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High-normal PaCO2 values might be
associated with worse outcome in patients
with subarachnoid hemorrhage – a
retrospective cohort study
Tilman Reiff, Oliver Barthel, Silvia Schönenberger and Sibu Mundiyanapurath*

Abstract

Background: While both hypercapnia and hypocapnia are harmful in patients with subarachnoid hemorrhage
(SAH), it is unknown whether high-normal PaCO2 values are better than low-normal values. We hypothesized that
high-normal PaCO2 values have more detrimental than beneficial effects on outcome.

Methods: Consecutive patients with aneurysmal subarachnoid hemorrhage (aSAH) requiring mechanical ventilation
treated in a tertiary care university hospital were retrospectively analyzed regarding the influence of PaCO2 on
favorable outcome, defined as modified Rankin scale score < 3 at discharge. Primary endpoint was the difference in
the proportion of PaCO2 values above 40 mmHg in relation to all measured PaCO2 values between patients with
favorable and unfavorable outcome.

Results: 150 patients were included. Median age was 57 years (p25:50, p75:64), median Hunt-Hess score was 4 (p25:
3, p75:5). PaCO2 values were mainly within normal range (median 39.0, p25:37.5, p75:41.4). Patients with favorable
outcome had a lower proportion of high-normal PaCO2 values above 40 mmHg compared to patients with
unfavorable outcome (0.21 (p25:0.13, p75:0.50) vs. 0.4 (p25:0.29, p75:0.59)) resulting in a lower chance for favorable
outcome (OR 0.04, 95% CI 0.00–0.55, p = 0.017). In multivariable analysis adjusted for Hunt-Hess score, pneumonia
and length of stay, elevated PaCO2 remained an independent predictor of outcome (OR 0.05, 95% CI 0.00–0.81, p =
0.035).

Conclusions: A higher proportion of PaCO2 values above 40 mmHg was an independent predictor of outcome in
patients with aSAH in our study. The results need to be confirmed in a prospective trial.

Keywords: Subarachnoid hemorrhage, Hypercapnia, Carbon dioxide reactivity, Risk factors, Outcome, Partial
pressure of carbon dioxide

Subject codes: Subarachnoid hemorrhage, hypercapnia, carbon dioxide reactivity, ventilation, outcome, aneurysm.

Background
Subarachnoid hemorrhage (SAH) has a high mortality
rate and patients suffering from SAH show high rates of
disability [1–5]. Many patients endure further neurologic
deterioration in the intensive care unit (ICU) after initial
treatment [4]. Therefore, knowledge of relevant prognos-
tic factors during treatment is essential. Differences in
ventilation are one of the factors affecting clinical

outcome. Both hypercapnia and hypocapnia have been
shown to be correlated with worse outcome [6–9]. Hy-
percapnia causes an increase of intracranial pressure
(ICP) by vasodilatation [8, 10–12], even when cerebral
autoregulation is deranged as in aneurysmal SAH
(aSAH) [13–16]. It can lead to secondary brain injury
and worse outcome [6, 17]. Furthermore, other effects of
hypercapnia as acidosis with negative effects on brain
metabolism contribute to the deleterious effects of hy-
percapnia [12, 18]. On the other hand, hypercapnia
causes dilatation of arterial cerebral vessels with
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enhanced cerebral blood flow (CBF) putatively improv-
ing cerebral oxygenation. A recent retrospective study
on patients with SAH discovered that patients with ar-
terial partial pressure of carbon dioxide (PaCO2) values
above 48mmHg had a lower rate of favorable clinical
outcome [19]. It therefore remains doubtful whether the
positive effects of hypercapnia through increased CBF
leading to increased brain oxygenation which might pre-
vent ischemic lesions outweigh the detrimental effects.
Prolonged hypocapnia induced by hyperventilation, on
the other hand, has been shown to be harmful for pa-
tients with SAH as well [6, 12, 19]. An induced reduc-
tion of PaCO2 below 35 mmHg does not improve clinical
outcome in these patients. CBF decreases to levels that
can cause ischemia and the reduction of intracranial
pressure is not only temporary but can also cause re-
bound intracranial hypertension when normocapnia is
restored. Moreover, hypocapnia has deleterious effects
on lung compliance, airway resistance, myocardial oxy-
gen supply and systemic oxygenization [6]. Therefore, a
pressure within the normal range seems to be reason-
able. Many neurointensivists prefer a low-normal PaCO2

of 35–40mmHg based on theoretical assumptions and
clinical practice [20]. There is not enough evidence to
answer the question whether high-normal (40–45
mmHg) or low-normal PaCO2 values (30–35 mmHg) are
beneficial regarding clinical outcome. Currently, there
are no guideline recommendations regarding optimal
PaCO2 values within the normal range in intubated pa-
tients with SAH [21, 22]. An experimental study showed
that even small changes in PaCO2 can cause changes in
the microcirculation. An increase of the PaCO2 to a me-
dian of 45 mmHg led to a dilatation of capillaries [23].
Consequently, it is plausible that high-normal PaCO2

values may have a different effect on outcome than low-
normal values. Another recent study focused on end-
tidal CO2 values during the coiling or clipping procedure
and found no association with clinical outcome [24].
The results of this study imply that PaCO2 values might
have to be studied for a longer period of time and not
only for the time of intervention / surgery.
We hypothesized that detrimental effects of high-

normal PaCO2 values (PaCO2 > 40mmHg) outweigh the
benefits on clinical outcome in patients with SAH.
Therefore, our aim was to study the association between
the proportion of PaCO2 values > 40mmHg during the
entire time of mechanical ventilation and clinical
outcome.

