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Abstract: A multitude of pathological and inflammatory processes determine the clinical course after
aneurysmal subarachnoid hemorrhage (aSAH). However, our understanding of predictive factors
and therapeutic consequences is limited. We evaluated the predictive value of clinically relevant
factors readily available in the ICU setting, such as white blood cell (WBC) count and CRP, for
two of the leading comorbidities, delayed cerebral ischemia (DCI) and ventriculoperitoneal (VP)
shunt dependency in aSAH patients with and without corticosteroid treatment. We conducted
a retrospective analysis of 484 aSAH patients admitted to our institution over an eight-year period.
Relevant clinical factors affecting the risk of DCI and VP shunt dependency were identified and
included in a multivariate logistic regression model. Overall, 233 /484 (48.1%) patients were treated
with corticosteroids. Intriguingly, predictive factors associated with the occurrence of DCI differed
significantly depending on the corticosteroid treatment status (dexamethasone group: Hunt and Hess
grade (p = 0.002), endovascular treatment (p = 0.016); no-dexamethasone group: acute hydrocephalus
(p = 0.018), peripheral leukocyte count 7 days post SAH (WBC at day 7) (p = 0.009)). Similar disparities
were found for VP shunt dependency (dexamethasone group: acute hydrocephalus (p = 0.002); no-
dexamethasone group: WBC d7 (p = 0.036), CRP peak within 72 h (p = 0.015)). Our study shows
that corticosteroid-induced leukocytosis negates the predictive prognostic potential of systemic
inflammatory markers for DCI and VP shunt dependency, which has previously been neglected and
should be accounted for in future studies.

Keywords: subarachnoid hemorrhage; white blood cells; dexamethasone; corticosteroids; outcome;
delayed cerebral ischemia; shunt dependency

1. Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) remains a serious life-threatening
disease associated with high morbidity and mortality despite advances in neurocritical
care, neurosurgical and endovascular treatments [1,2]. Severity of the initial bleeding
event determines immediate patient disability and mortality and cannot be therapeutically
influenced. However, a multitude of potentially therapeutically targetable complications
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secondary to aSAH contribute to poor long-term outcomes and generate an extensive
health care burden [3-5]. One of the leading causes of secondary brain injury and poor
neurological outcomes is delayed cerebral ischemia (DCI), which develops in up to one
third of patients [5-7]. Despite the common misconception that DCI is caused by cerebral
vasospasms, less than 50% of patients with angiographic vasospasm actually develop
DCI and most studies targeting cerebral vasospasm to prevent cerebral infarction lacked
treatment effect, highlighting the need for a better understanding of the pathophysiological
processes underlying DCI [7,8]. Aside from the known pathophysiological contributors
such as cortical spreading depression and microthromboses, which remain incompletely
understood, immune dysregulation has long been thought to attribute to the process of
DCI [9,10]. Nonetheless, multiple reports examining immunological changes to predict DCI
have shown conflicting results [3,11,12]. Thus, systemic and local inflammation secondary
to aSAH remains a controversial and highly complex issue.

Secondary to DCI, hydrocephalus is a major source of morbidity in aSAH patients.
Overall, 15-87% of patients develop acute hydrocephalus, and one third of these patients
develop the need for constant ventriculoperitoneal CSF drainage [5,13]. Impaired CSF
reabsorption, altered CSF dynamics [14-16], ependymal inflammation [14,17], amount of
ventricular blood [18], and sustained systemic inflammatory response syndrome (SIRS) [16]
have proven predictive of chronic hydrocephalus with subsequent ventriculoperitoneal
shunt dependency after aSAH.

The role of elevated white blood cell counts (WBC) after aSAH has repeatedly been dis-
cussed in the development of DCI as well as of shunt-dependent hydrocephalus [12,16,19].
However, although commonly known to cause leukocytosis and regularly applied in the
treatment of microsurgically clipped aSAH patients, most studies do not sufficiently ad-
dress the role of corticosteroids in the development of secondary complications [13,20-23].
Nevertheless, corticosteroid application remains a common treatment regimen in neuro-
critical care, and just this year, a multicenter prospective randomized phase III trial was
initiated to test the outcomes and safety of anti-inflammatory treatment with dexametha-
sone in aSAH patients [24]. In order to improve our understanding of the clinical relevance
of systemic inflammation as a prognostic factor for DCI and shunt dependency, we investi-
gated the WBC count, C-reactive protein (CRP) levels, and body temperature within the
first 14 days in a large cohort of patients with aSAH while stratifying for the administration
of corticosteroids.

