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Abstract

Secondary brain injury after aneurysmal subarachnoid hemorrhage (SAH-SBI) contributes to poor outcomes in patients
after rupture of an intracranial aneurysm. The lack of diagnostic biomarkers and novel drug targets represent an unmet
need. The aim of this study was to investigate the clinical and pathophysiological association between cerebrospinal fluid
hemoglobin (CSF-Hb) and SAH-SBI. In a cohort of 47 patients, we collected daily CSF-samples within 14 days after
aneurysm rupture. There was very strong evidence for a positive association between spectrophotometrically deter-
mined CSF-Hb and SAH-SBI. The accuracy of CSF-Hb to monitor for SAH-SBI markedly exceeded that of established
methods (AUC: 0.89 [0.85-0.92]). Temporal proteome analysis revealed erythrolysis accompanied by an adaptive mac-
rophage response as the two dominant biological processes in the CSF-space after aneurysm rupture. Ex-vivo experi-
ments on the vasoconstrictive and oxidative potential of Hb revealed critical inflection points overlapping CSF-Hb
thresholds in patients with SAH-SBI. Selective depletion and in-solution neutralization by haptoglobin or hemopexin
efficiently attenuated the vasoconstrictive and lipid peroxidation activities of CSF-Hb. Collectively, the clinical association
between high CSF-Hb levels and SAH-SBI, the underlying pathophysiological rationale, and the favorable effects of
haptoglobin and hemopexin in ex-vivo experiments position CSF-Hb as a highly attractive biomarker and potential
drug target.
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angiographic vasospasm (aVSP) in the large cerebral
arteries.” Delayed cerebral ischemia (DCI) with radio-
logic demarcation of ischemic brain areas and clinically
evident delayed ischemic neurologic deficits (DINDs)
are found in one-third of patients with aSAH.® The
pathophysiology of SAH-SBI is multifactorial, involv-
ing macro- and microvascular dysfunction, microthom-
bosis, neuroinflammation, neuronal apoptosis, and
pathological electrical brain activity.*” ' The delay
between aneurysm rupture and the onset of SAH-SBI
provides a window of opportunity for preventive and
therapeutic interventions. However, to date, the only
preventive intervention for SAH-SBI that has been
shown to moderately improve neurological outcomes
is oral nimodipine.'""'* In already symptomatic
patients, the therapeutic options are limited to non-
causal rescue therapies to improve cerebral perfusion,
such as the adaptation of blood pressure targets or
angioplasty.'"!?  Therefore, methods to identify
patients at high risk for SAH-SBI as well as novel ther-
apeutic targets represent an unmet need.

Hemoglobin has been implicated as a potential
driver of SAH-SBI for decades.”'*'* However, only
recent preclinical studies have begun to demonstrate
clear pathophysiological links between Hb and mecha-
nisms of SAH-SBI.'>!'® We propose the following path-
ophysiological sequence to underlie the increased risk
for SAH-SBI: red blood cells (RBCs) decompose in the
subarachnoid hematoma, cell-free Hb is generated in
the CSF (CSF-Hb), Hb tetramers dissociate into
dimers, and finally small CSF-Hb dimers delocalize
into vulnerable anatomical sites of the cerebral arteries
and brain. There, nitric oxide (NO) scavenging pro-
motes vasoconstriction'>™'” and potentially oxidative
neuronal damage. In experimental models, these
adverse effects of CSF-Hb were mitigated by intraven-
tricular administration of the Hb scavenger protein
haptoglobin.'® Collectively, this prior evidence suggests
CSF-Hb as a biomarker that may allow the risk of
SAH-SBI to be estimated by directly monitoring a
potentially targetable pathophysiological process.

The main objective of this study was to investigate
the clinical association of CSF-Hb with SAH-SBI and
the diagnostic accuracy of daily CSF-Hb measure-
ments. Furthermore, we performed an in-depth CSF
proteome study and ex-vivo functional assays to ratio-
nalize the role of CSF-Hb as a pathophysiological
driver of and potential therapeutic target for SAH-SBI.

Material and methods

General

This study was approved by and all procedures were
performed in accordance with the Ethics Committee of

the Canton of Zurich, Switzerland (KEK ZH 2016-
00439) and with the guiding principles of the 2008
Declaration of Helsinki. Written informed consent
was obtained from all patients or their legal represen-
tatives. The results are reported in accordance with the
STROBE statement (von Elm et al., 2007).

Study population

Clinical data and CSF samples were obtained from a
prospective consecutive cohort of aSAH patients
admitted to the Neurointensive Care Unit of the
Department of Neurosurgery, University Hospital
Zurich over a 3-year period (April 2017 to March
2020). The eligibility criteria are given in the
Supplementary Methods.

Clinical data acquisition

Patient data collection was performed by the treating
physician blinded to the CSF measurements. Baseline
features of the patients were assessed at the time of
diagnosis and are given in the Supplementary
Methods (Supplementary Figure 1(a)). Clinical data
was collected prospectively during the 14-day high-
risk phase for SAH-SBI based on standardized moni-
toring at the Neurointensive Care Unit and as part of
the 3-month follow-up. General patient management
conformed to current guidelines of the Neurocritical
Care Society  and the  American Heart
Association.'""'? The presence of DIND, DCI and
aVSP was assessed on a daily basis during the 14-day
sampling period. The definitions of DIND, DCI and
aVSP are given in the Supplementary Methods. SAH-
SBI was defined as the composite outcome of DIND,
DCI and aVSP. In addition, flow velocity in the bilat-
eral middle, anterior and posterior cerebral arteries was
assessed daily using Transcranial Doppler (TCD)
sonography. Complications were assessed daily
during the 14-day sampling period (details see
Supplementary Methods). Chronic hydrocephalus
(ventriculoperitoneal shunt dependency) and function-
al status (Glasgow Outcome Scale-Extended [GOSE]
and modified Rankin Scale [mRS]) were evaluated at
the 3-months follow-up.

Subarachnoid hematoma segmentation and
volumetric analysis

Based on the initial CT scan, the volume of the sub-
arachnoid hematoma was manually delineated using
3DSlicer 4.11.0.'® The preprocessing prior to delinea-
tion consisted of brain extraction whereby the largest
cavity from a 200 HU thresholded skull mask was
extracted.'” Subsequently, the brain mask was multi-
plied with the original CT scan and median filtered
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with a 5x5x3 kernel (Supplementary Figure 1(b)). The
volume of the hemorrhage was calculated by multiply-
ing the voxel size by the number of segmented voxels.

CSF sampling

CSF samples were collected from the EVD by investi-
gators blinded to the clinical data. The decision regard-
ing the insertion of an EVD was made independently of
this study and according to the clinical standard of
care. 1 ml of CSF was sampled on a daily basis at
approximately the same time (morning). A sampling
duration from day 1 (the day after aSAH) to day 14
was used. If the patient’s EVD was removed prior to
day 14, the CSF sampling was discontinued.
Immediately after sample collection, the CSF was cen-
trifuged (Capricorn CEP 2000 Benchtop centrifuge,
Capricorn labs, UK) at 1500 xg for 15minutes, and
the supernatant was stored at -80°C for further analysis
(Supplementary Figure 1(c)).

Spectrophotometry of CSF-Hb and heme
metabolites

Absorption spectra in the visual range between 350 and
650nm of all CSF samples were measured on a
Shimadzu UV-1800 spectrophotometer (Shimadzu,
Japan). Quantification of different Hb species and
their metabolites in the CSF (oxyHb [hereafter referred
to as CSF-Hb], metHb, bilirubin, biliverdin) was per-
formed wusing spectral deconvolution. Therefore,
extinction curves for the individual substances with
known concentrations were fitted to the extinction
curve of CSF using a nonnegative least squares algo-
rithm as described previously.?

LC-MSIMS CSF proteomic analysis

Using LC-MS/MS based label-free quantification, the
CSF proteomes of 18 patients were obtained at five
sequential time points during the observation period
(0, 0.5, 1, 1.5 and 2 weeks after aSAH) (Supplementary
Figure 1(c)). Details of the proteomics workflow, sample
preparation and data analysis are included in the
Supplementary Methods. Temporal changes in the
CSF proteome were clustered using k-means analysis,
whereby the optimal number of clusters was determined
visually with an elbow diagram (Supplementary Figure 1
(d)) using the factoextra package.”!