Methods
Patient selection
Consecutive patients suffering from aSAH who were
treated in the neurological intensive care unit in the De-
partment of Neurology of a tertiary care university

hospital from 12/2006 to 01/2018 were retrospectively
analyzed. All information was retrieved from our hos-
pital database. Patients were included if they suffered
from aSAH and had to be mechanically ventilated and
sedated. We excluded patients if a palliative care ap-
proach was begun immediately after the initial computed
tomography (CT), because we assumed that PaCO2

values and frequency of arterial blood gas sampling
would be different in these patients. Patients’ pre-
treatment conditions including risk factors, severity of
the aSAH, relevant medication, age, sex, familial sub-
arachnoid hemorrhage, alcohol abuse, arterial hyperten-
sion, use of acetylsalicylic acid (ASA), anticoagulation,
Hunt-Hess score, modified Rankin scale score (mRS) be-
fore admission, aneurysm characteristics and aneurysm
treatment were recorded. All patients received nimodi-
pine for vasospasm and delayed cerebral ischmia (DCI)
prophylaxis.

Outcome parameters
The primary endpoint analysis was performed compar-
ing the proportion of PaCO2 values above 40 mmHg in
relation to all PaCO2 values between patients with favor-
able and unfavorable outcome. The value of 40 mmHg
PaCO2 in blood gas analysis was chosen being midway
between the thresholds of the normal range (35–45
mmHg). Favorable outcome was defined as a modified
Rankin Scale score at discharge of 0–2, implying that the
patient is independent in the activities of daily living. If a
patient had a mRS before admission of 3 and was dis-
charged with a mRS of 3, this was also considered to be
a favorable outcome (back to baseline). The mRS at dis-
charge was assessed by the treating physicians who were
blinded to this analysis but not to clinical data of the pa-
tient. All variables in the database were predefined be-
fore the analysis.

Other parameters
Mechanical ventilation in all patients was started in
pressure-controlled mode. Parameters were adjusted to
guarantee lung-protective ventilation and modified ac-
cording to the attending neurointensivist. Arterial blood
gas analysis was performed regularly in clinical routine,
roughly every two hours. 2 ml of blood were drawn into
a tube (Sarstedt, Nümbrecht, Germany) and injected into
a blood gas system (RAPIDPoint 500®, Siemens Healthi-
neers, Erlangen, Germany). All blood gas analysis values
of the patient obtained during mechanical ventilation
were included in the analysis. Vasospasms were defined
as a flow rate of > 200 cm/s in transcranial ultrasound,
performed in routine clinical workup with a 2MHz
pulse-wave probe using the SONARA system (medilab®,
Estenfeld, Germany). The frequencies used in the study
were collected by probing the middle cerebral artery at
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50–55mm depth or the anterior cerebral artery at 70–
75mm depth. Ultrasound was performed by a neurolo-
gist or a technician with extensive experience. A re-
bleeding had to be diagnosed using CT by an experi-
enced neuroradiologist. CT-imaging was performed
using a 64-row multislice CT (Somatom Definition AS®,
Siemens Healthineers, Erlangen, Germany) at 120 kilo-
Volt in X-care technique (automatically adjusting the
tube current to reduce radiation dose). Delayed cerebral
ischemia was scored positive if a new cerebral infarction
was seen on CT after the initial treatment. Symptoms
were not taken into account for the definition of DCI as
most of the patients were ventilated and the results
might have been distorted with more DCI occurring in
patients who can report symptoms. Enlargement of the
ventricles on CT, described by an experienced neurora-
diologist, was recorded as hydrocephalus. Fever was de-
fined as temperature > 38 °C. A standard operating
procedure was used lowering temperatures > 37.2 °C, po-
tentially lowering the number of patients with fever. ICP
was measured using pressure domes and Infinity® moni-
tors from Dräger, Lübeck, Germany. The Horowitz
index was calculated as the ratio of arterial partial pres-
sure of oxygen (PaO2) and the fraction of oxygen used
during ventilation in the inhaled air (FiO2).

Statistical analysis
Univariable analysis was performed with binary logistic
regression and Chi2-test depending on the distribution.
When cell frequency for categorical variables was < 5,
the Fisher exact test was used. Multivariable analysis was
performed using binary logistic regression with favorable
outcome being the dependent variable. The predictive

power and discriminating capability of the regression
model was tested with the area under the Receiver Oper-
ating Characteristic curve (AUROC) and Hosmer-
Lemeshow test. Due to the small sample size, we only
included the variable of interest (proportion of PaCO2

values > 40mmHg), two main confounding factors
(pneumonia and length of stay) and the main predictor
of outcome (Hunt-Hess score). Reported p-values are
two-sided and the alpha-level was defined as 0.05. Ana-
lyses were performed with STATA/IC 13.0 (College Sta-
tion, Texas, US).
The graph of Fig. 1 was prepared as follows: Firstly, lo-

gistic regression was calculated in STATA with good
outcome as dependent variable and proportion of PaCO2

values > 40 mmHg as independent variable. Secondly,
predictions of odds ratios for good outcome as well as
95% confidence intervals were calculated for every pro-
portion of PaCO2 values > 40mmHg between 0 and 1 in
0.01 steps with the “margin” command in STATA. Cal-
culated predictions with confidence intervals were repre-
sented graphically by the “marginsplot” command in
STATA.

