of
oxygen in patients with sSICH has not been clearly defined
[11, 12]. Previous studies tried to use partial oxygen pressure
(Pa0,) rather than pulse oximetry-derived oxygen saturation
(SpO,) to define oxygenation [13—15]. A U-shaped relation-
ship between PaO, and mortality has been discovered in
patients with acute brain injury [15], whereas PaO, is an
invasive assay and cannot be continuously tested, which
results in the limited resolution in detecting hyperoxemia
or hypoxemia and would potentially restrict the analysis on
the correlation of outcomes with time. Herein, we chose
SpO, as an indicator to evaluate oxygenation, given its non-
invasiveness, continuity, and proven ability to detect hyper-
oxia in a neurointensive care unit (detection of PaO, > 100
mmHg: sensitivity = 0.715 [95% confidence interval, CI =
0.712-0.718]; specificity = 0.700 [95% CI = 0.697-0.703])
[16]. Recent research also probed the association between
hyperoxemia (measured by SpO,) and in-hospital mortality
in patients with cerebral injury [17]. Albeit no significant
nonlinear relationship was detected in the ICH subgroup
when SpO, ranged from 93 to 100%, the adjusted ratio
for in-hospital mortality still increased as SpO, increased.
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However, the threshold of SpO, for this subgroup was still
left undiscussed.

Based on the preceding background, the aim of our
research was to investigate the relationship between high
SpO, and short-term mortality among patients with sSICH
after liberal oxygen therapy.

Methods
Data source

Two datasets (the ICU dataset and the general ward dataset)
were used in our study. The ICU dataset was derived from
the publicly available Medical Information Mart for Inten-
sive Care (MIMIC) III database version 1.4, as per the ethi-
cal standards of the institutional review board of the Mas-
sachusetts Institute of Technology (no. 53032805) [18]. The
database gathers information from 2002 to 2011. Hourly
physiologic readings from bedside monitors, validated by
ICU nurses, were recorded.

The general ward dataset obtained from a local tertiary
academic stroke center was approved by the local institu-
tional review boards and covered the time period between
February 2018 and February 2023. Hourly physiologic read-
ings from bedside monitors were validated and manually
entered into electronic health records by nurses. Data were
systematically collected through electronic health records
during June 2023. The requirement for consent was waived.
This research was conducted in accordance with the Helsinki
Declaration.

Study cohorts

This was an exploratory, retrospective cohort study con-
ducted in accordance with the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE)
statement.

(1) ICU cohort

The inclusion criteria were as follows: (1) diagnosis of
sICH based on the International Classification of Diseases
(ICD)-9 code; (2) additional oxygen, including invasive ven-
tilation, non-invasive ventilation, high-flow nasal cannula,
and other supplementary oxygen therapy such as regular
nasal cannula or oxygen mask in the first 24 h in ICU; and
(3) first SpO, at admission > 90% or first PaO, at admission
> 80 mmHg without supplementary oxygen inhalation.

Patients were excluded if they met any of the following
exclusion criteria: (1) repeated ICU stays; (2) individuals
under 16 years old; (3) patients with medical history that
influences respiration and circulation (chronic obstructive
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pulmonary disease, pulmonary embolism, pulmonary fibro-
sis, pulmonary hypertension, acute or chronic heart failure,
acute myocardial infarction, and dilated cardiomyopathy);
(4) failure of circulation at admission, defined as a mean
arterial pressure (MAP) < 70 mm Hg, or vasopressor
requirement to maintain systolic blood pressure (SBP) > 90
mm Hg or MAP > 70 mm Hg, and duration > 1 h in the first
24 h during ICU stay; and (5) dysfunction of microcircula-
tion, defined as lactic acid > 2.0 mmol/dL at admission.

(2) General ward cohort

Given that regular cannula and oxygen masks dominated
the oxygen support in general wards of the local stroke
center, we included individuals who received oxygen ther-
apy through a regular nasal cannula or oxygen mask only.
Patients receiving invasive ventilation, non-invasive venti-
lation, or high-flow nasal cannula were excluded from the
general ward cohort.

The inclusion criteria were as follows: (1) diagnosis of
sICH based on the ICD-9 code; (2) hospitalization in general
wards, (3) additional oxygen through a regular nasal cannula
or oxygen mask in the first 24 h during a hospital stay, and
(4) first SpO, at admission > 90% or first PaO, at admission
> 80 mmHg without supplementary oxygen inhalation.

Patients were excluded if they met any of these criteria:
(1) repeated hospital stays; (2) individuals under 16 years
old; (3) patients with a medical history that influences res-
piration and circulation (chronic obstructive pulmonary dis-
ease, pulmonary embolism, pulmonary fibrosis, pulmonary
hypertension, acute or chronic heart failure, acute myocar-
dial infarction, and dilated cardiomyopathy); (4) failure of
circulation at admission, defined as MAP < 70 mm Hg, or
vasopressor requirement to keep SBP > 90 mm Hg or MAP
> 70 mm Hg, and duration > 1 h in the first 24 h during the
in-hospital stay; (5) dysfunction of microcirculation, defined
as lactic acid > 2.0 mmol/dL at admission; and (6) brain
herniation at admission.