Neurovascular function

The neurovascular function assay (Supplementary
Figure 1(e)) was performed using fresh porcine basilar
arteries obtained from a local abattoir (n=12)."
Methodological  details are given in  the

Supplementary Methods and the sequence of the exper-
iment is illustrated in Supplementary Figure 1(f). An
initial series of experiments was conducted to evaluate
the vasoconstrictive potential of patient CSF during
the high-risk phase for SAH-SBI and to assess the spe-
cific role of Hb in this process. For this purpose,
patient CSF collected between days 3 and 14 after
aSAH was selectively depleted of CSF-Hb using a hap-
toglobin affinity column as previously described.'® In
the initial phase of the experiment, the vessels were
immersed in Hb-depleted CSF. Subsequently, the pre-
cise amount of Hb that had been removed from the
CSF was restored, in order to determine the specific
impact of CSF-Hb on vascular tension. In a second
series of experiments, the influence of increasing Hb
exposure on vascular tension was assessed. For that
purpose, the vessels were immersed in Krebs-
Henseleit buffer and exposed to increasing concentra-
tions of Hb (10~* M to 10~ M Hb in half log10 steps).
To evaluate the effect of the hemoglobin-scavenger
haptoglobin, a third series of experiments was per-
formed with identical Hb concentrations, but an equi-
molar amount of haptoglobin was added.

Hb, haptoglobin, hemopexin and reconstituted
lipoprotein (rLP)

Hb for use in ex-vivo experiments was purified from
expired human blood concentrates as previously
described.”® Hb concentrations were determined by
spectral deconvolution as described above and are
given as molar concentrations of total heme (1 M Hb
tetramer is equivalent to 4 M heme). For all Hb used in
these studies, the fraction of ferrous Hb (HbFe’"0,)
was always greater than 98%, as determined by spec-
trophotometry. Purified haptoglobin (phenotype 1-1)
and hemopexin from human plasma, as well as recon-
stituted lipoprotein (rLP) were obtained from CSL
Behring, Bern, Switzerland.

Thiobarbituric acid-reactive substances (TBARS)
assay

The oxidative potential of the CSF samples was quan-
tified by measuring the formation of malondialdehyde
(MDA), the final product of lipid peroxidation, after
incubation with rLP (Supplementary Figure 1(g)).

Methodological  details are given in  the
Supplementary Methods.

Statistical analyses

Statistical analyses were performed using R 3.6.3.%

The detailed statistical methods as well as the versions
of the used R-packages are given in Supplementary
Methods. Descriptive statistics are presented as
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Table |. Baseline cohort characteristics. Demographic, clinical and radiological cohort

features at baseline are shown.

Total n 47

WENS grade [n (%)]

Age [mean (SD)] 60.1 (12.9) I 5(10.6)
Male gender [n (%)] 19 (40.4) 2 12 (25.5)
Aneurysm location [n (%)] 3 2 (4.3)
Anterior communicating artery 19 (40.4) 4 10 (21.3)
Basilar artery 6 (12.8) 5 18 (38.3)
Internal carotid artery I (2.1) Hunt and Hess grade [n (%)]
Middle cerebral artery 8 (17.0) I 1 (2.1)
Posterior communicating artery 6 (12.8) 2 13 (27.7)
Pericallosal artery 2 (4.3) 3 7 (14.9)
Posterior inferior cerebellar artery 4 (8.5) 4 10 (21.3)
Vertebral artery I (2.1) 5 16 (34.0)
Aneurysm size® [mean (SD)] 6.9 (4.4) BNI grade [n (%)]
Blood volume® [mean (SD)] 66.8 (40.6) 2 5 (10.6)
Intraventricular hemorrhage [n (%)] 20 (42.6) 3 7 (14.9)
Initial GCS [mean (SD)] 8.9 (4.8) 4 13 (27.7)
Treatment [n (%)] 5 22 (46.8)
Bypass 2 (4.3) Fisher grade [n (%)]
Clipping 14 (29.8) I I (2.1
Coiling 31 (66.0) 3 26 (55.3)
4 20 (42.6)

?Maximal diameter in mm.
®Volume in cm®.

BNI: Barrow Neurological Institute; GCS: Glasgow Coma Scale; SD: standard deviation; WFNS:

World Federation of Neurosurgical Societies.

absolute numbers (n) and proportions (%) for categor-
ical variables, whereas continuous variables are shown
as mean and standard deviation (SD). The Shapiro-
Wilk test was used to test for normality. Due to the
exploratory nature of the study, no level of statistical
significance was defined; instead, the results were inter-
preted based on the level of evidence for an association
as follows: p<0.001: very strong evidence; p <0.01:
strong evidence; p < 0.05 evidence; p<0.1 weak evi-
dence; and p>0.1: no evidence.**

Data and code availability

The authors confirm that the data supporting the find-
ings of this study are available within the article and its
Supplementary Materials. In addition, all anonymized
datasets used in this study along with the statistical
code are provided in the Supplementary Materials
(for an overview, see Supplementary Table 3). The
use of dynamic reporting guarantees full reproducibil-
ity of the results given data and code.

Results

Study population

Out of 52 consecutively screened patients fulfilling
the eligibility criteria, 47 were included, since for

five patients informed consent was refused. Table 1
summarizes the baseline features of the patient
cohort.

Spectrophotometry demonstrates delayed
accumulation of CSF-Hb and heme metabolites in
patient CSF

We used spectrophotometry with spectral deconvolu-
tion to quantify CSF-Hb, its downstream metabolites
biliverdin and bilirubin, and the primary Hb oxida-
tion product metHb (Figure 1(a)). The individual tem-
poral profiles and peak concentrations of CSF-Hb
0.6uM to 2422uM) were highly variable
(Supplementary Figure 2). In most patients, CSF-Hb
remained very low over the first 2 to 3days after
aSAH, followed by a strong increase, a plateau
between days 9 and 12, and a decrease thereafter.
Bilirubin was already elevated on day 1 and increased
at the greatest rate within the first 3 to 5days before it
reached a plateau. Levels of the intermediate metab-
olite biliverdin markedly increased from day 4 and
peaked on day 12. MetHb levels showed a delayed
increase with a peak on day 11 after aSAH. Hence,
high levels of CSF-Hb develop with a delay after the
acute bleeding and coincide with the high-risk phase
for SAH-SBI.



3004

Journal of Cerebral Blood Flow & Metabolism 41(11)

(a) CSFHb Biliubin Biiverdin metHb
B
2
2 4 6 8 10 12 14
Day post-SAH
(b) (d) ® (h)
Coagulation Glycolysis Heme metabolism
i 08
0.0
z Cluster 06 0.0 i Ay 0.0 boowermes oniw
5 — 1) 0 200 400 600 0 200 400 600 0 200 400 600
'g =+l Rank
z ==l e i
_E -3 ©) HP (9) oAl (@) CD163
- 2 2 6
0 05 1 15 2 20
Week post-SAH i 4
© PR : T%% K 2 *
HP! T *
b : | " HPR cA2 CSFIR
20 APOA1 6
2 == CO4 - ruster 15 2
.‘, . CcA1 @ +(1) { 10 | ¢ .
. . + = '
_ &5 oo csrir 00 F T L + @% I T 2*
g.,ws A car ®°@ 2 r+ R L
-3
Fe . f cD183 @ 3 HPX CAT cD14
E . .:" ALDOA  Mean E 1 | 40 i 6 s |
& % VCAM intensity = d ‘
2 ¢ - & 4
g 0 = cons @ 2410 [ I *
5 ALB . . 05 *f-f- 2 *
S s sah. NCAMT (@) des10 &+ - ‘ +
& " [ CA2 .58*10 L Ui 0
i % TIMP1 ALB ALDGA TIMP1
* hp H % @0 | . :
IGHG3 . 10049 { 10 15
ke ? s 5100A8 Tt [ 10
VWE TRl 3N 5 * ‘
: *
5
G FTL ke T*T 0 ** | =
20 -10 0 10 20 01 2 012 012
Fold change (log2) Week post-SAH