Results
Patient characteristics
Of 172 patients with SAH, 22 patients had to be ex-
cluded because they did not have aneurysmal SAH. Ac-
cordingly, 150 patients were included in the analysis.
Median patients’ age was 57 years (p25: 50, p75: 64). 107
(71%) were female. The mRS before admission was 0 in
117 (78%) patients, 1 in 11 (7%) patients, 2 in 5 (3%) pa-
tients and 3 in one (1%) patient (median 0, p25: 0, p75:
0). The Hunt-Hess score on admission was 1 in 14 (9%),

Fig. 1 Favorable outcome depending on proportion of values of PaCO2 > 40 mmHg
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2 in 15 (10%), 3 in 44 (29%), 4 in 26 (17%) and 5 in 51
(34%) patients (median 4, p25: 3, p75: 5). 87 (58%) pa-
tients suffered from hypertension. Alcohol addiction was
recorded in 12 (8%) patients. 5 (3%) patients had first-
degree relatives with aSAH. 16 (11%) patients were
treated with aspirin and 6 (4%) received oral
anticoagulation.

Aneurysm characteristics
Median aneurysm size was 6 mm (p25: 4, p75: 8.5). An-
eurysms causing the SAH were predominantly located in
the anterior communicating artery (50, 33%) followed by
the middle cerebral artery (29, 19%). More details are
presented in Table 1.
Most aneurysms were treated with coiling (55%)

followed by clipping (34%). In 11 patients (7%) no treat-
ment for the aneurysm was performed, because of
massive rebleeding after placement of external ventricu-
lar drains (EVD) or unsuccessful coiling / clipping. Of
the 6 patients who were anticoagulated 3 received pro-
thrombin complex concentrate and /or vitamin K. De-
tails can be found in Table 2.

Complications and monitoring parameters
Regarding complications during hospitalization, 92
(62%) of the patients suffered from vasospasms, 122
(81%) from hydrocephalus, in 141 (94%) patients re-
ceived a ventricular or lumbar drain, in 36 patients
(24%) rebleeding occured, 74 (49%) got diagnosed with
DCI and 88 (59%) suffered from pneumonia.
All patients were ventilated and sedated (mostly pro-

pofol/remifentanil or midazolam/sufentanil). Routine
neuromuscular block was only used for intubation. Ven-
tilation was mainly performed using pressure control
and protective tidal volumes (7.2 ml / kg body weight

[p25: 6.2, p75: 8.3]).The majority of patients had PaCO2

values within the normal range of 35–45mmHg (median
39mmHg, p25: 37.45, p75: 41.4). Only 5 (3%) patients
were above and 9 (6%) patients were below the normal
range. Median partial pressure of arterial oxygen (PaO2)
was 99.45 mmHg (p25: 94.5, p75: 108.0). Median fraction
of inspired oxygen (FiO2) was 35 (p25: 30, p75: 40). Me-
dian ventilation time was 13.4 days (p25: 2.9, p75: 21.2)
and median length of stay was 19 days (p25: 12, p75: 26).
Intracranial pressure (ICP) was not different in pa-

tients with a median PaCO2 of > 40mmHg compared to
patients with a PaCO2 of ≤40mmHg (8 [p25: 4, p 75: 10]
vs. 7 [p 25: 5, p75: 11] mm Hg, respectively, p = 0.228).
Moreover, pH was also not significantly different be-
tween these two groups (7.43 [p25: 7.40, p75: 7.44] vs.
7.43 [p25: 7.40, p75: 7.45] p = 0.248). However, a differ-
ence was found in base excess (2.35 [p25: 1.4, p75: 3.4]
vs. 0.00 [p25: − 2.05, p75: 1.8] p < 0.001). Delayed cere-
bral ischemia (DCI) was not significantly associated with
the proportion of PaCO2 values > 40 mmHg (OR 2.70,
95% CI: 0.58–12.49, p = 0.204). Furthermore, there was
no difference in PaO2 and PaCO2 values between pa-
tients with and without DCI (Additional file 1: Table
S1). Additional parameters and differences between pa-
tients with favorable and unfavorable outcome can be
found in Table 3.

Outcome
The mRS at discharge was 0 in 1 patient (1%), 1 in 6
(4%), 2 in 9 (6%), 3 in 5 (3%), 4 in 14 (9%), 5 in 65 (43%)
and 6 in 50 (33%) patients. 17 patients (11%) had favor-
able outcome (16 having a mRS < 3 and one patient with
back to baseline mRS of 3). In univariable logistic regres-
sion the proportion of PaCO2 values > 40 mmHg was sig-
nificantly associated with outcome. A higher proportion
of values above 40 mmHg lead to a reduced chance for
favorable outcome (OR 0.04; 95% CI 0.00–0.55, p =
0.017; Fig. 1). Further parameters significantly associated
with outcome in univariable analysis were: Hunt-Hess
score on admission (OR 0.60; 95% CI 0.40–0.88, p =
0.010), pneumonia (OR 0.34; 95% CI 0.12–0.97, p =
0.044), delayed cerebral ischemia (OR 0.28; 95% CI

Table 1 Aneurysm Characteristics; n = 150

median (p25; p75)

Aneurysm size (mm) 6 (4; 8.5)

Aneurysm location n (%)

Anterior communicating artery 50 (33)

Middle cerebral artery 29 (19)

Posterior communicating artery 18 (12)

Basilar artery 17 (11)

Posterior inferior cerebellar artery 10 (7)

Internal carotid artery 10 (7)