Data extraction

SpO, was chosen as our exposure. SpO, during the first
24 h in ICU or general ward stay was extracted. The mini-
mum and median values of SpO, were calculated, and we
focused on the analysis of minimum SpO, (The reasons
were detailed in Supplementary data 1). Other admission
information (age, gender, comorbidities, hemoglobin value,
sequential oxygen failure assessment (SOFA) score, acute
physiology score IIT (APSIII), Glasgow coma score (GCS),
first arterial blood gas results, vital signs), duration time of
oxygen therapy, main practice of oxygen supplement in the
first 24 h (invasive positive pressure ventilation [[PPV], non-
invasive positive pressure ventilation [NIPPV], high-flow

nasal cannula [HFNC], regular nasal cannula, and oxygen
mask), length of ICU and hospital stay, any positive cul-
ture of pathogen from pulmonary specimen, and surgical
procedures were also collected. For patients who received
multiple oxygen support therapies in the first 24 h, only the
one with the longest duration was recorded. For the general
ward cohort, data on the location and volume of hematoma
and intraventricular hemorrhage (IVH) were also extracted.

Outcome measurements

The primary outcome was in-hospital mortality, while the
secondary outcome was all-cause death and survival time.

Statistical analysis

Variables with > 10% missing data were excluded before
imputation. Missing data were otherwise imputed by an
iterative imputation method (missForest) based on a random
forest [19]. Continuous variables were expressed as mean
with standard deviation (SD) when normally distributed or
median with interquartile range (IQR) if the distribution was
skewed. Categorical variables were presented as event num-
bers with percentages.

(1) Analysis on the ICU cohort

To investigate the non-linear relationship between SpO,
and in-hospital mortality, a restricted cubic splines (RCS)
regression model was employed. A spoon-shaped associa-
tion was noted through the RCS regression analysis, with
five knots observed at the 5th, 27.5th, 50th, 72.5th, and
95th percentiles of minimum and median SpO,. In light of
the nonlinear curves, we divided patients into four groups
based on minimum SpO, values as follows: intermediate
group (93-97%, the flattest part of the bottom of the curve),
high group (>97%), slightly lower group (88-93%), and low
group (<88%).

The independent effect of minimum SpO, on mortality
was investigated by adjusting other confounders (including
the severity of sICH, the physiological status of patients,
and treatment after admission). Baseline characters with
P<0.1 in the univariate analysis or factors considered to
be associated with mortality by physicians were primarily
analyzed. Lasso regression analysis was then performed
to eliminate variables with collinearity. Other remaining
variables such as GCS, age, gender, APSIII at admission,
therapies for ICH (surgery or conservative treatment),
and main practices in oxygen support (IPPV, NIPPV or
HFNC, nasal cannula or oxygen mask) were included in
the multivariate logistic regression model to measure the
independent effect of SpO, on in-hospital mortality. To
further focus on the association between hyperoxia and
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mortality, the time-weighted average SpO, > 97% (TWA-
Sp0O,>97%) was calculated. The detailed algorithm of
TWA-SpO, is illustrated in Supplementary data 2.. RCS
regression and multivariate logistic regression were under-
taken to evaluate the associations between hyperoxia expo-
sure (TWA-SpO,>97%) and in-hospital death.

Subgroup analyses were conducted to explore if the
spoon-shaped association between minimum SpO, and
in-hospital mortality interacts with other factors such as
degree of consciousness (evaluated by GCS of 3-8, 9-12,
13-15), age of patients (classified by approximal quan-
tiles: <60, 60-70, 70-80, >80 years), the main practice
of oxygen support (high support: IPPV; moderate support:
NIPPV or HFNC; low support: regular nasal cannula or
oxygen mask), any positive culture of pathogen from pul-
monary specimens, and ICH therapy (surgery or conserva-
tive treatment).

To assess the robustness of our results and minimize
bias, a sensitivity analysis using propensity score match-
ing (PSM) was performed. The analysis focused on the
comparison of high and intermediate SpO, groups. The
results of PSM were incorporated into the final multivari-
able logistic model. Finally, restricted mean survival time
(RMST) analyses were also performed to compare life
expectancy differences between the selected SpO, groups
(high and intermediate SpO, groups) after PSM [20].

(2) Analysis on the general ward cohort

The ICU cohort was the major cohort, given its larger
sample size than the general ward cohort. The latter
was used for the supplementary analysis of the primary
outcome, as its relatively small sample size prevented a
comparable subgroup analysis. Univariate and multivari-
ate RCS were undertaken to test the nonlinear relation-
ship between minimum and median SpO, and in-hospital
mortality. Factors such as location of hematoma, volume
of hematoma, IVH, GCS, age, gender, and ICH therapy
(surgery or conservative treatment) were included in the
multivariate logistic regression model.