Figure 1. Changes in the cerebrospinal fluid proteome after aneurysmal subarachnoid hemorrhage. (a) Temporal cerebrospinal fluid
(CSF) oxyhemoglobin (CSF-Hb), bilirubin, biliverdin and methemoglobin (metHb) profiles. (b) K-means clustering of proteins in the
CSF after aneurysmal subarachnoid hemorrhage (aSAH) identified with LC-MS/MS. (c) Volcano plot showing the overall fold change
and combined p-value for the CSF proteome. The color indicates the respective cluster, the size of each dot represents the raw mean
intensity of the protein (not normalized). (d) Enrichment plot showing the top negatively enriched hallmark gene sets for coagulation
identified by gene set enrichment analysis (GSEA) of the CSF proteome after aSAH. (e) Temporal course of the normalized protein
intensities for haptoglobin (HP), haptoglobin-related protein (HPR), hemopexin (HPX) and albumin (ALB) in the CSF after aSAH. (f)
Enrichment plot of the top positively enriched hallmark gene set for glycolysis identified by GSEA of the CSF proteome after aSAH. (g)
Temporal course of the normalized protein intensities for carbonic anhydrase | (CAl), carbonic anhydrase 2 (CA2), catalase (CAT)
and aldolase A (ALDOA\) in the CSF. (h) Enrichment plot of the hallmark gene set for heme metabolism identified by GSEA of the CSF
proteome after aSAH. (i) Temporal course of the normalized protein intensities for CD163, colony stimulating factor | receptor
(CSFIR), CD 14 and metalloproteinase inhibitor | (TIMPI) in the CSF. The box in the boxplots bounds the interquartile range (IQR)
divided by the median, while the whiskers extend to the highest and lowest value within the 1.5 x IQR, respectively.

assigned to four clusters by a k-means algorithm.
Figure 1(c) shows a volcano plot of the normalized
signal intensities summed across all samples per
patient, providing an overall view of protein accumu-
lation or depletion within the two-week period after

LC-MSIMS analysis of CSF proteins delineates
erythrolysis and a dynamic macrophage response in
the subarachnoid space

We performed a quantitative LC-MS/MS analysis of

85 CSF samples from 18 patients collected at 5 time
points after aSAH. Figure 1(b) illustrates the temporal
course of the levels of 757 CSF proteins that were

aSAH. Cluster 2 (green) comprised proteins whose
intensity remained mostly unchanged over time.
Cluster 3 (yellow) represents proteins with decreasing
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intensity over time. These were mainly plasma proteins
that likely entered the subarachnoid space with the
bleeding and were subsequently cleared from the
CSF. GSEA of the ranked proteins assigned the top
negatively enriched hallmark gene set to coagulation
(ES=-0.66, FDR =0.007, Figure 1(d)). Figure 1(¢) dis-
plays the levels of four selected plasma proteins (HP,
HPR, HPX and ALB) over time. Cluster 1 (violet)
contained proteins that showed pronounced accumula-
tion over time, and cluster 4 (blue) contained proteins
whose levels showed a moderate increase. GSEA iden-
tified glycolysis (ES=0.78, FDR =0.021, Figure 1(f))
and heme metabolism (ES =0.74, FDR =0.096, Figure
1(h)) as the top enriched hallmark gene sets, indicating
the lysis of RBCs with subsequent release of cytoplas-
mic proteins and the breakdown of Hb by macro-
phages, respectively. Figure 1(g) displays levels of the
RBC proteins carbonic anhydrase 1 (CAl) and 2
(CA2), catalase (CAT), and aldolase A (ALDOA)
over time. Figure 1(i) shows the macrophage proteins
CD163, CSF1R, CD14, and TIMP1. The accumulation
of these proteins suggests a pronounced macrophage
influx into the subarachnoid space within the first
days after hemorrhage. Collectively, the proteome
dynamics in patient CSF after aSAH reinforced the
notion that erythrolysis and an adaptive macrophage
response are the two dominant processes in the CSF
space after aSAH.

Hematoma volume, day after aSAH and presence of
IVH as relevant determinants of CSF-Hb

To estimate determinants of CSF-Hb concentration,
we applied a GAM with non-linear spline-fit (4
knots) for time (day after aSAH) and a random-effect
for the individual patients. The partial dependence
plots are shown in Figure 2(a). Larger aneurysm size
was not associated with higher CSF-Hb. Among aneur-
ysms at different locations, middle cerebral artery
aneurysms showed strong evidence for a negative asso-
ciation with CSF-Hb (partial dependence=-0.57,
SD =0.20, p=0.0044). There was very strong evidence
for a positive association between hematoma volume
and CSF-Hb (p <0.001). A rendered example of the
subarachnoid blood clot is given in Figure 2(b).
Volumetric analysis was performed in only 46 of the
47 patients, as one patient had an initial MRI (and not
a CT scan) and was therefore excluded from this anal-
ysis. There was very strong evidence (p < 0.001) for an
association between the time point of sampling (day)
and CSF-Hb, whereas the partial dependence was neg-
ative in the first 3-5days after aSAH, and positive in
subsequent days. This association most likely reflects
the delayed onset of erythrolysis and CSF-Hb libera-
tion in the subarachnoid space after aSAH. Also, there

was very strong evidence for a positive association
between the presence of IVH and CSF-Hb (partial
dependence=1.1, SD=0.15, p<0.001). With IVH,
CSF-Hb levels increased early and then reached a pla-
teau, whereas in the absence of IVH, this increase was
more delayed and gradual, but a plateau was reached at
comparable peak concentrations around day 12
(Figure 2(c)). This most likely represents a CSF com-
partment effect, since the EVD used to sample the CSF
is in direct proximity to the blood clot when IVH is
present, while the EVD lies distant to the blood clot, if
IVH is absent (illustrated in Figure 2(c)). In summary,
these findings indicate that hematoma volume, day
after aSAH and the presence of IVH are relevant deter-
minants of CSF-Hb levels.

Increased CSF-Hb levels are associated with SAH-SBI

The cohort outcome parameters representative of
SAH-SBI, rescue therapies, complications, mortality,
and functional status at the 3-month follow-up are
summarized in Supplementary Table 2. The CSF-Hb
levels stratified by aVSP, DCI, DIND and SAH-SBI
are shown in Figure 3(a) and Supplementary Figure 3.
As expected, given their strict clinical definitions, the
status of DIND, DCI and aVSP is missing on many
time points (denoted as not available (NA)).
Supplemental Figure 3 shows the CSF-Hb values of
the NAs for DINDs, DCI and aVSPs compared to
the CSF-Hb. Within the NAs, the CSF-Hb values
were found distributed along the entire measurement
spectrum without an unidirectional trend, as opposed
to those with or without DIND, DCI or aVSP. A
GAM with spline fit (5 knots) for time (day after
aSAH) and a random-effect for the individual patients
provided very strong evidence (p < 0.001) for a positive
association between CSF-Hb and SAH-SBI. The par-
tial dependence of SAH-SBI on CSF-Hb and the day
after aSAH are given in Figure 3(b).