Anterior cerebral artery 6 (4)

Vertebral artery 4 (3)

Posterior cerebral artery 3 (2)

Superior cerebellar artery 2 (1)

Anterior inferior cerebellar artery 1 (1)

Table 2 Aneurysm/SAH treatment; n = 150

n (%)

Coiling 83 (55)

Clipping 51 (34)

Coiling and clipping 4 (3)

Flow diverter 1 (1)

No intervention 11 (7)

Prothrombin complex concentrate 3 (2)

Vitamin K 1 (1)
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0.09–0.89, p = 0.032), ventilation time (OR 0.99; 95% CI
0.99–1.00, p = 0.001), Horowitz index (OR 1.01; 95% CI
1.00–1.01, p = 0.007), FiO2 (OR 0.90, 95% CI 0.82–0.99,
p = 0.034) and ICP (OR 0.84; 95% CI 0.73–0.96, p =
0.013). Location of aneurysm and treatment modality
were not significantly associated with outcome. For
more details see Table 3.

Multivariable analysis
In multivariable analysis we adjusted for the main pre-
dictors of outcome and major sources of bias for the pri-
mary endpoint proportion of PaCO2 > 40mmHg (Hunt-
Hess score on admission, length of hospital stay and oc-
currence of pneumonia). A higher proportion of PaCO2

values > 40mmHg remained an independent negative
predictor for favorable outcome (OR 0.05; 95% CI 0.00–
0.81, p = 0.035). The Hunt-Hess score on admission and
pneumonia were also independent negative predictors
for favorable outcome (Table 4). An AUROC of 0.79
and the Hosmer-Lemeshow test revealed a strong pre-
dictive capacity of the logistic regression model (p =
0.684).

Sensitivity analysis
As ventilation time was also significantly associated with
outcome in univariable analysis, we performed another
multivariable analysis using logistic regression with fa-
vorable outcome as dependent variable. Due to the col-
linearity of length of stay and ventilation time we
omitted length of stay in this analysis. Furthermore, the
proportion of PaCO2 values already includes a correction
for the time of ventilation so that we used the absolute
number of PaCO2 values > 40mmHg as independent
variable instead. The absolute number of PaCO2 values
> 40mmHg was again an independent negative predictor
for favorable outcome (OR (per increase of 10 values)
0.53, 95% CI 0.29–0.99, p = 0.048), adjusted for initial
Hunt-Hess score, pneumonia and time of ventilation.

Discussion
In our study population, a higher proportion of high-
normal PaCO2 values (40–45 mmHg) was significantly
associated with worse outcome. In multivariable analysis,
PaCO2 remained an independent negative predictor for
favorable outcome after adjustment for Hunt-Hess score,

length of hospital stay and the occurrence of pneumonia.
In our sensitivity analysis, the absolute number of PaCO2

values > 40 mmHg were again an independent negative
predictor of favorable outcome, adjusted for initial
Hunt-Hess score, pneumonia and time of ventilation.
So far, there has been substantial research on hypocap-

nia and hypercapnia in patients with SAH. Some scien-
tists argue that higher PaCO2 values might increase CBF
and decrease the likelihood for cerebral ischemia [25,
26], which would contradict our results. A recent publi-
cation showed a benefit of controlled hypercapnia com-
paring patients with PaCO2 values of 30 to 40, 50 and
60mmHg lasting one hour between day 4 and 14 after
SAH with elevation of cerebral blood flow and brain tis-
sue oxygen saturation without relevant increase of ICP
[25]. However, all patients also had a ventricular drain
so that increased ICP might have been prevented by an
increased drainage. Additionally, the brain tissue oxygen
saturation was measured transcutaneously. This meas-
urement method is imprecise in measuring local effects.
One study from our hospital showed that it did not rec-
ord the effect of thrombectomy in patients suffering
from acute ischemic stroke due to large vessel occlusion
[27]. Most importantly, clinical outcome was not an out-
come of the study and hypercapnia in our study per-
sisted over longer periods of time and is therefore not
comparable to brief episodes of hypercapnia with PaCO2

values returning to baseline within one hour. The detri-
mental effects of hypercapnia have been demonstrated
by a recent study that examined the outcome of patients
with aneurysmal SAH and focused on the hyperventi-
lated and hypoventilated patients [19]. 158 patients were
retrospectively analyzed. The authors showed that
PaCO2 values higher than 48.3 mmHg and lower than
30.2 mmHg were associated with unfavorable outcome
at discharge defined as mRS score of 3–6.
The detrimental effects of elevated PaCO2 could be ex-

plained by a reversed Robin-Hood-phenomenon which has
been described in cerebral ischemia [28]. While vessels with
vasospasm do not dilate, unaffected vessels dilate leading to
shunting of blood away from already oligemic or ischemic
areas, worsening the effect of vasospasms. In an experimen-
tal study, hypercapnia led to dilatation of small vessels in
sham-operated animals. In animals with experimental SAH,
however, higher PaCO2 levels had no effect on vessel

Table 4 Multivariable analysis of factors regarding favorable outcome (95% CI; n = 150)