Depending on the non-linear RCS curves, minimum
SpO, was divided into several groups as follows: inter-
mediate group (95-97%, the flattest part of the bottom
of the curve), higher group (>97%), and slightly lower
group (<95%). Univariate and multivariate logistic regres-
sion models were generated to measure the independent
effect of SpO, on in-hospital mortality. To further focus
on the association between hyperoxia and mortality, TWA-
Sp0,>97% was also calculated. RCS regression and mul-
tivariate logistic regression were undertaken to evaluate
the associations between hyperoxia exposure (TWA-
Sp0,>97%) and in-hospital death.
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The significance level was set to P<0.05 using the two-
sided test. Statistical analyses were performed by R version
4.2.0.

Results

In total, 1367 patients with SICH from the MIMIC III data-
base and 400 individuals from the local stroke center were
screened. Following the application of the exclusion crite-
ria, 1117 and 372 patients for the ICU cohort and general
ward cohort, respectively, were included in the final analysis
(Fig. 1).

Variables with >10% missing data (PaO,, partial pres-
sure of carbon dioxide [PaCO,], PH (potential of hydrogen),
base excess, SOFA score, and APS III for the general ward
cohort) were excluded from the analysis. For the remaining
variables, the missing data were imputed by random for-
est. In the ICU cohort, the median age of patients was 69
years and the majority of them chose conservative treatment
(84.9%) instead of surgical treatment (15.1%). Their median
GCS was 8. In the general ward cohort, the median age of
patients was 66 years; their median GCS was 12, and the
median hematoma volume was 20 mL. The median SpO,
value at admission was 94% and 98% for the ICU and gen-
eral ward cohort, respectively. The characteristics of the two
cohorts are detailed in Tables 1 and 2.

Analysis of the ICU cohort

Primary outcome: SpO, and in-hospital mortality in the ICU
cohort

Among 1117 patients, 406 in-hospital deaths were identified.
Variables, including age, hemoglobin, GCS, SOFA score,
APSIII, surgical procedure, first blood gas results, SpO,,
and main practice in oxygen support, were all significantly
associated with in-hospital mortality. Variables with collin-
earity were eliminated, while other remaining variables such
as GCS, age, gender, APSIII at admission, main practices
in oxygen support (IPPV, NIPPV or HFNC, nasal cannula
or oxygen mask), and ICH therapy (surgery or conservative
treatment) were adjusted in further multivariate models.
The roughly nonlinear relationship of minimum SpO,
with in-hospital mortality is descriptively illustrated using
the locally weighted scatterplot smoothing (LOWESS)
algorithm in Fig. 2A. Multivariate restricted cubic splines
regression revealed the spoon-shaped association between
the minimum (nonlinear P<0.0001), median SpO, (nonlin-
ear p=0.0002), and the risk of in-hospital mortality. These
results highlight the potential harm of the hyperoxia state
(Fig. 2B, C). A minimum SpO, value of 96% and a median
SpO, of 97% were associated with the lowest odds for
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Patients from MIMIC III
(1397)

Repeated ICU stays
(244)

Age under 16 years
(U]

Patients with medical history
that influence respiration and
circulation

©

Failure of circulation at
admission

s)

Dysfunction of microcirculation
at admission

1s)

ICU cohort
(1117)

Fig.1 Study cohorts

in-hospital mortality. We transformed the continuous mini-
mum SpO, values into four levels as follows: intermediate
group (93-97%, the flattest part of the bottom of the curve),
high group (>97%), slightly lower group (88-93%), and low
group (<88%).

We measured the relative ORs for in-hospital mortality
by performing univariate and multivariate logistic regression
analyses. The unadjusted and adjusted ORs for in-hospital
mortality were significantly higher for the low SpO, group
(<88%, adjusted OR, 4.41; 95% CI, 2.66—7.45) and high
SpO, group (>97%, OR, 1.54; 95% CI, 1.03-2.29) than for
the intermediate group (93-97%) (Fig. 3A, B, Table 3). Fur-
ther, we focused on the exposure to SpO,>97%, the risk for
in-hospital death rises as the TWA-SpO, increases (Fig. 3C).
Each percent increment in TWA-SpO, was associated with
increased odds of death by about 41% (adjusted OR=1.41,
95% CI=1.19-1.68, p=0.005).

We performed subgroup analyses to investigate if the
spoon-shaped association between SpO, and in-hospital
mortality was influenced by other factors such as degree of
consciousness (evaluated by GCS of 3-8, 9-12, 13-15), age
of patients (classified by approximal quantiles: <60, 60-70,
70-80, >80 years), practice of oxygen support (high support:
IPPV; moderate support: NIPPV or HFNC; low support:
regular nasal cannula or oxygen mask), any positive culture
of pathogen from pulmonary specimen (positive or nega-
tive), and ICH therapy (surgery or conservative treatment).
The death risk was significantly higher in both low and high
SpO, groups than in the intermediate group considering the
subgroups of GCS 3-8, negative pathogen culture from the

Patients from the local
stroke center
(400)
Repeated hospital stays
©)

Age under 16 years
0

Patients with medical history
that influence respiration and
circulation

(©)

Failure of circulation at
admission

“)

Dysfunction of microcirculation
at admission

3
Brain herniation at admission

(16)

General ward cohort
(372)

pulmonary specimen, conservational therapy for sSICH, and
low oxygen support (Table 4, Fig. 4).