To estimate the diagnostic accuracy of daily CSF-
Hb measurements to monitor for SAH-SBI, we calcu-
lated the ROC curves and AUCs for SAH-SBI and the
individual outcomes aVSP, DCI and DIND (Figure 3
(c), Supplementary Figure 4(a) to (c)). The high diag-
nostic accuracy of CSF-Hb remained unaltered in a
recalculated model with data limited to the high-risk
period (days 4-14), avoiding potential bias introduced
by the generally low Hb levels in the first 3 days after
aSAH (Supplementary Figure 4(d)). Bilirubin, biliver-
din and metHb had a lower diagnostic accuracy than
CSF-Hb (Supplementary Figure 4(e) to (h)).
Computation of the optimal Youden index yielded a
CSF-Hb value of 7.1 uM for SAH-SBI (Figure 3(c)).
For the individual outcomes of aVSPs, DCI and
DINDs, the optimal Youden indices were 3.4, 5.5,
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Figure 2. Determinants of cerebrospinal fluid hemoglobin. (a) Partial dependence of cerebrospinal fluid hemoglobin (CSF-Hb) levels
on aneurysm size, aneurysm location, hematoma volume, the presence of intraventricular hemorrhage (IVH), and number of days
post-SAH according to a generalized additive model (GAM). (b) Example of 3 D-rendered subarachnoid hematoma. (c) Left: Schematic
illustration of a subarachnoid hemorrhage originating from a ruptured anterior communicating artery aneurysm with [VH absent (blue
inset) or present (red inset). Right: The temporal course of CSF-Hb after aSAH stratified by the presence of IVH. The box in the
boxplots bounds the interquartile range (IQR) divided by the median, while the whiskers extend to the highest and lowest value within

the 1.5 X IQR, respectively.

and 7.1 pM, respectively (Supplementary Figure 4(a) to
(c)). TCD measurements demonstrated a high specific-
ity for SAH-SBI (0.97 [0.88 to 1.00]), DIND (0.96 [0.87
to 1.00]), DCI (0.93 [0.76 to 0.99]) and aVSP (0.96 [0.78
to 1.00]). However, the sensitivity of daily TCD meas-
urements was minimal (SAH-SBI: 0.28 [0.17 to 0.42],
DIND: 0.32 [0.18 to 0.48], DCI: 0.15 [0.03 to 0.38],
aVSP: 0.17 [0.05 to 0.37]).

CSF-Hb values stratified by good and poor func-
tional outcome at 3-month follow up based on GOSE
and mRS score are shown in Figure 3(d) and
Supplementary Figure 4(h), respectively. A GAM
with spline fit (4 knots) for time (day after aSAH)
and a random-effect for the individual patients provid-
ed very strong evidence for a positive association of
CSF-Hb to a poor functional outcome at 3-month

follow up, as expressed by the GOSE (partial depend-
ence=0.71, SD=0.10, p<0.001) and mRS (partial
dependence =0.72, SD =0.10, p < 0.001).

Basilar artery vasoconstriction and lipid peroxidation
occur in the concentration range of patient CSF-Hb

Our clinical data suggested CSF-Hb as an upstream
mediator of SAH-SBI. To further investigate a poten-
tial pathophysiological association, we studied whether
ex-vivo vasoconstriction and lipid peroxidation with
Hb exposure correlated with the range of CSF-Hb con-
centrations observed in our cohort. We established a
new model of vascular function with porcine basilar
arteries that were precontracted with PGF2o and dilat-
ed by an intrinsic endothelial NO synthase (eNOS)
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the highest and lowest value within the 1.5 x IQR, respectively.

response. This setup allowed us to study the effect of
Hb on endogenous NO reserve capacity. In contrast to
our prior proof-of-concept studies,'> which were not
designed to validate the pathophysiological effects of
predefined Hb concentrations, no supplemental NO
donor was used. Figure 4(a) demonstrates the sigmoid
dose-response curve, which shows a steep increase in
vascular tension between 107%° and 10°® M Hb and
maximum contraction near 10> M Hb.

An almost identical curve was obtained when we
plotted the max-TCD-scaled values of our patient
cohort against the measured CSF-Hb concentrations
(Figure 4(b)). The samples from those patients with
aVSPs (red dots) in the majority contained CSF-Hb
at concentrations of 107> M or more.

To investigate the oxidative potential associated
with CSF-Hb, we measured the generation of MDA

in a mixture of Hb and rLP containing unsaturated
phosphatidylcholine, which is the main physiological
lipid substrate for in-vivo Hb peroxidation reactions.*
The dose-response curves shown in Figure 4(c) demon-
strates that the steepest increase in MDA formation
also occurred with Hb at concentrations between
107> and 10> M with reaction incubation times rang-
ing from 0.5 to 4h.

Figure 4(d) plots the patient’s CSF-Hb concentra-
tions stratified by the presence of SAH-SBI. This dem-
onstrates that the optimal Youden index of CSF-Hb
for SAH-SBI, which arithmetically yields the optimal
ratio between sensitivity and specificity, nearly coin-
cides with the CSF-Hb concentration at maximal bas-
ilar artery vasoconstriction, the maximum TCD values
and the concentration at which the rate of TBARS
generation is highest.
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Figure 4. The vasoconstrictive and oxidative potential of
hemoglobin. (a) Relative tension dose-response curve for
hemoglobin (Hb). (b) Patient Transcranial Doppler (TCD)
velocity (max-TCD-scaled) correlated to CSF-Hb levels. The
presence of angiographic vasospasms (aVSP) is displayed as a
color overlay. (c) Formation of malondialdehyde (MDA) in
response to different concentrations of Hb determined by a
TBARS assay. (d) Correlation between measured CSF-Hb and
the presence of secondary brain injury (SAH-SBI). The box in the
boxplots bounds the interquartile range (IQR) divided by the
median, while the whiskers extend to the highest and lowest
value within the 1.5 X IQR, respectively.

Collectively, the results of the vascular function and
lipid peroxidation studies reveal critical inflection
points for toxic Hb-effects at concentrations overlap-
ping the CSF-Hb concentrations found in patients with
SAH-SBI.

Depletion and neutralization of CSF-Hb mitigates
pathological vasoconstriction and lipid peroxidation
To mechanistically link CSF-Hb in patients with SAH-

SBI, we performed Hb depletion and neutralization
experiments. Porcine basilar artery segments that

were immersed in CSF depleted of Hb with a hapto-
globin affinity column (Figure 5(a)) had a lower rela-
tive tension than segments immersed in the same CSF
sample in which the original CSF-Hb concentration
had been restored with highly purified Hb (Figure 5
(b)). This experimental setup controlled for potential
nonspecific removal of vasoactive substances by the
haptoglobin affinity column. Additionally, we repeated
a Hb dose-response experiment to confirm the anti-
vasospastic effect of soluble haptoglobin (phenotype
1-1, Hp 1-1). Across the Hb concentration range, Hp
1-1 attenuated the contractile force of basilar arteries
(Figure 5(c)). We also quantified the oxidative poten-
tial of CSF samples from patients after aSAH. We
found variable increases in MDA after lipoprotein
exposure between CSF samples that were collected
during the high-risk phase (weeks 0.5-2) compared to
baseline CSF samples (collected on day 1) (Figure 5
(d)). The addition of the Hb-scavenger Hp -1 at equi-
molar concentrations to CSF-Hb effectively attenuated
MDA formation. The addition of the heme-scavenger
hemopexin at an equimolar concentration to CSF-Hb
attenuated MDA formation to an even greater extent.
These ex-vivo experiments show the effectiveness of Hb
and heme scavengers in mitigating the vasoconstrictive,
as well as the oxidative effects of CSF-Hb, and thereby
support further evaluation for their clinical application
of patients after aSAH.

Discussion

The main objective of this study was to investigate the
clinical association of CSF-Hb with SAH-SBI and the
diagnostic accuracy of daily CSF-Hb measurements for
SAH-SBI. Based on a prospective cohort of 47 patients
and 415 CSF samples, we provide very strong evidence
for a positive association between CSF-Hb and the
occurrence of SAH-SBI. In addition, CSF-Hb marked-
ly exceeded the diagnostic accuracy of established pre-
diction methods. Also, we aimed to rationalize the role
of CSF-Hb as a targetable driver of SAH-SBI. We
showed that, within a clinically relevant concentration
range, CSF-Hb induced vasoconstriction and oxidized
unsaturated lipids ex-vivo, suggesting that it might act
as an upstream toxin. The Hb-scavenger haptoglobin
and the heme-scavenger hemopexin effectively counter-
acted both toxicity mechanisms within the clinically
relevant dose range. Collectively, the strong clinical
association between high CSF-Hb levels and SAH-
SBI, the underlying pathophysiological rationale and
the favorable effects of haptoglobin and hemopexin
position CSF-Hb as a highly attractive biomarker
and potential drug target.
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Figure 5. Protective effects of scavenger proteins against the
vascular and oxidative effects of hemoglobin. (a) Depletion of Hb
from CSF using a haptoglobin (Hp) affinity column. (b) Vascular
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restored CSF. (c) Dose-response curve for Hb with (data from
Figure 4(a)) or without Hp. (d) The oxidative potential of patient
CSF over time after aneurysmal subarachnoid hemorrhage
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(Hpx), as assessed by malondialdehyde (MDA) quantification with
a thiobarbituric acid-reactive substances (TBARS) assay. The box
in the boxplots bounds the interquartile range (IQR) divided by
the median, while the whiskers extend to the highest and lowest
value within the 1.5 x IQR, respectively.