2. Materials and Methods

All the patients (n = 484) admitted between November 2010 to May 2018 with the
diagnosis of aSAH were included in this retrospective study. Anonymized data of all
the patients was prospectively collected and retrospectively analyzed with approval from
the local ethics committee (Ethik-Kommission der Arztekammer Hamburg, WF-069/18).
The study was exempt from the need for informed consent under local law (Hamburger
Krankenhausgesetz §12).

To confirm aSAH, either cranial computer tomography (cCT), cranial magnetic res-
onance imaging (cMRI), or lumbar puncture was performed. Verification of cerebral
aneurysms was carried out by means of four-vessel intraarterial three-dimensional rota-
tional digital subtraction angiography (DSA), cCT-angiography, and/or MRI-angiography.
Treatment of ruptured aneurysms after interdisciplinary discussion consisted either of
surgical clipping or endovascular treatment, performed routinely within 24 h of admission.

Acute hydrocephalus was defined as the need for placement of an external ventricular
(EVD) or lumbar drainage (LD) within the first week after admission when patients showed
radiological findings of a ventricular dilatation, while shunt dependency was defined as
the need for placement of a ventriculoperitoneal shunt system.

Corticosteroid treatment was defined as any administration of at least a single dose of
4 mg dexamethasone in the ICU setting (not including single doses given intraoperatively
or under general anesthesia). Until the publication of our previous data [20], corticosteroids
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were routinely administered in most aSAH patients. Since then, dexamethasone has only
been administered to surgically clipped patients at our ICU wards according to our local
standard operating procedure. In this patient population, 4 mg dexamethasone is given
every 8 h for 5-7 days depending on clinical course, followed by the reduction of the
dexamethasone dosage by 50% every two days.

WBC counts were calculated using standardized cell counters and analyzed in routine
daily blood draws. The local laboratory reference for the WBC count in adults is 4400 to
11,000 cells/pL and <5 mg/dL for C-reactive protein (CRP). WBC and CRP were measured
at least daily for the duration of admission at the intensive care unit. Persistent leukocytosis
was defined as a consistent WBC > 11,000 cells/uL throughout d3 and d7, a cut-off value
utilized by our institution’s laboratory medicine department. Body temperature was
measured continuously using a bladder catheter.

Occurrence of DCI was defined as either (i) clinical deterioration in terms of occurrence
of a new focal neurological impairment or a decrease of at least two points on the Glasgow
Coma Scale lasting for at least one hour or (ii) presence of cerebral infarction on cranial
CT or MRI scans, both not attributable to other causes, including aneurysm occlusion
procedures [25].

Outcome was assessed at discharge as well as long-term follow-up by neurosurgical
consultants and residents in an outpatient clinic setting and classified according to the
modified Rankin Scale score (mRS). The mRS of 0-2 was defined as a favorable outcome,
while the mRS of 3-6 was defined as an unfavorable outcome at 6 months.

Statistical analysis of the data was performed by a univariate analysis using a chi-
squared test or ANOVA tests depending on the scale of the measurements, using IBM®
SPSS® Statistics 22 (IBM Corporation, Armonk, NY, USA) and followed by a multivariable
regression analysis. Long-term-follow-up was performed using Cox regression models. The
parameters that were significantly associated (p < 0.05) with DCI or shunt dependency in
each group (no dexamethasone and dexamethasone given) were included in a multivariate
regression model. WBC, CRP, and temperature values were extracted from the intensive
care unit’s electronic documentation system. The data were processed in a standardized
script-based manner with R (version 3.5.3). To visualize the parameters from digital patient
records, a regression model (generalized additive model) was fitted over the values.

3. Results
3.1. Study Cohort

In total, 484 patients were included in this retrospective analysis; 323/484 (66.7%) of the
patients were female. The mean age of the cohort was 55.0 & 13.5 years (range = 18-90 years).
Dexamethasone treatment (as described above) was applied in 233/484 (48.1%) patients.
The median H&H grade was 3 (range = 1-5), the median GCS was 15 (range = 3-15), and
the median Fisher Grade was 4 (range = 1-4).