Sensitivity analysis and secondary outcome
in the ICU cohort

We performed a sensitivity analysis using PSM to assess the
robustness of our results and minimize bias. We focused on
a comparison of high (>97%) and intermediate (93-97%)
SpO, groups and balanced the between-group baseline char-
acters (Table 5). We added the result of the propensity score
to the final multivariable logistic model and still found that
the high SpO, group had a significantly higher risk of in-
hospital mortality than the intermediate SpO, group (OR
1.64, 95% CI 1.05-2.59).

To further clarify the link between high SpO, and sur-
vival time, we conducted PSM and then compared the
RMST in the matched cohort at different follow-up times
(30, 60, and 90 days). The difference in RMST between the
groups, calculated as life expectancy difference (LED), was
found to be significantly preponderant in the intermediate
SpO, group at 30- and 90-day follow-up (Table 6).

Analysis in the general ward cohort

Eighty-six in-hospital deaths were identified among 372
patients from the general ward cohort. Confounders, includ-
ing GCS, age, hemoglobin, therapy for ICH (surgery or
conservative treatment), location of hematoma, IVH, and
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Table 1 Characteristics of

i Characteristics of the ICU cohort Overall (n=1117) In-hospital survi- Non-survivor in P value
the ICU c‘oh.ort and .umvarlate vor (n=711) hospital (n=406)
analysis for in-hospital
mortality Age, years (median [IQR]) 69 [57, 80] 66 [17, 89] 75 23, 89] <0.001
Sex (N, (%))
Female 500 (44.8) 313 (44.0) 187 (46.1) 0.551
Male 617 (55.2) 398 (56.0) 219 (53.9)
Medical history (N, (%))
Hypertension 560 (50.1) 350 (49.2) 210 (51.7) 0.113
DM 103 (9.2) 61 (8.6) 42 (10.3) 0.291
Admission variables
Hb_min (mean (SD)) 11.62 (2.08) 11.72 (1.99) 11.41 (2.22) 0.029
Hb_max (mean (SD)) 12.83 (1.99) 12.91 (1.94) 12.68 (2.06) 0.065
SOFA (median [IQR]) 312,5] 312,4] 412, 6] <0.001
APSIII (median [IQR]) 28 [18, 35] 22 [16, 21] 3219, 36] <0.001
GCS (median [IQR]) 8 [6, 14] 11[7,15] 61[4,7] <0.001
Surgical procedure (N, (%))
Yes 169 (15.1) 139 (19.5) 30(7.4) <0.001
No 948 (84.9) 572 (80.5) 376 (92.6)
Oxygenation at admission
SpO,, %, (median [IQR]) 94 (92, 97] 94 [92, 96] 94 (88, 97] <0.001
PaO,, mmHg, (median [IQR]) 203 [142, 335] 186 [143, 244] 281 [150, 387] <0.001
PaCO,, mmHg, (mean (SD)) 39 (8) 38 (7) 40 (8) 0.002
PH (mean (SD)) 7.41 (0.07) 7.42 (0.06) 7.41 (0.08) 0.001
Base excess (mean (SD)) 0.5 3.1) 0.6 (2.7) 0.4 (3.7) 0.298
Main practice in oxygen support in first 24 h (N, (%))
IPPV 317 (28.4) 183 (25.7) 134 (33.0) <0.001
NIPPV or HENC 276 (24.7) 251 (35.3) 25(6.2)
Nasal cannula or mask 524 (46.9) 277 (39.0) 247 (60.8)
Positive culture of pathogen (N, (%))
Pulmonary 204 (18.3) 136 (19.1) 68 (16.7) 0.363
Blood 99 (8.9) 72 (10.1) 27 (6.7) 0.063
Urine 193 (17.3) 131 (18.4) 62 (15.3) 0.208
Cerebrospinal fluid 14 (1.2) 10 (1.4) 4 (1.0) 0.742
ICU stay, days (median [IQR]) 4 [2, 10] 52, 11] 2 (1, 6] <0.001

SD standard deviation, /QR interquartile range, Hb hemoglobin, /PPV invasive positive pressure ventila-
tion, NIPPV non-invasive positive pressure ventilation, HFNC high-flow nasal cannula

volume of hematoma, were considered as covariates and
adjusted in further multivariate models.

The roughly nonlinear relationship between minimum
SpO, and in-hospital mortality in the general ward cohort
is descriptively illustrated by LOWESS in Fig. 5SA. The
multivariate RCS regression analysis results confirmed the
spoon-shaped association between minimum SpO, (non-
linear, P=0.0056), median SpO, (nonlinear, P=0.0018),
and the risk of in-hospital mortality in the general ward
cohort (Fig. 5B, C). We found that a minimum SpO, of
96% and a median SpO, of 97% were associated with the
lowest odds for in-hospital mortality in the multivariate
model (Fig. 5B, C). Based on the nonlinear curve of mini-
mum SpO, values, we divided patients into three groups
as follows: intermediate group (95-97%, the flattest part
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of the bottom of the curve), higher group (>97%), and
slightly lower group (<95%).