CSF-Hb as a biomarker for SAH-SBI

In this study, EVD sampling-based CSF-Hb showed a
diagnostic accuracy for SAH-SBI that considerably
exceeded that of existing methods. While often used

in clinical practice, established clinical (WFNS, Hunt
& Hess) and radiological (BNI, modified Fisher) scores
show a limited predictive accuracy for SAH-SBI.>> %8
The performance of combined scores or machine-
learning-based models for predicting SAH-SBI is also
only slightly better than that of the established clinical
and radiological scores.”*° The value of daily assess-
ments of arterial flow velocity in the large cerebral
arteries using TCD is controversial because of its lim-
ited diagnostic precision and high interrater variabili-
ty>132 and because it cannot be applied in one-fifth of
patients due to anatomical reasons.>* Due to the lack
of superior alternatives, however, TCD 1is recom-
mended by current guidelines and has been adopted
by many clinical centers.''** In our cohort, the diag-
nostic accuracy of TCD for SAH-SBI was clearly
below that of CSF-Hb. Moreover, literature-reported
performance measures of proposed biomarkers for
SAH-SBI are also substantially inferior to CSF-
Hb.%3 In addition to its high diagnostic accuracy
for SAH-SBI, CSF-Hb is characterized by its simple
and reliable analytics. Precise CSF-Hb values could
be determined bedside with a simple two-step proce-
dure consisting of a centrifugation step to remove
cells and debris from the CSF and subsequent spectro-
photometry with automated spectral deconvolution.
Furthermore, spectrophotometry allows the absolute
quantification of CSF-Hb without parallel measure-
ments of calibration samples or to generate standard
curves. Collectively, these advantages significantly
reduce analytical costs and turnaround times and
may enhance the widespread applicability and use of
CSF-Hb quantification.

CSF-Hb as a pathophysiological driver of SAH-SBI

Despite the fact that Hb has long been considered a
relevant pathophysiological factor in the development
of SAH-SBI,”'*!* only recently preclinical studies have
experimentally determined that CSF-Hb induces path-
ophysiological processes reflecting specific features of
SAH-SBI, such as vasospasm, lipid oxidation, and neu-
ronal damage.'> ' However, a significant limitation of
prior studies was that the explored Hb and heme con-
centrations were not based on a rational assessment of
relevant CSF-Hb concentrations in patients. Indeed,
our previous experiments in a sheep vasospasm
model'® defined effects of CSF-Hb at concentrations
at least tenfold above the critical inflection point
implied by our current patient data. Furthermore,
our previous ex-vivo vasospasm model was incapable
of defining physiologically relevant vasoconstrictive
Hb concentrations because we used exogenous NO
donors and, therefore, artificially set the concentration
threshold at which Hb interrupted vasodilatory NO
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signaling. To address these issues, we redesigned our
ex-vivo model to investigate how CSF-Hb interferes
with an intrinsic vasodilator response. This was
achieved by combining an algorithm-based prestretch-
ing protocol PGF2« as a pre-contracting agent, which
induced endogenous, endothelial NO synthesis. With
this new model, we confirmed that Hb is the major
vasoconstrictor in patient CSF by comparing the vaso-
constrictive effect of Hb-depleted and Hb-restored
CSF. Additionally, we were able to determine that
the active dynamic range of Hb concentrations in the
ex-vivo vasospasm model overlaps with critical inflec-
tion points that determine TCD flow velocities in large
cerebral arteries and the presence or absence of SAH-
SBI in our patient cohort. Within the same clinically
relevant concentration range, we found that CSF-Hb
was highly active as a lipid oxidant, indicating oxida-
tive Hb toxicity to contribute to nonischemic neuronal
damage. We attributed the lipid oxidation activity in
patient CSF to the downstream Hb metabolite heme.
Its selective neutralization with hemopexin virtually
blocked the formation of MDA, while haptoglobin
partially inhibited MDA formation.

CSF proteome dynamics after aSAH

Although our study followed a strongly hypothesis-
driven approach, we attempted to further assess the
phenomenon of CSF-Hb accumulation and toxicity
within the broader context of biological processes
reflected by the temporal dynamics of the CSF prote-
ome. Based on LC-MS/MS analysis of Hb-depleted
CSF from the two weeks high-risk phase for SAH-
SBI, we found the strongest signals for those proteins
suggestive of RBC lysis and macrophage accumulation.
RBC lysis was indicated by an increase in erythrocyte
glycolytic and antioxidant enzymes (e.g., CAl, CA2,
CAT, and ALDOA) over time, while lineage-specific
soluble cell surface receptors (e.g., CD163, CDI14,
CSFIR and TIMP-1) indicated the rapid and sustained
accumulation of macrophages. Prior studies have sug-
gested that leptomeningeal macrophages with
enhanced expression of the Hb scavenger receptor
CD163 accumulate in the subarachnoid space after
aSAH.*”® In in-vitro studies and in hemolytic mice,
macrophages exposed to damaged RBCs, Hb, or heme
acquired an idiosyncratic phenotype supporting an
adaptive response consisting of heme detoxification,
iron sequestration, and inflammatory suppression,
aiming at promoting hematoma resolution and
wound healing.**** The time course of the macro-
phage protein signatures in our patients coincided
well with the early peak in CSF bilirubin, which reflects
metabolic heme degradation by heme oxygenase.*’ We
found bilirubin to reach a plateau on days 3 to 4 after

aSAH, followed by an increase in CSF biliverdin. This
implies a saturation of the cumulative metabolic capac-
ity of resident and recruited macrophages in the sub-
arachnoid space at that time point (Figure 6).
Therefore, the delayed increase in CSF-Hb concentra-
tions to toxic levels appears to be the combined result
of the accelerated lysis of RBCs and the saturated
capacity of erythrophagocytic and Hb-clearing macro-
phages. The accumulation of RBC- and macrophage-
proteins occurred even with the rapid depletion of
plasma proteins, such as apolipoproteins, coagulation
factors and haptoglobin, reflecting rapid protein clear-
ance from the CSF during the initial days after aSAH.

CSF-Hb as a therapeutic target for SAH-SBI

Our data reinforce the idea of CSF-Hb as an attractive
drug target to prevent and treat SAH-SBI. This is sup-
ported by the strong clinical association between CSF-
Hb and SAH-SBI, the underlying pathophysiological
rationale behind this association, and the favorable
functional effects of haptoglobin and hemopexin in
neutralizing CSF-Hb in a clinically relevant concentra-
tion range for toxicity ex-vivo. Haptoglobin is part of
the physiological scavenger system for extracellular
Hb, providing the most upstream antagonization of
Hb toxicity by preventing vascular and tissue translo-
cation of the large Hb-haptoglobin complex, blocking
heme release, stabilizing Hb radical reactions, and
accelerating Hb clearance by the macrophage CD163
receptor pathway.’***#® In our CSF analysis, endoge-
nous haptoglobin was shown to be cleared from the
CSF within the first few days after aSAH before the
subsequent release of relevant amounts of CSF-Hb.
Thus, the protective function of endogenous haptoglo-
bin seems negligible. In a previous animal study, intra-
ventricularly administered haptoglobin inhibited Hb
delocalization from the CSF into the brain parenchyma
and smooth muscle cell layer of cerebral arteries, pre-
venting Hb-induced aVSP."® Our findings support this
protective function of haptoglobin by demonstrating
its anti-vasoconstrictive and antioxidant effects at a
clinically relevant Hb concentration range. The antiox-
idant function of the heme scavenger protein hemo-
pexin even surpassed that of haptoglobin. This
suggests that a fraction of heme had already been
released from oxidized or degraded CSF-Hb, forming
a pool of oxidative free heme that remained associated
with low-affinity heme-binding proteins. Therefore, it
appears reasonable that the therapeutic combination of
intraventricularly administered haptoglobin and hemo-
pexin may exert synergistic protection.
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Figure 6. The pathophysiology of cerebrospinal fluid hemoglobin and heme metabolites after aneurysmal subarachnoid hemorrhage.
(a) Schematic illustration of the pathophysiological processes in the cerebrospinal fluid (CSF) microenvironment after aneurysmal
subarachnoid hemorrhage (aSAH). Erythrophagocytosis and the consecutive intracellular processes of hemoglobin (Hb) degradation
and heme metabolization are shown at the bottom. The saturation of the biliverdin reductase and the erythrophagocytosis is indicated
by red bars. Erythrocytolysis in the subarachnoid CSF space is shown at the top. Liberated Hb is oxidized to methemoglobin (metHb)
before heme is released. (b) CSF concentrations of Hb (CSF-Hb), bilirubin, biliverdin and metHb over time with the assumed
saturation period of biliverdin reductase and phagocytosis indicated by a red shaded area, resulting in an increase of CSF-Hb (1) and

biliverdin (2) as well as the plateauing of bilirubin (3).