Out of the 484 patients, 312 (65.0%) developed acute hydrocephalus with the need for
external CSF drainage; 144 /484 (30.4%) patients presented with intracerebral hemorrhage,
and the most commonly applied treatment of ruptured aneurysms was endovascular
(314/484 (69.9%)). The secondary complications of interest, (1) DCI and (2) shunt de-
pendency, developed in 180/484 (37.3%) and 65/484 (13.5%) of the cases, respectively.
Additional clinical information is provided in Table 1.

The clinical course of the mean daily values of the WBC count and serum CRP concen-
tration as well as body temperature (measured continuously using a bladder catheter) were
included in a general additive model and depicted for the first 14 days post admission to
the ICU (Figure 1). The patients receiving corticosteroid treatment showed significantly
higher WBC trends (Figure 1A, Table 2), with two peaks on days 3 and 12 post aSAH.
The mean serum CRP values peaked at day 3 post aSAH. The mean body temperature
was elevated in all the patient groups and was found to be higher in the patients without
corticosteroid treatment. As expected, individual WBC values at admission, d3, d7, and
d14, as well as the peak value within the first 72 h and persistent leukocytosis differed
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significantly between the patients who received steroids and the patients who did not,
while there was no significant effect on CRP (Table 2).

Table 1. Basic characteristics of the study population.

Overall No DMX DMX Given
Characteristic p-Value
n =484 n =251 n =233
Gender 323 166 157 0773
(female) 66.7% 66.1% 67.4% ’
Ace 55.04 4+ 13.51 56.45 4+ 13.45 53.52 £+ 13.45 0.058
& Range: 18-90 Range: 18-90 Range: 18-86 )
Height (cm) 171.94 £ 12.57 172.35 + 7.89 171.49 + 16.25 0.546
Weight (kg) 77.01 £+ 16.30 76.77 £17.20 77.27 £15.31 0.759
15 15 14
GCS Range, 3-15 Range, 3-15 Range, 3-15 0.045
1 102 (21.1%) 60 (32.9%) 42 (18.0%)
2 139 (28.7%) 82 (32.7%) 57 (42.5%)
Hunt and Hess 3 83 (17.1%) 39 (15.5%) 44 (18.9%) 0.004
4 61 (12.6%) 26 (10.4%) 35 (15.0%)
5 99 (20.5%) 44 (17.5%) 55 (23.6%)
1 17 (3.6%) 13 (5.3%) 4 (1.7%)
. 2 47 (9.9%) 22 (8.9%) 25 (10.9%)
Fisher 3 83 (17.4%) 54 (22.0%) 29 (12.6%) 0.016
4 329 (69.1%) 157 (63.8%) 172 (74.8%)
Acute hydrocephalus 312 (65.0%) 156 (62.9%) 156 (67.2%) 0.339
Intracerebral hemorrhage 144 (30.5%) 49 (19.5%) 93 (39.9%) <0.0001
Treatment of aneurysms 314 (69.93%) 187 (80.3%) 127 (58.8%) <0.0001
(endovascular)
DCI 180 (37.3%) 85 (33.9%) 95 (40.9%) 0.111
VP shunt 65 (13.5%) 24 (9.6%) 41 (17.6%) 0.011
DMX = dexamethasone; GCS = Glasgow Coma Scale; DCI = delayed cerebral ischemia.
A B €
175
75 —~
= (¢}
= _ “:; == DCI (+Dex)
315»0 E 50 % === no DCI (+Dex)
Lﬁ & é == DCI (no Dex)
§ 125 :\\ = T = © 25 ® = = no DCI (no Dex)
10.0 \*.:-:. i —
= 0
0 C— 15 0 5

days 10 15 0 5 10 15

Figure 1. Data of the SAH patients after the first ICU admission was collected for 500 h (approxi-
mately 24 days). Depicted are the values of leukocytes (A) and C-reactive protein (B) in peripheral
blood (>8500 values) and the temperature (C) (>120,000 measurements using a bladder catheter).
The patients who received dexamethasone during their admission to the intensive care unit were
considered to belong to the dexamethasone group (continuous line). The SAH patients were further
subdivided according to a cohort, which suffered delayed cerebral ischemia. The lines represent
a generalized additive model and the confidence interval is in grey. DCI = delayed cerebral ischemia;
Dex = dexamethasone; CRP = C-reactive protein.