We also measured the relative OR for in-hospital mor-
tality by performing univariate and multivariate logistic
regression analyses. The unadjusted OR for in-hospital
mortality was significantly higher for the slightly low SpO,
group (<95%, OR=4.15, P<0.001) and high SpO, group
(>97%, OR=2.33, P=0.015) than for the intermediate
group (95-97%). In the multivariate model, the odds of in-
hospital death were still higher in the high SpO, group, but
no statistical significance was observed (Table 7). Whereas
in the analysis of TWA-SpO,, the risk for in-hospital death
rises as the TWA-SpO, increases (Supplementary data 3).
When exposed to SpO, > 97%, each percent increment in
TWA-SpO, was associated with increased odds of death
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Table 2 Characteristics of the general ward cohort and univariate analysis for in-hospital mortality

Characteristics of the general ward cohort Overall (n=372) In-hospital survivor Non-survivor in hospital P value
(n=286) (n=86)
Age, years (median [IQR]) 66 [55, 74] 65 [55, 73] 69 [59, 84] <0.001
Sex (N, (%))
Male 245 (65.9) 186 (65.0) 59 (68.6) 0.629
Female 127 (34.1) 100 (35.0) 27 (31.0)
Location
Basal ganglia 64 (17.2) 43 (15.0) 21 (24.4) <0.001
Thalamus 136 (36.6) 114 (39.9) 22 (25.6)
Brain lobe 120 (32.3) 93 (32.5) 27 (31.4)
Primary IVH 0(0.0) 0(0.0) 0(0.0)
Cerebellum 39 (10.5) 32(11.2) 7(8.1)
Brainstem 13 (3.5) 4(1.4) 9 (10.5)
Medical history (N, (%))
Hypertension 223 (59.9) 174 (60.8) 49 (57.0) 0.606
DM 35(09.4) 24 (8.4) 11 (12.8) 0.310
Smoke (N, (%)) 119 (32.0) 190 (66.4) 63 (73.3) 0.290
Admission variables
Hb_min (mean (SD)) 11.94 (2.14) 12.13 (1.57) 11.71 (1.23) 0.031
Hb_max (mean (SD)) 12.87 (2.47) 12.98 (2.03) 12.48 (2.71) 0.074
GCS (median [IQR]) 12 [7, 15] 14 [10, 15] 74, 9] <0.001
Surgical procedure (N, (%))
Yes 104 (28.0) 81 (28.3) 23 (26.7) 0.882
No 268 (72.0) 205 (71.7) 63 (73.3)
Oxygenation at admission
SpO,, %, (median [IQR]) 98 [97, 99] 98 [98, 99] 98 [96, 99] 0.640
Volume of hematoma, mL, (median [IQR]) 20 [8, 40] 14 [6, 30] 40 [25, 58] <0.001
Secondary IVH (N, (%)) 187 (50.3) 126 (44.1) 61 (70.9) <0.001
Positive culture of pathogen (N, (%))
Pulmonary 44 (15.4) 31 (10.8) 13 (15.1) 0.112
Blood 9(24) 6(2.1) 3(3.5) 0.184
Urine 19(5.1) 15(5.2) 4 (4.6) 0.411
Cerebrospinal fluid 0(0.0) 0(0.0) 0(0.0) -
Hospital stay, days (median [IQR]) 13 [6, 20] 1510, 21] 412,7] <0.001

1VH intraventricular hemorrhage, SD standard deviation, /QR interquartile range, Hb hemoglobin

by about 11% (adjusted OR=1.11, 95% CI=1.03-1.44, p
= 0.035).

Discussion

In this retrospective cohort study, we investigated the rela-
tionship between high SpO, levels and in-hospital mortality
and survival outcomes. To this end, we found SpO, to be
associated with in-hospital mortality, and their relationship
exhibited a spoon-shaped pattern. An SpO, value >97%
showed no benefits to patients with sICH and was thought
to be related to a higher risk of in-hospital mortality.