OR (95% confidence interval) p

Proportion of values of PaCO2 > 40 mmHg 0.05 (0.00–0.81) 0.035*

Hunt-Hess score on admission 0.56 (0.37–0.86) 0.008*

Length of hospital stay (d) 1.02 (0.99–1.06) 0.204

Pneumonia 0.26 (0.08–0.88) 0.030*

OR odds ratio; all p-values logistic regression; *significant
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diameter [29]. In our study we could not show a significant
association of the proportion of PaCO2 values > 40mmHg
with DCI. Moreover, the median PaO2 and PaCO2 values
were not different in patients with and without DCI.
Current studies show that the pathogenesis of DCI is re-
lated to cortical spreading depolarizations and microcircu-
latory dysfunction [30]. These mechanisms are not closely
linked to systemic PaO2 and PaCO2 which might explain
our results. Keeping in mind that our PaCO2 values were
mainly in the normal range, a different study showed that
the maximum PaCO2 values were significantly different
comparing patients with and without DCI [19]. We do not
have data on microcirculation in our study, consequently
the occurrence of a reversed Robin-Hood-phenomenon in
SAH patients currently remains a hypothesis, which needs
to be confirmed in future trials.
Higher ICP and lower cerebral perfusion pressure are

another possible explanation for the worse outcome in pa-
tients with high-normal PaCO2 values. In our study, ICP
values were not elevated in patients with higher PaCO2.

Consequently, we do not believe that the detrimental ef-
fects of high-normal PaCO2 are mediated by ICP in our
patient cohort, keeping in mind that ICP increases might
have been buffered by additional drainage over a ventricu-
lar drain. Nevertheless, as reported before, patients with
unfavorable outcome had higher ICP values compared to
patients with favorable outcome in our study.
Detrimental effects through elevated PaCO2 levels might

also have been mitigated by acidotic metabolism [18, 31,
32]. However, pH values were not significantly different in
our study comparing patients with a median PaCO2 > 40
mmHg compared to ≤40mmHg. While this shows that
acidosis was not the mechanism causing the higher rate of
unfavorable outcome it also leads to the question whether
patients might have been adapted to higher PaCO2 values.
We believe that there are two reasons why the pH values
did not differ between patients with a PaCO2 > 40mmHg
compared to ≤40mmHg. Firstly, our PaCO2 values were
mainly within the normal range and therefore unlikely to
change the pH considerably. Secondly, the base excess was
significantly different between these groups, pointing out
the fact that the mild changes in PaCO2 might have been
buffered metabolically.
Regarding patients with aSAH who were mechanically

ventilated, our cohort is representative compared to
previously published cohorts. As shown in other studies
[3, 33–35], known risk factors for outcome as higher
values on the Hunt-Hess scale, longer ventilation time,
occurrence of pneumonia and delayed cerebral ischemia
were significant predictors of unfavorable outcome.
Diameter of ruptured aneurysms in our study was com-
parable to other published data [3].
The most important limitation of our study is the single-

center retrospective design, which restricts extrapolation of

our results to other populations. The retrospective design
and the generalized approach do not allow attribution of
clear causality of our findings and the results are prone to
selection bias. The results therefore are hypothesis-
generating only. A selection bias has been introduced by in-
cluding ventilated patients only. The rate of patients with a
mRS scale score of 5 and 6 is higher compared to other
studies [19, 36]. Only 11.3% of the patients had a favorable
outcome while other publications could demonstrate a
good clinical outcome with mRS < 3 in 59.5% [3]. This can
be explained by the distribution of the Hunt-Hess score
and the length of stay in our study. The percentage of pa-
tients with a Hunt-Hess score of 5 was 34% in our study vs.
10 and 11% in other published studies [19, 36]. The occur-
rence of DCI also seems higher in our population. How-
ever, it is expected that 74% of patients with a Hunt-Hess
score ≥ 3 have DCI [37]. In our population this would lead
to at least 89 expected cases (60%). Keeping in mind that
these expected cases would include patients with unex-
pected neurological deterioration and not merely infarcts
on CT, the rate of DCI is comparable to previously pub-
lished studies. Although this explains the differences in out-
come and in the occurrence of DCI it also limits the
generalizability of our results. On the other hand, our study
contains a high percentage of severely affected patients who
are almost always ventilated and might benefit most from
optimal PaCO2 levels. Even though we present a fairly large
number of patients, some subgroups are small, limiting
statistical power. In addition, regression analysis could only
be conducted with a limited number of independent vari-
ables. Hence, not all imbalances shown in the univariate
analysis could be adjusted for. Even the presented analysis
is prone to model overfitting as we included 4 independent
variables and the analysis must therefore be interpreted ac-
cordingly. Even though most of the PaCO2 values were
within the normal range, some were higher than 45mmHg
or lower than 35mmHg. We do not expect any relevant
disturbances as it concerned only a minority of patients
(9%).The degree of vasospasm was not recorded in our
study which might have provided more information on the
effect of vasospasm on clinical outcome. Another limitation
is the irregular sampling of PaCO2 values during clinical
routine. With a sampling frequency of roughly every two
hours, it is possible that periods with increased or decreased
PaCO2 values were missed. Using a dichotomous endpoint
might have led to oversimplification. Even though scoring
of the mRS was done blinded to this analysis, the physicians
were not blinded to the clinical course.

Conclusions
A higher proportion of PaCO2 values within the high-
normal range (40–45mmHg) was an independent nega-
tive predictor of favorable outcome in patients with aSAH
who were mechanically ventilated in our study. This is an
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important novel finding as currently the whole normal
range of PaCO2 values (35–45mmHg) is considered to be
beneficial. However, the results are hypothesis-generating
only and need to be confirmed in a prospective trial to
study the effect of PaCO2 in patients with SAH. If the re-
sults are reproduced, these findings will have the potential
to change management of all ventilated aSAH patients.
Future trials should also focus on effects of PaCO2 values
on the microcirculation of the brain.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12883-020-1603-0.