As seen in Table 1, despite a slight trend towards higher rates of DCI in the patients
who received dexamethasone, this trend did not prove statistically significant (p = 0.111),
while shunt dependency was significantly associated with dexamethasone treatment
(p = 0.011) (Table 1). Moreover, the patients receiving dexamethasone had higher H&H
grades (p = 0.004), higher Fisher grades (p = 0.016), and the patients with an intracerebral
hemorrhage were more likely to receive steroids (p > 0.0001). To account for any biases this
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may evoke, all following uni- and multivariate analyses were performed independently for
the patients who received steroids and those who did not.

Table 2. White blood cell counts and C-reactive protein values at multiple timepoints.

Parameter No DMX DMX Given p-Value
At admission (n = 470) éﬁ:;ei(;.zlg) éifglei(gizogz) 0.014
BN TN T
WBC d7 (n = 424) Ralr(m]giz(;ig;l) Rarlic;s (T(?i;iy) <0.0001
d14 (n = 336) Ralr?éig(;llegﬁ) Rarliw,z %4?—%1.9) <0.0001
Peak within 72 h (1 = 468) éﬁfgefé‘fff) égfgei(f_ff) <0.0001
Persistent leukocytosis (1 = 430) 74 (17.2%) 126 (29.3%) <0.0001
At admission (n = 465) Ri?{gi (:Ilz-;j.l9697) ngr.14gse:é:1 113_241) 0.883
a3 (1= 468) Ronge 6299 RamgoGam) 008
ooy jsn o aEesa o,
N -l - S
Peak within 72 h (n = 468) 82.73 = 70.86 9247 £ 74.18 0.147

Range (5-355)

Range (0.22-359)

CRP = C-reactive protein; DMX = dexamethasone; WBC = white blood cells.

3.2. White Blood Cell Count and the Impact on Delayed Cerebral Ischemia

Univariate analysis of the patients without dexamethasone treatment revealed that
DCI was significantly associated with acute hydrocephalus (p = 0.005), WBC count at day 7
(p =0.002) and day 14 (p < 0.001), persistent leukocytosis (p = 0.016), elevated CRP at day 3
(p = 0.038) and day 14 (p = 0.012), as well as the Fisher score (p = 0.026) (Table S1).

For the patients who received dexamethasone, DCI was associated with the H&H
grade (p = 0.002), acute hydrocephalus (p = 0.002), endovascular treatment (p = 0.001), and
CRP at day 14 (p = 0.031); importantly, all the associations with the WBC count that were
observed in the patients without corticosteroid treatment were lost (Table S1).

Multivariate analysis including relevant parameters from the univariate analysis demon-
strated that for the patients without dexamethasone, acute hydrocephalus (OR =2.332,
CI=1.153-4.677, p = 0.018) and WBC at day 7 (OR = 1.134, CI = 1.032-1.246, p = 0.009)
were predictive of the development of DCI. At the same time, for the patients receiving
dexamethasone, the Hunt and Hess grade (OR = 1.485, CI = 1.157-1.907, p = 0.002) and
endovascular treatment (OR = 2.304, CI = 1.169-4.545, p = 0.016) were significantly associated
with DCI (Table 3 and Table S2).

Table 3. Multivariate analysis for the development of delayed cerebral ischemia (significant parameters).

No Dexamethasone

Odds Ratio
Parameter p-Value
(95% CI)

Acute hydrocephalus (11 52.3335677) 0.018

1.134
WBC d7 (1.032-1.246) 0.009

Dexamethasone given

1.485
Hunt and Hess (1.157-1.907) 0.002
Treatment of aneurysms 2.304 0.016

(endovascular) (1.169-4.545) ’

WBC = white blood cells.
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3.3. White Blood Cell Count and the Impact on Ventriculoperitoneal Shunt Dependency

Chronic hydrocephalus requiring constant CSF drainage was present in 13.5% patients
(n = 64/484). In the patients without dexamethasone treatment, the univariate analysis
indicated associations of shunt dependency with the H&H grade (p = 0.004), Fisher score
(p = 0.008), WBC count at day 7 (p = 0.005), and CRP value at day 3 (p = 0.004) (Table S3). In
the patients who received dexamethasone, acute hydrocephalus (p = 0.002), intracerebral
hemorrhage (p = 0.033), and elevated WBC counts at day 3 (p = 0.049) showed higher VP
shunt necessity rates (Table S3).