Limitations and pertinent research questions

While we believe that a clinical stratification of SAH-
SBI into aVSP, DCI, and DIND is useful, it must be
recognized that the underlying pathophysiology of sec-
ondary injury after aSAH is multifactorial and should
not be arbitrarily simplified. While our ex-vivo assays
cover specific aspects of dose-dependent CSF-Hb tox-
icity that correlate with aVSP, DCI, and DIND in
patients, they cannot cover the entire spectrum of the
complex pathophysiology of SAH-SBI. For instance,
recent studies indicate that microthrombi formation
after aSAH contributes to the development of DCI
and DIND.**® CSF-Hb might be also involved in
this, as endothelial NO scavenging by Hb has been
shown to disinhibit platelet adhesion and aggrega-
tion.**>! In addition, there may be an indirect link to
Hb-induced microvasospasms,'>!7**"3¢ promoting the
formation of microthrombi by resulting mechanical
endothelial damage. Furthermore, there is recent pre-
clinical evidence for acute and persistent loss of neuro-
vascular coupling after aSAH, which may be
pathophysiologically relevant both in the context of
early brain injury as well as the development of SAH-
SBI.?*7% Further studies are needed to determine the
role of CSF-Hb in this context. Another relevant path-
ophysiological aspect, which is not covered by our
ex-vivo assays, is the potential uptake of CSF-Hb by
neurons via CDI163 and associated neuronal
damage.”® ** More investigations on the dose depen-
dency of this effect and the controversial effect of hap-
toglobin are needed.®>®” Further, it must be
emphasized that only indirect conclusions about eryth-
rophagocytosis by macrophages based on the examina-
tion of the CSF proteome can be drawn in our study.

No macrophages were isolated from the CSF. No con-
clusions can be drawn regarding the origin of the
responsible macrophages, although a distinction
between border-associated and peripheral macro-
phages in particular would be of pathophysiological
and therapeutic interest.®® In addition, it remains
unclear how Hb is cleared from the CSF.
Conceivable options are a clearing via meningeal lym-
phatic vessels or via the choroid plexus.®* After
SAH, the absorptive function of these structures
might be impaired. On the one hand, CSF-Hb may
play an ectiological role as a toxin in this functional
impairment; on the other hand, its CSF concentration
may be influenced by a reduced clearance via these
structures. The fact that the CSF sampling in this
study was conducted via an EVD located in the lateral
ventricle may represent a certain limitation regarding
some of the pathophysiological conclusions. The mea-
sured CSF-Hb concentrations represent local condi-
tions in the lateral ventricle and do not necessarily
correspond to the conditions in other CSF compart-
ments (e.g., basal cisterns). Although, patients with
IVH showed a pattern with an early peak and subse-
quent plateau, patients without IVH reached compara-
ble CSF-Hb levels later on. This suggests the presence
of a considerable redistribution of CSF-Hb across the
whole CSF space, leading to a rather homogeneous
distribution over time. A potential limitation of the
clinical data results from the high number of missing
observations in the daily assessment of DIND, DCI or
aVSP. This is an intrinsic limitation in any study of
aSAH patients, as the neurological assessment of
patients with aSAH is frequently limited due to intu-
bation and sedation, and cranial imaging is not con-
ducted every day. The aim of using a strict definition of
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DIND, DCI or aVSP was to exclude uncertainties in
the acquired data and to increase the reliability in the
association between CSF-Hb and SAH-SBI. The
homogeneous distribution of the measured CSF-Hb
values within the NAs argues against a systematic
error. In addition, our clinical study is limited by a
selection of severe clinical cases due to the inherent
need for an EVD. In our center, the indication for an
EVD in a patient with aSAH is an impending acute
hydrocephalus. Therefore, no conclusions can be
made about patients without hydrocephalic congestion.
Moreover, we cannot infer a potential relationship
between CSF-Hb and acute hydrocephalus. In order
to answer this question, a comparable study would
have to be performed in centers where also patients
without acute hydrocephalus receive EVD, e.g. to mon-
itor intracranial pressure. Furthermore, this study is
limited by the number of patients. While there is an
adequate statistical power for conclusions regarding
the association of daily CSF-Hb with both baseline
and outcome parameters (per day and per patient),
this does not apply to conclusions regarding the asso-
ciation of patient-specific baseline and outcome char-
acteristics, e.g. the association between gender and the
occurrence of SAH-SBI.”>"* Finally, this is an explor-
atory single center study intended to provide a solid
basis for a preregistered multicenter validation study.

Conclusions

In this study, we provide very strong evidence for a
positive association between CSF-Hb and the occur-
rence of SAH-SBI. Furthermore, CSF-Hb was shown
to exhibit a high diagnostic accuracy for SAH-SBI.
Within a clinically relevant concentration range, CSF-
Hb induced vasoconstriction and oxidized unsaturated
lipids ex-vivo, suggesting that it acts as an upstream
toxin released from the subarachnoid hematoma.
Based on these clinical and ex-vivo data, we provide
a plausible pathophysiological link between the initial
blood volume, the generation of toxic CSF-Hb and the
development of SAH-SBI. The Hb-scavenger haptoglo-
bin and the heme-scavenger hemopexin effectively
counteracted both toxicity mechanisms within the clin-
ically relevant dose range ex-vivo. Collectively, these
findings position CSF-Hb as a highly attractive bio-
marker and potential drug target.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This study was supported by the Swiss National
Science Foundation (310030 _197823, and MD-PhD scholar-
ship 4221-06-2017 to RMB), Innosuisse (36361 IP-LS),

Uniscientia Foundation, and the Forschungskredit of the
University of Zurich (grant No. 20-025 to RMB).

Acknowledgments

The authors thank the staff of the Functional Genomic
Center Zurich (FGCZ) for support with the mass spectrom-
etry analysis of CSF samples.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Authors’ contributions

Conceptualization: KA, RMB, CAS, MH, DIJS.
Methodology: KA, RMB, CAS, BRT, UH, JWD, MH, DJS.
Investigation: KA, RMB, CAS, BRT, SW, JW, MS, UH,
EK, MH, DIJS.

Visualization: RH.

Funding acquisition: RMB, MH, DJS.

Project administration: LR, EK, MH, DJS.

Supervision: MH, DJS.

Writing — original draft: KA, RMB, MH, DJS.

Writing — review & editing: KA, RMB, CAS, BRT, FV, SW,
JW, MS, UH, JWD, RH, LR, EK, MH, DIJS.

Disclosure

KA, RMB, MH and DJS are inventors on a provisional
patent application on the use of haptoglobin and hemopexin
in aSAH. All the other authors declare that they have no
competing financial interests.

ORCID iDs

Christian A Schaer (® https://orcid.org/0000-0001-6114-0750
Martina Sebok (@ https://orcid.org/0000-0002-7246-3421
Ulrike Held (® https://orcid.org/0000-0003-3105-5840

Luca Regli (® https://orcid.org/0000-0003-4639-4474
Michael Hugelshofer @@ https://orcid.org/0000-0002-3057-
0472

Dominik J Schaer (® https://orcid.org/0000-0002-6468-4013

Supplemental material

Supplementary material for this article is available online.

References

1. Rincon F, Rossenwasser RH and Dumont A. The epide-
miology of admissions of nontraumatic subarachnoid
hemorrhage in the United States. Neurosurgery 2013;
73: 217-222.