The deleterious effects of supplemental oxygen are prom-
inently linked to its physiological and biochemical action [4,
22]. Physiologically, oxygen induces hemodynamic changes
such as vasoconstriction of the systemic circulation and
vasodilation of the pulmonary vasculature. Inhaling a high
concentration of oxygen can lead to a replacement of nitro-
gen in the alveoli. The alveoli collapse as oxygen rapidly
diffuses into the blood, resulting in resorptive atelectasis
[23]. Biochemically, oxygen inhalation could promote the
formation of ROS, including hydroxyl radical and perox-
ynitrite, which are extremely unstable with unpaired elec-
trons. These molecules frequently react with lipids, proteins,
and nucleic acids and contribute to uncontrolled oxidative
stress, followed by cellular necrosis or apoptosis [24]. These

@ Springer



45 Page 8 of 13 Neurosurgical Review (2024) 47:45
A B c
1 1 1
1 1 1
1 1 1
0.9 I 1 | 34
2 31 1 1 1
© = 1 1 1 =
S o 1 1 1 o
€ 06- < \ | | x
= 3 1 1 1 &
o
@D x 2 1 1 1 ©
o
£ o I I ©
£03- 1 |
1 1
L]
=T =-=-=--r 1 -
00- e ) o ! | |
25 50 75 100 85 %0 9 100 Py % % 00
minimum SpO2 minimum SpO2 in 24h

Fig.2 Relationship between SpO, and in-hospital mortality in the
ICU cohort. A. The roughly nonlinear relationship between minimum
SpO, and mortality is descriptively illustrated by the locally weighted
scatterplot smoothing (LOWESS) algorithm. B. Spoon-shaped asso-
ciation of minimum SpO, with in-hospital mortality in the multivari-
ate restricted cubic spline regression model (adjusted to GCS, age,
gender, APSIII at admission, practices in oxygen support, and therapy
for ICH [surgery or conservative treatment]). The nonlinear p was <
0.0001. The minimum SpO, value of 96% is associated with the low-

median SpO2 in 24h

est odds for in-hospital mortality. The vertical dashed lines indicate
SpO, values of 88%, 93%, and 97%. The shadowed area represents
the 95% confidence intervals for the spline model. OR indicates odds
ratio. C. Spoon-shaped association of median SpO, with in-hospital
mortality in the multivariate restricted cubic spline regression model
(adjusted to GCS, age, gender, APSIII at admission, practices in
oxygen support, and therapy for ICH [surgery or conservative treat-
ment]). The nonlinear p was = 0.0002. The median SpO, value of
97% is associated with the lowest odds for in-hospital mortality
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Fig.3 Comparison of different SpO, levels according to in-hospital
mortality for the ICU cohort. A. Univariate logistic regression: In
comparison with the intermediate SpO, group (93-97%), the low
SpO, group (<88%, OR, 6.82; 95% CI, 4.56-10.39) and the high
SpO, group (>97%, OR, 2.67; 95% CI, 1.91-3.75) showed signifi-
cantly higher ORs for in-hospital mortality. B. Multivariate logistic
regression conducted after adjusting for GCS, age, gender, APSIII at
admission, practices in oxygen support, and ICH therapy (surgery or

previous findings serve as a potential theoretical basis for
the spoon-shaped pattern of the interaction of SpO, with
mortality observed herein.

While previous preclinical studies have underlined the
potential toxicity of excessive oxygen, there has been no
consensus on the relationship between high SpO, and mor-
tality. A large meta-analysis of acutely ill adults reported
that supplemental oxygen might become unfavorable above

@ Springer

conservative treatment). Multivariate logistic regression on the four
groups of minimum SpO, also demonstrates the significant higher
ORs in the low SpO, and high SpO, groups than in the intermediate
SpO, group. C. Multivariate RCS regression conducted after adjust-
ing for GCS, age, gender, APSIII at admission, practices in oxygen
support, and ICH therapy (surgery or conservative treatment): when
exposed to Sp0O,>97%, the risk for in-hospital death rises as the
TWA-SpO, increases.

an SpO, range of 94-96% [7]. The British Thoracic Society
issued guidelines on oxygen use and recommended a tar-
geted SpO, of 94 to 98% in acutely ill patients without type
2 respiratory failure [25]. The same targeted SpO, range
was reiterated by another retrospective study [5]. While
the subsequent guidelines recommended an SpO, < 96%
for patients receiving oxygen therapy, a target SpO, range
of 90-94% was deemed reasonable for most patients and
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Table 3 Comparison of different SpO, groups from the ICU cohort
according to in-hospital mortality based on logistic regression analy-
sis

Unadjusted Adjusted”

OR (95% CI) Pvalue OR (95% CI) P value
<88% 6.82 (4.56,10.39) <0.001 4.41(2.66,7.45) <0.001
88-93% 1.00 (0.70,1.42) 0.99 1.34 (0.86,2.08) 0.19
93-97% 1 (reference) - 1 (reference) -
>97% 2.67(191,3.75) <0.001 1.54(1.03,2.29) 0.03

*Multivariate logistic regression after adjusting for GCS, age, gender,
APSIII at admission, main practices in oxygen support, and therapy
for ICH (surgery or conservative treatment)

88-92% was advisable for those at risk of hypercapnic res-
piratory failure [6]. In our analysis, the OR for in-hospital
mortality was the lowest when the minimum SpO, ranged
from 93 to 97% in patients with sICH after liberal use of
oxygen. Noticeably, the optimal interval in our study was the
minimum of SpO,, while a median SpO, of 97% was associ-
ated with the lowest mortality. In terms of the optimal mini-
mum and median SpO, in our sICH cohorts, the relatively
safe SpO, interval was actually higher than most studies on
the general ICU population, which echoes a previous study
on acute brain injury [15]. This could be explained by the
extreme vulnerability of the brain to hypoxia compared with
other organs. What is more, autophagy could be initiated

under oxidative stress in the brain, and according to previous
studies, activated autophagy can provide antioxidant defense
for the brain after stroke, which confers certain tolerance or
remediation for stroked brain [26, 27].