Including the significant factors in the multivariate regression analysis, only the WBC
countatday 7 (OR =1.139, CI =1.008-1.287, p = 0.036) and CRP peak within 72 h (OR =1.007,
CI=1.001-1.013, p = 0.015) remained significantly associated with the need for constant CSF
drainage in the patients without corticosteroid treatment. When focusing our attention on
the patients who received dexamethasone during their ICU stay, the multivariate analysis
demonstrated that only acute hydrocephalus (OR = 3.818, CI = 1.410-10.337, p = 0.008) was
significantly associated with the development of chronic hydrocephalus and the resulting
VP shunt dependency (Table 4 and Table S4).

Table 4. Multivariate analysis for the development of shunt-dependent hydrocephalus (significant
parameters).

No Dexamethasone
Odds Ratio
(95% CI)

1.139
(1.008-1.287)
1.007
(1.001-1.013)
Dexamethasone given
3.818
(1.410-10.337)

CRP = C-reactive protein; WBC = white blood cells.

Parameter p-Value

WBC d7 0.036

CRP peak within 72 h 0.015

Acute hydrocephalus 0.008

3.4. Follow-Up and Outcome

Follow-up and outcome data were available for 332/484 (68.6%) patients at six months.
After correcting for the underlying risk factors in a Cox regression model, the parameters
known to be associated with unfavorable outcome (e.g., age, H&H) proved to be significant
in both patient groups (Table 5). The WBC count on d3 after admission was significantly
associated (OR = 1.068, CI = 1.035-1.102, p < 0.001) with an unfavorable outcome at 6 months
in the whole patient cohort as well as in the patients who received corticosteroid treatment
(OR = 1.053, CI = 1.018-1.088, p = 0.003). DCI was significantly associated with a worse
outcome in the whole cohort and the patients who did not receive corticosteroids (whole-
cohort OR =1.95, CI = 1.386-2.746, p < 0.001; no-dexamethasone OR = 2.895, CI = 1.638-5.116,
p = 0.001; dexamethasone-given OR = 1.441, CI = 0.930-2.232, p = 0.102) (Table 5).

Table 5. Cox regression analysis for an unfavorable outcome at 6 months.

Whole Cohort (n = 332) No DMX (n =162) DMX Given (n =170)

Parameter Odds Ratio Odds Ratio Odds Ratio
p-Value p-Value p-Value
(95% CI) (95% CI) (95% CI)
1.033 1.071 1.019
Age (1.019-1.084) <0.001 (1.044-1.099) <0.001 (1.002-1.036) 0.03
1.486 1.619 1.504
Hunt and Hess <0.001 <0.001 <0.001

(1.295-1.706)

(1.329-1.971)

(1.258-1.798)
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Table 5. Cont.

Whole Cohort (n = 332)

No DMX (n = 162)

DMX Given (n =170)

Parameter Odds Ratio Odds Ratio Odds Ratio
p-Value p-Value p-Value
(95% CI) (95% CI) (95% CI)
1.390 1.103 1473
Acute hydrocephalus () 07 5 407 0.240 (0.376-3.235) 0.858 (0.766-2.831) 0.246
1.099 1417 0.892
Shunt dependency (0.759-1.592) 0.616 (0.760-2.641) 0.273 (0.556-1.431) 0.636
1.068 1.005 1.053
WBCd3 (1.035-1.102) <0.001 (0.924-1.093) 0.91 (1.018-1.088) 0.003
. . 0.656 0.640 0.739
Persistent leukocytosis ) 137 996 0.048 (0.310-1.322) 0.228 (0.437-1.249) 0.259
. 1.004 1.002 1.004
CRP peak within 7201 5351 006) 0.001 (0.998-1.006) 0.262 (1.000-1.007) 0.024
1.951 2.895 1.441
Dl (1.386-2.746) <0.001 (1.638-5.116) <0.001 (0.930-2.232) 0.102
Treatment of
aneurysms 1.018 0.927 0728 0.38 1.186 0.51
(endovascular) (0.690-1.503) (0.358-1.478) (0.714-1.971)

CRP = C-reactive protein; DCI = delayed cerebral ischemia; DMX = dexamethasone; WBC = white blood cells.