Additional file 1: Table S1. Comparison of PaCO2 and PaO2 by delayed
cerebral ischemia (DCI; n = 150).

Abbreviations
ASA: Acetylsalicylic acid; aSAH: Aneurysmal subarachnoid hemorrhage;
AUROC: Area under the Receiver Operating Characteristic curve;
CBF: Cerebral blood flow; CI: Confidence interval; CT: Computed tomography;
DCI: Delayed cerebral ischemia; EVD: External ventricular drain; FiO2: Fraction
of inspired oxygen; ICP: Intracranial pressure; ICU: Intensive care unit;
mRS: modified Rankin Scale; OR: Odds ratio; PaCO2: Arterial partial pressure of
carbon dioxide; PaO2: Arterial partial pressure of oxygen

Acknowledgements
We acknowledge financial support by Deutsche Forschungsgemeinschaft
within the funding program Open Access Publishing, by the Baden-
Württemberg Ministry of Science, Research and the Arts and by Ruprecht-
Karls-Universität Heidelberg.

Authors’ contributions
SM Conception and design of the study, monitoring data collection, cleaning
and statistical analysis of data, interpretation of data, manuscript writing,
submitting manuscript, final approval of the version to be published. TR
Conception and design of the study, monitoring data collection, cleaning
and statistical analysis of data, interpretation of data, manuscript writing,
submitting manuscript, final approval of the version to be published. SS
Interpretation of data, manuscript writing, final approval of the version to be
published. OB Data collection, cleaning of data, interpretation of data,
manuscript writing, final approval of the version to be published.

Funding
There was no funding obtained for this study.

Availability of data and materials
The datasets generated and analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
The study was approved by the ethics committee of the University of
Heidelberg, Germany (statement S-265/2018). The requirement for informed
consent was waived due to the retrospective character of the analysis.

Consent for publication
Not applicable.

Competing interests
The authors’ declare that they have no competing interests.

Received: 2 September 2019 Accepted: 6 January 2020

References
1. Al-Khindi T, Macdonald RL, Schweizer TA. Cognitive and functional outcome

after aneurysmal subarachnoid hemorrhage. Stroke. 2010;41(8):e519–36 doi:
STROKEAHA.110.581975.

2. Hackett ML, Anderson CS. Health outcomes 1 year after subarachnoid
hemorrhage: An international population-based study. The Australian
Cooperative Research on Subarachnoid Hemorrhage Study Group.
Neurology. 2000;55(5):658–62. https://doi.org/10.1212/wnl.55.5.658.

3. AlMatter M, Aguilar Pereza M, Bhogal P, Hellstern V, Ganslandt O, Henkes H.
Results of interdisciplinary management of 693 patients with aneurysmal
subarachnoid hemorrhage: clinical outcome and relevant prognostic factors. Clin
Neurol Neurosurg. 2018;167:106–11. https://doi.org/10.1016/j.clineuro.2018.02.022.

4. Udy AA, Schweikert S, Anstey J, Anstey M, Cohen J, Flower O, et al. Critical
care management of aneurysmal subarachnoid haemorrhage in Australia
and New Zealand: what are we doing, and where to from here? Crit Care
Resusc. 2017;19(2):103–9. https://doi.org/10.1097/CCM.0000000000002059.

5. Rinkel GJE, Algra A. Long-term outcomes of patients with aneurysmal
subarachnoid haemorrhage. The Lancet Neurology. 2011;10(4):349–56.
https://doi.org/10.1016/s1474-4422(11)70017-5.

6. Curley G, Kavanagh BP, Laffey JG. Hypocapnia and the injured brain: more
harm than benefit. Crit Care Med. 2010;38(5):1348–59. https://doi.org/10.
1097/CCM.0b013e3181d8cf2b.

7. Laffey JG, Kavanagh BP. Hypocapnia. N Engl J Med. 2002;347(1):43–53.
https://doi.org/10.1056/NEJMra012457347/1/43.

8. Brian JE Jr. Carbon dioxide and the cerebral circulation. Anesthesiology.
1998;88(5):1365–86. https://doi.org/10.1097/00000542-199805000-00029.

9. Roberts BW, Karagiannis P, Coletta M, Kilgannon JH, Chansky ME, Trzeciak S.
Effects of PaCO2 derangements on clinical outcomes after cerebral injury: a
systematic review. Resuscitation. 2015;91:32–41. https://doi.org/10.1016/j.
resuscitation.2015.03.015.

10. Nakahata K, Kinoshita H, Hirano Y, Kimoto Y, Iranami H, Hatano Y. Mild
hypercapnia induces vasodilation via adenosine triphosphate-sensitive K+
channels in parenchymal microvessels of the rat cerebral cortex.
Anesthesiology. 2003;99(6):1333–9 doi: 00000542-200312000-00014 [pii].

11. Bigatello LM, Patroniti N, Sangalli F. Permissive hypercapnia. Curr Opin Crit
Care. 2001;7(1):34–40. https://doi.org/10.1097/00075198-200102000-00006.

12. van Hulst RA, Hasan D, Lachmann B. Intracranial pressure, brain PCO2, PO2,
and pH during hypo- and hyperventilation at constant mean airway
pressure in pigs. Intensive Care Med. 2002;28(1):68–73. https://doi.org/10.
1007/s00134-001-1157-6.