2. Johnston SC, Selvin S and Gress DR. The burden,
trends, and demographics of mortality from subarach-
noid hemorrhage. Neurology 1998; 50: 1413-1418.

3. Sehba FA, Hou J, Pluta RM, et al. The importance of
early brain injury after subarachnoid hemorrhage. Prog
Neurobiol 2012; 97: 14-37.


https://orcid.org/0000-0001-6114-0750
https://orcid.org/0000-0001-6114-0750
https://orcid.org/0000-0002-7246-3421
https://orcid.org/0000-0002-7246-3421
https://orcid.org/0000-0003-3105-5840
https://orcid.org/0000-0003-3105-5840
https://orcid.org/0000-0003-4639-4474
https://orcid.org/0000-0003-4639-4474
https://orcid.org/0000-0002-3057-0472
https://orcid.org/0000-0002-3057-0472
https://orcid.org/0000-0002-3057-0472
https://orcid.org/0000-0002-6468-4013
https://orcid.org/0000-0002-6468-4013

Akeret et al.

3013

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Macdonald RL. Delayed neurological deterioration after
subarachnoid haemorrhage. Nat Rev Neurol 2014; 10:
44-58.

. Dorsch NWC and King MT. A review of cerebral vaso-

spasm in aneurysmal subarachnoid haemorrhage, part I:
incidence and effects. J Clin Neurosci 1994; 1: 19-26.

. Rowland MJ, Hadjipavlou G, Kelly M, et al. Delayed

cerebral ischaemia after subarachnoid haemorrhage:
looking beyond vasospasm. Br J Anaesth 2012; 109:
315-329.

. Macdonald RL, Pluta RM and Zhang JH. Cerebral vaso-

spasm after subarachnoid hemorrhage: the emerging rev-
olution. Nat Clin Pract Neurol 2007; 3: 256-263.

. Pluta RM, Hansen-Schwartz J, Dreier J, et al. Cerebral

vasospasm following subarachnoid hemorrhage: time for
a new world of thought. Neurol Res 2009; 31: 151-158.

. Balbi M, Vega MJ, Lourbopoulos A, et al. Long-term

impairment of neurovascular coupling following experi-
mental subarachnoid hemorrhage. J Cereb Blood Flow
Metab 2020; 40: 1193-1202.

Vergouwen MDI, Vermeulen M, Coert BA, et al.
Microthrombosis after aneurysmal subarachnoid hemor-
rhage: an additional explanation for delayed cerebral
ischemia. J Cereb Blood Flow Metab 2008; 28: 1761-1770.
Sander Connolly E Jr, Rabinstein AA, Carhuapoma JR,
et al. Guidelines for the management of aneurysmal sub-
arachnoid hemorrhage: a guideline for healthcare profes-
sionals from the American Heart Association/American
Stroke Association. Stroke 2012; 43: 1711-1737.
Diringer MN, Bleck TP, Claude Hemphill J, 3rd, et al.
Critical care management of patients following aneurys-
mal subarachnoid hemorrhage: recommendations from
the Neurocritical Care Society’s multidisciplinary consen-
sus conference. Neurocrit Care 2011; 15: 211-240.
Macdonald RL and Weir BK. A review of hemoglobin
and the pathogenesis of cerebral vasospasm. Stroke 1991;
22: 971-982.

Rosengart AJ, Schultheiss KE, Tolentino J, et al.
Prognostic factors for outcome in patients with aneurys-
mal subarachnoid hemorrhage. Stroke 2007, 38:
2315-2321.

Hugelshofer M, Buzzi RM, Schaer CA, et al.
Haptoglobin administration into the subarachnoid
space prevents hemoglobin-induced cerebral vasospasm.
J Clin Invest 2019; 129: 5219-5235.

Garland P, Morton MJ, Haskins W, et al. Haemoglobin
causes neuronal damage in vivo which is preventable by
haptoglobin. Brain Commun 2020; 2: fcz053.

Buehler PW, Humar R and Schaer DJ. Haptoglobin ther-
apeutics and compartmentalization of cell-free hemoglo-
bin toxicity. Trends Mol Med 2020; 26: 683-697.
Fedorov A, Beichel R, Kalpathy-Cramer J, et al. 3D
Slicer as an image computing platform for the
Quantitative Imaging Network. Magn Reson Imaging
2012; 30: 1323-1341.

. Weidert S, Andress S, Linhart C, et al. 3D printing method

for next-day acetabular fracture surgery using a surface
filtering pipeline: feasibility and 1-year clinical results.
Int J Comput Assist Radiol Surg 2020; 15: 565-575.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Deuel JW, Vallelian F, Schaer CA, et al. Different target
specificities of haptoglobin and hemopexin define a
sequential protection system against vascular hemoglobin
toxicity. Free Radic Biol Med 2015; 89: 931-943.
Kassambara A and Mundt F. factoextra: extract and
visualize the results of multivariate data analyses. 2020.
https://CRAN.R-project.org/package = factoextra.

Elmer J, Harris DR, Sun G, et al. Purification of hemo-
globin by tangential flow filtration with diafiltration.
Biotechnol Prog 2009; 25: 1402—-1410.

R Core Team. R: a language environment for SC. 2020.
www.R-project.org/

Bland M. An introduction to medical statistics. Oxford:
Oxford University Press, 2015.

Hunt WE and Hess RM. Surgical risk as related to time
of intervention in the repair of intracranial aneurysms.
J Neurosurg 1968; 28: 14-20.

Teasdale GM, Drake CG, Hunt W, et al. A universal
subarachnoid hemorrhage scale: report of a committee
of the World Federation of Neurosurgical Societies.
J Neurol Neurosurg Psychiatry 1988; 51: 1457.

Frontera JA, Claassen J, Schmidt JM, et al. Prediction of
symptomatic vasospasm after subarachnoid hemorrhage
— the modified fisher scale. Neurosurgery 2006; 59: 21-27.
Wilson DA, Nakaji P, Abla AA, et al. A simple and
quantitative method to predict symptomatic vasospasm
after subarachnoid hemorrhage based on computed
tomography: beyond the Fisher scale. Neurosurgery
2012; 71: 869-875.

Savarraj JP, Hergenroeder GW, Zhu L, et al. Machine
learning to predict delayed cerebral ischemia and out-
comes in subarachnoid hemorrhage. Neurology 2021;
96: €553-e562.

Dengler NF, Sommerfeld J, Diesing D, et al. Prediction
of cerebral infarction and patient outcome in aneurysmal
subarachnoid hemorrhage: comparison of new and estab-
lished radiographic, clinical and combined scores. Eur J
Neurol 2018; 25: 111-119.

Behrouz R. The rise and fall of transcranial Doppler
ultrasonography for the diagnosis of vasospasm in aneu-
rysmal  subarachnoid hemorrhage. J  Neurosurg
Anesthesiol 2019; 31: 79-80.

Sloan MA, Haley EC, Jr, Kassell NF, et al. Sensitivity
and specificity of transcranial Doppler ultrasonography
in the diagnosis of vasospasm following subarachnoid
hemorrhage. Neurology 1989; 39: 1514-1518.

Santalucia P and Feldmann E. The basic transcranial
Doppler examination: technique and anatomy. Transcr
Doppler Ultrasonogr 1999; 2: 13-31.

Le Roux P, Menon DK, Citerio G, et al. The interna-
tional multidisciplinary consensus conference on multi-
modality monitoring in neurocritical care: evidentiary
tables. Neurocrit Care 2014; 21: 297-361.

Muroi C, Seule M, Sikorski C, et al. Systemic interleukin-
6 levels reflect illness course and prognosis of patients
with spontaneous nonaneurysmal subarachnoid hemor-
rhage. Acta Neurochir Suppl 2013; 115: 77-80.

Wang C, Kou Y, Han Y, et al. Early serum calprotectin
(S100A8/A9) predicts delayed cerebral ischemia and


https://CRAN.R-project.org/package=factoextra
http://www.R-project.org/

3014

Journal of Cerebral Blood Flow & Metabolism 41(11)

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

outcomes after aneurysmal subarachnoid hemorrhage.
J Stroke Cerebrovasc Dis 2020; 29: 104770.