4. Discussion

There is growing evidence from animal and human studies that demonstrates a positive
correlation of leukocytosis with disease severity after aSAH [3,26,27]. Likewise, increasing
evidence connects inflammatory mediators such as interleukin 6 (IL-6), CRP, or tumor
necrosis factor alpha (TNF-«) with secondary complications such as cerebral vasospasm
and DCI [24,28,29], and thus clinical hopes for glucocorticoid treatment with known strong
anti-inflammatory effects to potentially positively influence the disease course and prevent
secondary complications remain in place [22,24,30]. In this study, we report that although
the WBC count can act as a predictive marker for the most commonly observed secondary
complications in aSAH patients, this cannot be reliably assessed without simultaneously
addressing the administration of corticosteroids. The significant leukocytosis which results
from corticosteroid treatment invalidates the WBC counts’ predictive potential.

A hallmark of this study is the stratification of patients into those who received dex-
amethasone and those who did not. By including this crucial distinction, we found that
(1) most patients showed abnormal WBC counts after aSAH, (2) in the patients without
dexamethasone treatment, elevated WBC counts at day 7 were associated with the develop-
ment of DCI as well as the need for permanent CSF drainage, and (3), most importantly,
corticosteroid treatment abrogates the predictive value of WBC for both DCI and shunt
dependency in aSAH patients.

The administration of corticosteroids in aSAH patients remains controversially dis-
cussed, as most available studies are not comparable due to highly variable patient cohorts
and corticosteroid medication [20]. However, since recent studies found beneficial effects
of corticosteroid administration on neurological long-term follow-up outcomes in patients
who underwent microsurgical clipping, we updated our local treatment regimen, now
applying corticosteroids only to those patients [20,22].

In recent analyses of the WBC count in aSAH patients, the effect of corticosteroids has
mostly been neglected, as also seen in a recent study which utilized the modified Fisher
grade together with an elevated WBC count at admission to monitor patients throughout
the high-risk phase for DCI [3]. We showed that the administration of corticosteroids
clearly induces leukocytosis, a well-known side effect of these drugs [27], which masks the
predictive value of the WBC count in the development of DCI and shunt dependency and
should thus be accounted for in future studies. In general, DCI was not directly affected by
the administration of dexamethasone, which is in line with previous studies [20].
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In addition, a recent study by McGirt et al. investigated the role of the peak WBC
count as a predictor of vasospasms within the first five days in patients with SAH without
stratifying patients by the usage of steroids [12]. Within our longitudinal WBC measure-
ments, we showed that the best separation of WBC counts in patients with and without
DCI occurs around day 10, which is most likely too late to actually predict the appearance
of cerebral vasospasms or DCI. Therefore, we chose to evaluate WBC counts at multiple
points in time and found that elevated WBC counts at day 7 post aSAH were predictive of
the development of DCI; however, the causation between cerebral vasospasms, WBC, and
DCI cannot be reliably proven. Other studies compared neutrophil percentages in the cere-
brospinal fluid of SAH patients and found a relationship to DCI [31,32], again underlining
the possibility of an inflammatory pathomechanism for DCI and the importance of further
investigating this. It is, furthermore, important to point out that the abovementioned
studies partially used multiple differing cutoff values to define leukocytosis.