13. Schmieder K, Jarus-Dziedzic K, Wronski J, Harders A. CO2 reactivity in
patients after subarachnoid haemorrhage. Acta Neurochir. 1997;139(11):
1038–41. https://doi.org/10.1007/bf01411557.

14. Diringer MN, Kirsch JR, Hanley DF, Traystman RJ. Altered cerebrovascular
CO2 reactivity following subarachnoid hemorrhage in cats. J Neurosurg.
1993;78(6):915–21. https://doi.org/10.3171/jns.1993.78.6.0915.

15. Dernbach PD, Little JR, Jones SC, Ebrahim ZY. Altered cerebral
autoregulation and CO2 reactivity after aneurysmal subarachnoid
hemorrhage. Neurosurgery. 1988;22(5):822–6. https://doi.org/10.1227/
00006123-198805000-00003.

16. Santos GA, Petersen N, Zamani AA, Du R, LaRose S, Monk A, et al.
Pathophysiologic differences in cerebral autoregulation after subarachnoid
hemorrhage. Neurology. 2016;86(21):1950–6. https://doi.org/10.1212/WNL.
0000000000002696.

17. Zoerle T, Lombardo A, Colombo A, Longhi L, Zanier ER, Rampini P, et al.
Intracranial pressure after subarachnoid hemorrhage. Crit Care Med. 2015;
43(1):168–76. https://doi.org/10.1097/CCM.0000000000000670.

18. Reinges MH. Pros and cons of permissive hypercapnia in patients with
subarachnoid haemorrhage and ARDS. Acta Neurochir. 2010;152(12):2173–4.
https://doi.org/10.1007/s00701-010-0760-0.

19. Yokoyama S, Hifumi T, Okazaki T, Noma T, Kawakita K, Tamiya T, et al.
Association of abnormal carbon dioxide levels with poor neurological
outcomes in aneurysmal subarachnoid hemorrhage: a retrospective
observational study. J Intensive Care. 2018;6:83. https://doi.org/10.1186/
s40560-018-0353-1.

20. Neumann JO, Chambers IR, Citerio G, Enblad P, Gregson BA, Howells T, et al.
The use of hyperventilation therapy after traumatic brain injury in Europe:

Reiff et al. BMC Neurology           (2020) 20:31 Page 9 of 10

https://doi.org/10.1186/s12883-020-1603-0
https://doi.org/10.1186/s12883-020-1603-0
https://doi.org/10.1212/wnl.55.5.658
https://doi.org/10.1016/j.clineuro.2018.02.022
https://doi.org/10.1097/CCM.0000000000002059
https://doi.org/10.1016/s1474-4422(11)70017-5
https://doi.org/10.1097/CCM.0b013e3181d8cf2b
https://doi.org/10.1097/CCM.0b013e3181d8cf2b
https://doi.org/10.1056/NEJMra012457347/1/43
https://doi.org/10.1097/00000542-199805000-00029
https://doi.org/10.1016/j.resuscitation.2015.03.015
https://doi.org/10.1016/j.resuscitation.2015.03.015
https://doi.org/10.1097/00075198-200102000-00006
https://doi.org/10.1007/s00134-001-1157-6
https://doi.org/10.1007/s00134-001-1157-6
https://doi.org/10.1007/bf01411557
https://doi.org/10.3171/jns.1993.78.6.0915
https://doi.org/10.1227/00006123-198805000-00003
https://doi.org/10.1227/00006123-198805000-00003
https://doi.org/10.1212/WNL.0000000000002696
https://doi.org/10.1212/WNL.0000000000002696
https://doi.org/10.1097/CCM.0000000000000670
https://doi.org/10.1007/s00701-010-0760-0
https://doi.org/10.1186/s40560-018-0353-1
https://doi.org/10.1186/s40560-018-0353-1


an analysis of the BrainIT database. Intensive Care Med. 2008;34(9):1676–82.
https://doi.org/10.1007/s00134-008-1123-7.

21. Steiner T, Juvela S, Unterberg A, Jung C, Forsting M, Rinkel G, et al.
European stroke organization guidelines for the management of intracranial
aneurysms and subarachnoid haemorrhage. Cerebrovasc Dis. 2013;35(2):93–
112. https://doi.org/10.1159/000346087.

22. Connolly ES Jr, Rabinstein AA, Carhuapoma JR, Derdeyn CP, Dion J,
Higashida RT, et al. Guidelines for the management of aneurysmal
subarachnoid hemorrhage: a guideline for healthcare professionals from the
American Heart Association/american Stroke Association. Stroke. 2012;43(6):
1711–37. https://doi.org/10.1161/STR.0b013e3182587839.

23. Hutchinson EB, Stefanovic B, Koretsky AP, Silva AC. Spatial flow-volume
dissociation of the cerebral microcirculatory response to mild hypercapnia.
Neuroimage. 2006;32(2):520–30. https://doi.org/10.1016/j.neuroimage.2006.03.033.

24. Akkermans A, van Waes JA, Peelen LM, Rinkel GJ, van Klei WA. Blood pressure and
end-tidal carbon dioxide ranges during aneurysm occlusion and neurologic
outcome after an aneurysmal subarachnoid hemorrhage. Anesthesiology. 2019;
130(1):92–105. https://doi.org/10.1097/ALN.0000000000002482.

25. Westermaier T, Stetter C, Kunze E, Willner N, Holzmeier J, Weiland J, et al.
Controlled Hypercapnia enhances cerebral blood flow and brain tissue
oxygenation after aneurysmal subarachnoid hemorrhage: results of a phase 1
study. Neurocrit Care. 2016;25(2):205–14. https://doi.org/10.1007/s12028-016-0246-x.