While the various target SpO, values seemed dazzling,
the nonlinear dose-dependent relationship between SpO, and
mortality observed herein is consistent with that reported
in a previous research [5]. One might infer that the shape
and the position of the spoon-shaped curve could be con-
tingent upon situations, leading to the heterogeneity of the
targeted SpO, range. Such presumption could be verified in
our subgroup analysis. In the separate analysis of the surgery
subgroup, the spoon-shaped association became much flat-
ter and was hardly recognized as compared with that in the
conservative treatment subgroup (Fig. 4A). The line graph
inferred that patients with sICH undergoing surgery may
exhibit better tolerance to high SpO, than those receiving
conservative therapy, consistent with the recent findings on
the ROS-mediated aggravation of cerebral edema through
the destruction of endothelial cells of the blood-brain bar-
rier (BBB) and downregulation of AQP4 proteins on the
astrocytes of BBB [10, 21]. High SpO, is associated with
the potential exacerbation of perihematomal edema (PHE).
Surgery can alleviate the occupancy effect of hematoma
and PHE and increase the tolerance to hyperoxia. The same
alteration in the spoon-shaped relation between minimum
SpO, and mortality was observed in different GCS groups
(Fig. 4B). In comparison with individuals with GCS 3-8,

Table 4 Adjusted ORs for

. i o Low Slightly low Intermediate High
in-hospital mortality in the <88% 88-93% 93-97% ~97%
subgroup analysis for the ICU
cohort OR OR P OR P OR P
Treatment
Nonsurgical 5.17 <0.001 1.47 0.10 1 - 1.54 0.048
Surgery 1.14 0.88 0.54 0.45 1 - 1.55 0.41
GCS
3-8 7.08 <0.001 0.96 0.90 1 - 1.74 0.01
9-12 1.62 0.42 2.13 0.07 1 - 1.07 0.91
13-15 4.14 0.01 1.00 0.99 1 - 2.09 0.53
Age
<60 years 2.56 0.07 1.36 0.48 1 - 1.12 0.77
60-70 years 7.20 0.004 2.34 0.14 1 - 2.17 0.11
70-80 years 4.48 0.007 0.62 0.30 1 - 1.40 0.40
>80 years 7.33 <0.001 1.87 0.11 1 - 1.97 0.09
Main support in oxygen supplementation in the first 24 h
Low 3.45 <0.001 1.99 0.02 1 - 1.95 0.01
Moderate 4.74 0.02 0.73 0.60 1 - 1.72 0.43
High 7.29 <0.001 0.98 0.98 1 - 0.98 0.94
Positive culture of a pathogen from pulmonary specimen
Positive 1.74 0.37 1.95 0.13 1 - 0.88 0.77
Negative 5.05 <0.001 1.11 0.69 1 - 1.82 0.01
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significantly higher death risks considering the subgroups of GCS
3-8, negative pathogen culture from the pulmonary specimen, con-
servational therapy for sICH, and low oxygen support

Table 5 Baseline characteristics of the ICU cohort grouped as per the minimum SpO, value in the first 24 h before and after PSM

Before PSM After PSM
93-97% (N=567) >97% (N=194) P value 93-97% (N=164) >97% (N=164) P value
Gender
F 243 (42.9) 117 (60.3) <0.001 89 (54.3) 94 (57.3) 0.657
M 324 (57.1) 77 (39.7) 75 (45.7) 70 (42.7)
Age, mean (SD) 65 (16) 68 (16) 0.0223 68 (15) 68 (15) 0.962
Hb, mean (SD) 13.0 (2.00) 12.4 (1.85) <0.001 12.6 (2.02) 12.6 (1.77) 0.996
SOFA, mean (SD) 4(2) 312 <0.001 32 3(2) 0.823
APSIII, mean (SD) 23 (10) 25(11) 0.096 24 (12) 24 (13) 0.922
Surgery
N 464 (81.8) 164 (84.5) 0.456 137 (83.5) 141 (86.0) 0.645
Y 103 (18.2) 30 (15.5) 27 (16.5) 23 (14.0)
GCS, mean (SD) 94) 6(3) <0.001 6(3) 6(3) 0.74
Oxygen support (N, (%))
Low 341 (60.1) 123 (63.4) 0.015 86 (52.4) 103 (62.8) 0.220
Moderate 144 (25.4) 32 (16.5) 39 (23.8) 29 (17.7)
High 82 (14.5) 39 (20.1) 39 (23.8) 32 (19.5)

those with GCS 9-12 and 13-15 showed no positive cor-
relation between high SpO, and mortality. Thus, patients
with higher GCS scores might suffer from less occupancy
effects of hematoma and can be tolerant to PHE exacerbated
by excessive ROS.