Approximately 9-64% of aSAH patients develop the need for a constant CSF di-
version [15,16,19]. The reasons include impaired CSF reabsorption, ventricular adhe-
sion/obstruction, as well as a systemic inflammatory response syndrome (SIRS) [16]. Pre-
clinical animal studies have demonstrated a hypersecretion of CSF and the resulting CSF
accumulation with ventricular expansion as a result of an inflammatory response of the
choroid plexus epithelium [14]. Although this study was conducted in a model of intraven-
tricular hemorrhage, it is not uncommon to find intracerebral or -ventricular hemorrhages
in patients with aSAH, and recent evidence indicates that the amount of ventricular blood
is also associated with a higher rate of ventriculoperitoneal shunting [14,18]. Nevertheless,
the impact of elevated WBC counts in terms of the development of shunt dependency is still
controversial. Most authors do not stratify their patients according to the administration of
dexamethasone, which was also observed in a recent study that showed an elevation of
WBC above >14,500 cells/pL blood to be associated with shunt dependency [33]. In our
study, we showed that elevated WBC counts at day 7 were associated with the need for
constant CSF drainage only in the patients who did not receive dexamethasone, similarly
to the predictive value of elevated WBC counts for DCI, whereas the predictive value of
WBC is masked by corticosteroid treatment.

Systemic and local inflammation is accepted to play an important and unifying role in
the pathogenesis of secondary complications after SAH [34]; however, the role of glucocorti-
coid treatment remains incompletely understood. A plethora of pro- and anti-inflammatory
pathways are known to be initiated in the peri- and intraparenchymal spaces after aSAH.
Recent studies have implicated the importance of oxidative stress and bilirubin oxidation,
as well as deregulation of the tryptophan-serotonin-kynurenine (TSK) axis that plays a role
in initiating inflammatory signaling cascades and might be involved in the pathogenesis of
vasospasms, which will be interesting to evaluate in future clinical studies [35,36]. Recent
publications showed that microsurgically treated patients receiving corticosteroids showed
better long-term neurological outcomes than patients not treated with corticosteroids [20],
pointing towards a potential for therapeutic interventions.

Limitations of this study include the monocentric and retrospective nature of our
data, which carries the risk of incomplete or incorrect information. Our data were not
adjusted for multiple comparisons that were made since we considered the adjustment to
be negligible in our data evaluation, and our data only allowed an exploratory analysis and
not a confirmatory one. Another potentially significant limitation of our study is the lack
of availability of data on clinical or subclinical infections during ICU admission. Bacterial
and viral infections are known to increase WBC, CRP, and body temperature and might
therefore pose an unknown confounder on the present data. A recent study including
12,299 patients estimated the risk for health care infections (in a point-prevalence survey
from US hospitals in 2015) at 3.2% (95% confidence interval 2.9 to 3.5) [37]. However, pa-
tients admitted to ICUs are at an inherently higher risk of health care infections due to more
commonly necessary indwelling catheters and mechanical ventilation in combination with
an increased prevalence of immunosuppression and multidrug-resistant bacteria, which
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raises the estimate to 15% of patients affected by infections in neurological ICUs [38,39].
In addition to infections as the cause of leukocytosis in aSAH patients, further clinical
complications have to be accounted for. For example, the patients who developed the need
for external CSF drainage or with an early tracheotomy would be expected to show an in-
termittent increase in the WBC count in the initial days after surgery. Similarly, the patients
who underwent surgical clipping or suffered additional intracerebral or -ventricular hem-
orrhages might also show temporary leukocytosis and introduce biases. These important
factors will be the subject of our future studies and should be accounted for.

Again, reliable numbers of the effects of glucocorticoid treatment in the ICU setting
are scarce; however, despite the utmost concern for an increased risk of infections under
corticosteroid treatment, a recent meta-analysis of 21 randomized controlled trials (RCTs) in
patients with rheumatic diseases has found little to no increased risk of infection in case of
short-term application [40,41]. Nevertheless, serious infections during corticosteroid treat-
ment remain a clinical reality, as also suggested in the observational studies analyzed in the
aforementioned meta-analysis [9]; this will be analyzed in future studies of our workgroup.

As discussed above, to ultimately draw a conclusion about the administration of
steroids in aSAH patients, large multicentric randomized prospective clinical studies are
necessary, as currently initiated in Germany (FINISHER trial, « ClinicalTrials.gov (accessed
on 30 December 2022) NCT05132920, EudraCT No. 2021-000732-54) [15].

5. Conclusions

Leukocytosis independently correlates with DCI and shunt dependency in aSAH
patients, although only in patients without accompanying dexamethasone treatment, which
has been neglected in previous studies. Our data suggest that inflammatory parameters
should only be used to estimate prognosis models if there is no influence from medication
such as dexamethasone, as this can bias the results.
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