Massicotte EM and Del Bigio MR. Human arachnoid
villi response to subarachnoid hemorrhage: possible rela-
tionship to chronic hydrocephalus. J Neurosurg 1999; 91:
80-84.

Durnford A, Dunbar J, Galea J, et al. Haemoglobin scav-
enging after subarachnoid haemorrhage. Acta Neurochir
Suppl 2015; 120: 51-54.

Schaer CA, Schoedon G, Imhof A, et al. Constitutive
endocytosis of CD163 mediates hemoglobin-heme
uptake and determines the noninflammatory and protec-
tive transcriptional response of macrophages to hemoglo-
bin. Circ Res 2006; 99: 943-950.

Vallelian F, Schaer CA, Kaempfer T, et al
Glucocorticoid treatment skews human monocyte differ-
entiation into a hemoglobin-clearance phenotype with
enhanced heme-iron recycling and antioxidant capacity.
Blood 2010; 116: 5347-5356.

Kaempfer T, Duerst E, Gehrig P, et al. Extracellular
hemoglobin polarizes the macrophage proteome toward
Hb-clearance, enhanced antioxidant capacity and sup-
pressed HLA class 2 expression. J Proteome Res 2011;
10: 2397-2408.

Pfefferlé M, Ingoglia G, Schaer CA, et al. Hemolysis
transforms liver macrophages into anti-inflammatory
erythrophagocytes. J Clin Invest 2020. DOI: 10.1172/
JCI137282.

Schaer DJ and Alayash Al. Clearance and control mech-
anisms of hemoglobin from cradle to grave. Antioxid
Redox Signal 2010; 12: 181-184.

Cooper CE, Schaer DJ, Buehler PW, et al. Haptoglobin
binding stabilizes hemoglobin ferryl iron and the globin
radical on tyrosine ff145. Antioxid Redox Signal 2013; 18:
2264-2273.

Kristiansen M, Graversen JH, Jacobsen C, et al.
Identification of the haemoglobin scavenger receptor.
Nature 2001; 409: 198-201.

Schaer CA, Deuel JW, Schildknecht D, et al.
Haptoglobin preserves vascular nitric oxide signaling
during hemolysis. Am J Respir Crit Care Med 2016;
193: 1111-1122.

Wang Z, Chen J, Toyota Y, et al. Ultra-early cerebral
thrombosis formation after experimental subarachnoid
hemorrhage detected on T2* magnetic resonance imag-
ing. Stroke 2021; 52: 1033-1042.

Clarke JV, Suggs JM, Diwan D, et al. Microvascular
platelet aggregation and thrombosis after subarachnoid
hemorrhage: a review and synthesis. J Cereb Blood Flow
Metab 2020; 40: 1565-1575.

Sabri M, Ai J, Lakovic K, et al. Mechanisms of micro-
thrombi formation after experimental subarachnoid hem-
orrhage. Neuroscience 2012; 224: 26-37.

Moncada S, Radomski MW and Palmer RM.
Endothelium-derived relaxing factor. Identification as
nitric oxide and role in the control of vascular tone and
platelet function. Biochem Pharmacol 1988; 37: 2495-2501.
Radziwon-Balicka A, Lesyk G, Back V, et al. Differential
eNOS-signalling by platelet subpopulations regulates

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

adhesion and aggregation. Cardiovasc Res 2017; 113:
1719-1731.

Atochin DN and Huang PL. Role of endothelial nitric
oxide in cerebrovascular regulation. Curr Pharm
Biotechnol 2011; 12: 1334-1342.

Sehba FA, Schwartz AY, Chereshnev I, et al. Acute
decrease in cerebral nitric oxide levels after subarachnoid
hemorrhage. J Cereb Blood Flow Metab 2000; 20:
604-611.

Kanamaru K, Waga S, Kojima T, et al. Endothelium-
dependent relaxation of canine basilar arteries. Part 2:
inhibition by hemoglobin and cerebrospinal fluid from
patients with aneurysmal subarachnoid hemorrhage.
Stroke 1987; 18: 938-943.

Byrne JV, Griffith TM, Edwards DH, et al. Investigation
of the vasoconstrictor action of subarachnoid haemoglo-
bin in the pig cerebral circulation in vivo. Br J Pharmacol
1989; 97: 669—674.

Pluta RM, Dejam A, Grimes G, et al. Nitrite infusions to
prevent delayed cerebral vasospasm in a primate model
of subarachnoid hemorrhage. JAMA 2005; 293:
1477-1484.

Balbi M, Koide M, Wellman GC, et al. Inversion of
neurovascular coupling after subarachnoid hemorrhage
in vivo. J Cereb Blood Flow Metab 2017; 37: 3625-3634.
Balbi M, Koide M, Schwarzmaier SM, et al. Acute
changes in neurovascular reactivity after subarachnoid
hemorrhage in vivo. J Cereb Blood Flow Metab 2017,
37: 178-187.

Liu R, Cao S, Hua Y, et al. CD163 expression in neurons
after experimental intracerebral hemorrhage. Stroke
2017; 48: 1369-1375.

Garton TP, He Y, Garton HJL, et al. Hemoglobin-
induced neuronal degeneration in the hippocampus
after neonatal intraventricular hemorrhage. Brain Res
2016; 1635: 86-94.

Rogers B, Yakopson V, Teng Z-P, et al. Heme
oxygenase-2 knockout neurons are less vulnerable to
hemoglobin toxicity. Free Radic Biol Med 2003; 35:
872-881.

Chen-Roetling J and Regan RF. Effect of heme
oxygenase-1 on the vulnerability of astrocytes and neu-
rons to hemoglobin. Biochem Biophys Res Commun 2006;
350: 233-237.

Lara FA, Kahn SA, da Fonseca AC, et al. On the fate of
extracellular hemoglobin and heme in brain. J Cereb
Blood Flow Metab 2009; 29: 1109-1120.

Regan RF and Panter SS. Neurotoxicity of hemoglobin
in cortical cell culture. Neurosci Lett 1993; 153: 219-222.
Chen-Roetling J and Regan RF. Haptoglobin increases
the vulnerability of CD163-expressing neurons to hemo-
globin. J Neurochem 2016; 139: 586-595.

Zhao X, Song S, Sun G, et al. Neuroprotective role of
haptoglobin after intracerebral hemorrhage. J Neurosci
2009; 29: 15819-15827.

Buehler PW, Abraham B, Vallelian F, et al. Haptoglobin
preserves the CD163 hemoglobin scavenger pathway by
shielding hemoglobin from peroxidative modification.
Blood 2009; 113: 2578-2586.



Akeret et al.

3015

68.

69.

70.

71.

Saand AR, Yu F, Chen J, et al. Systemic inflammation in
hemorrhagic strokes - A novel neurological sign and thera-
peutic target? J Cereb Blood Flow Metab 2019; 39: 959-988.
Eide PK, Valnes LM, Pripp AH, et al. Delayed clearance
of cerebrospinal fluid tracer from choroid plexus in idio-
pathic normal pressure hydrocephalus. J Cereb Blood
Flow Metab 2020; 40: 1849-1858.

Xu H, Fame RM, Sadegh C, et al. Choroid plexus NKCC1
mediates cerebrospinal fluid clearance during mouse early
postnatal development. Nat Commun 2021; 12: 447.

Chen J, Wang L, Xu H, et al. Meningeal lymphatics clear
erythrocytes that arise from subarachnoid hemorrhage.
Nat Commun 2020; 11: 3159.

72.

73.

74.

Ahn JH, Cho H, Kim J-H, et al. Meningeal lymphatic
vessels at the skull base drain cerebrospinal fluid. Nature
2019; 572: 62—-66.

Germans MR, Jaja BNR, de Oliviera Manoel AL,
et al. Sex differences in delayed cerebral ischemia
after subarachnoid hemorrhage. J Neurosurg 2018; 129:
458-464.

de Rooij NK, Rinkel GJE, Dankbaar JW, et al. Delayed
cerebral ischemia after subarachnoid hemorrhage: a sys-
tematic review of clinical, laboratory, and radiological
predictors. Stroke 2013; 44: 43-54.



	table-fn1-0271678X211020629
	table-fn2-0271678X211020629
	table-fn3-0271678X211020629