In the general ward cohort, SpO, and mortality exhibited a
spoon-liked relationship in the RCS regression, whereas the

@ Springer

significance of higher death risk in the high SpO, interval
(minimum SpO, >97% vs minimum SpO, of 95-97%) was
lost in the logistic regression. This observation was different
from that in the ICU cohort. The relationship between the
exposure to Sp0,>97% and in-hospital mortality remains
significant in the general ward cohort (adjusted OR for
TWA-SpO,=1.11, p=0.035), while the risk seems lower than



Neurosurgical Review (2024) 47:45

Page110f13 45

Table 6 Restricted mean survival time analysis in the matched ICU
cohort (93-97% and >97%)

Truncation time After PSM

LED® (95% CI), days P
30 days —2.95 (-5.69 to —0.21) 0.035
60 days —5.83 (—=11.65 to —0.01) 0.050
90 days —8.55 (—=17.46 t0 0.35) 0.060

SLED (life expectancy difference): obtained by taking the difference
between the mean survival time in the high SpO, and intermediate
SpO, arms at selected time points (truncation time)

that in the ICU cohort (adjusted OR for TWA-SpO,=1.41,
p=0.005). These discrepancies might be explained by differ-
ent consciousness statuses in the two cohorts. According to
the subgroup analysis of the ICU cohort, the positive correla-
tion between high SpO, and mortality lost its significance in
the subgroups of GCS 9-12 and 13-15 as compared with that
in individuals with GCS 3-8. As the median GCS score was
12 in the general ward cohort, the risk of hyperoxia might be
weakened for these patients. Still and all, a cumulatively high
dose of oxygen exposure might also be dangerous for those
patients according to our time-weighted analysis.

The present study has a few limitations. First, we only
enrolled individuals with first SpO, >90% or first PaO, at
admission >80 mmHg without any oxygen support. Our find-
ings may not be generalizable among patients with severe
respiratory failure at admission. Second, the time points for
our two cohorts differ a lot, which brings about potential time

>
(o9)

bias. Third, we focused on the analysis of minimum SpO,,
which is a single value without consideration of the time
that holds at the minimum SpO,. Fourth, due to the origin
of the ICU patients (MIMIC-III database), our result might
be influenced by many factors such as hematoma volume,
location of hematoma, hematoma expansion in the first 24 h,
hydrocephalus, intake of anticoagulants, and time between
injury and surgery. Fifth, as this was a retrospective cohort
study, it could hardly infer causality. Further large-sample
prospective research is warranted to verify our viewpoint.

Despite these limitations, our study elucidated the non-
linear spoon-shaped relationship between SpO, and short-
term mortality and further explored the interval related to
the lowest risk for death among patients with sICH. These
results lay a foundation for future prospective studies and
clinical work.

Table 7 Comparison of different SpO, groups according to in-hospi-
tal mortality based on logistic regression analysis of the general ward
cohort

Unadjusted Adjusted”

OR (95% CI) Pvalue OR (95% CI) P value
<95% 4.15(0.08,0.21) <0.001 3.36 (1.66,7.07) <0.001
95-97% 1 (reference) - 1 (reference) -
>97% 2.33(1.17,4.66) 0.015 1.74 (0.76,3.97)  0.185

*Adjusted to GCS, age, hemoglobin, ICH therapy (surgery or con-
servative treatment), location of hematoma, IVH, and volume of
hematoma
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Fig.5 Relationship between SpO, and in-hospital mortality in the
general ward cohort. A. The roughly nonlinear relationship between
minimum SpO, and mortality is descriptively illustrated by the
locally weighted scatterplot smoothing (LOWESS) algorithm. B.
Spoon-shaped association between minimum SpO, and in-hospital
mortality in the multivariate restricted cubic spline regression model
(adjusted for GCS, age, hemoglobin, therapy for ICH [surgery or
conservative treatment], location of hematoma, IVH, and volume of
hematoma), nonlinear P = 0.0056. The minimum SpO, of 96% is
associated with the lowest odds for in-hospital mortality. The vertical

|
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dashed lines indicate SpO, values of 95% and 97%. The shadowed
area represents the 95% confidence intervals for the spline model.
OR indicates the odds ratio. C. Spoon-shaped association between
median SpO, and in-hospital mortality in the multivariate restricted
cubic spline regression model (adjusted for GCS, age, hemoglobin,
therapy for ICH [surgery or conservative treatment], location of
hematoma, IVH, and volume of hematoma), nonlinear P = 0.0018.
The median SpO, of 97% is associated with the lowest odds for in-
hospital mortality
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Conclusion

After liberal oxygen use in patients with sSICH, higher SpO,
(especially a range of minimum SpO, >97%) is associated
with worse outcomes in the most severe patients according
to the level of consciousness (GCS 3-8 points). The poten-
tial harm of cumulatively high doses of oxygen exposure
should not be neglected in mild or moderate patients in the
general ward either.
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