26. Eastwood GM, Schneider AG, Suzuki S, Peck L, Young H, Tanaka A, et al.
Targeted therapeutic mild hypercapnia after cardiac arrest: a phase II multi-
Centre randomised controlled trial (the CCC trial). Resuscitation. 2016;104:
83–90. https://doi.org/10.1016/j.resuscitation.2016.03.023.

27. Hametner C, Stanarcevic P, Stampfl S, Rohde S, Veltkamp R, Bosel J.
Noninvasive cerebral oximetry during endovascular therapy for acute
ischemic stroke: an observational study. J Cereb Blood Flow Metab. 2015;
35(11):1722–8. https://doi.org/10.1038/jcbfm.2015.181.

28. Alexandrov AV, Sharma VK, Lao AY, Tsivgoulis G, Malkoff MD, Alexandrov
AW. Reversed Robin Hood syndrome in acute ischemic stroke patients.
Stroke. 2007;38(11):3045–8. https://doi.org/10.1161/STROKEAHA.107.482810.

29. Friedrich B, Michalik R, Oniszczuk A, Abubaker K, Kozniewska E, Plesnila N.
CO2 has no therapeutic effect on early microvasospasm after experimental
subarachnoid hemorrhage. J Cereb Blood Flow Metab. 2014;34(8):e1–6.
https://doi.org/10.1038/jcbfm.2014.96.

30. Francoeur CL, Mayer SA. Management of delayed cerebral ischemia after
subarachnoid hemorrhage. Crit Care. 2016;20(1):277. https://doi.org/10.1186/
s13054-016-1447-6.

31. Nin N, Muriel A, Penuelas O, Brochard L, Lorente JA, Ferguson ND, et al.
Severe hypercapnia and outcome of mechanically ventilated patients with
moderate or severe acute respiratory distress syndrome. Intensive Care Med.
2017;43(2):200–8. https://doi.org/10.1007/s00134-016-4611-1.

32. Roberts BW, Kilgannon JH, Chansky ME, Mittal N, Wooden J, Trzeciak S. Association
between postresuscitation partial pressure of arterial carbon dioxide and
neurological outcome in patients with post-cardiac arrest syndrome. Circulation.
2013;127(21):2107–13. https://doi.org/10.1161/CIRCULATIONAHA.112.000168.

33. Pegoli M, Mandrekar J, Rabinstein AA, Lanzino G. Predictors of excellent
functional outcome in aneurysmal subarachnoid hemorrhage. J Neurosurg.
2015;122(2):414–8. https://doi.org/10.3171/2014.10.JNS14290.

34. Helbok R, Kurtz P, Vibbert M, Schmidt MJ, Fernandez L, Lantigua H, et al.
Early neurological deterioration after subarachnoid haemorrhage: risk factors
and impact on outcome. J Neurol Neurosurg Psychiatry. 2013;84(3):266–70.
https://doi.org/10.1136/jnnp-2012-302804.

35. Wartenberg KE, Schmidt JM, Claassen J, Temes RE, Frontera JA, Ostapkovich N, et al.
Impact of medical complications on outcome after subarachnoid hemorrhage. Crit
Care Med. 2006;34(3):617–23. https://doi.org/10.1097/01.ccm.0000201903.46435.35.

36. Lantigua H, Ortega-Gutierrez S, Schmidt JM, Lee K, Badjatia N, Agarwal S,
et al. Subarachnoid hemorrhage: who dies, and why? Crit Care. 2015;19:309.
https://doi.org/10.1186/s13054-015-1036-0.

37. Frontera JA, Fernandez A, Schmidt JM, Claassen J, Wartenberg KE, Badjatia
N, et al. Defining vasospasm after subarachnoid hemorrhage: what is the
most clinically relevant definition? Stroke. 2009;40(6):1963–8. https://doi.org/
10.1161/STROKEAHA.108.544700.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Reiff et al. BMC Neurology           (2020) 20:31 Page 10 of 10

https://doi.org/10.1007/s00134-008-1123-7
https://doi.org/10.1159/000346087
https://doi.org/10.1161/STR.0b013e3182587839
https://doi.org/10.1016/j.neuroimage.2006.03.033
https://doi.org/10.1097/ALN.0000000000002482
https://doi.org/10.1007/s12028-016-0246-x
https://doi.org/10.1016/j.resuscitation.2016.03.023
https://doi.org/10.1038/jcbfm.2015.181
https://doi.org/10.1161/STROKEAHA.107.482810
https://doi.org/10.1038/jcbfm.2014.96
https://doi.org/10.1186/s13054-016-1447-6
https://doi.org/10.1186/s13054-016-1447-6
https://doi.org/10.1007/s00134-016-4611-1
https://doi.org/10.1161/CIRCULATIONAHA.112.000168
https://doi.org/10.3171/2014.10.JNS14290
https://doi.org/10.1136/jnnp-2012-302804
https://doi.org/10.1097/01.ccm.0000201903.46435.35
https://doi.org/10.1186/s13054-015-1036-0
https://doi.org/10.1161/STROKEAHA.108.544700
https://doi.org/10.1161/STROKEAHA.108.544700

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patient selection
	Outcome parameters
	Other parameters
	Statistical analysis

	Results
	Patient characteristics
	Aneurysm characteristics
	Complications and monitoring parameters
	Outcome
	Multivariable analysis
	Sensitivity analysis

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

