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Abstract
Subarachnoid haemorrhage (SAH) is a subtype of stroke that predominantly impacts younger individuals. It is associated 
with high mortality rates and can cause long-term disabilities. This review examines the contribution of the initial blood load 
and the dynamics of clot clearance to the pathophysiology of SAH and the risk of adverse outcomes. These outcomes include 
hydrocephalus and delayed cerebral ischaemia (DCI), with a particular focus on the impact of blood located in the cisternal 
spaces, as opposed to ventricular blood, in the development of DCI. The literature described underscores the prognostic value 
of haematoma characteristics, such as volume, density, and anatomical location. The limitations of traditional radiographic 
grading systems are discussed, compared with the more accurate volumetric quantification techniques for predicting patient 
prognosis. Further, the significance of red blood cells (RBCs) and their breakdown products in secondary brain injury after 
SAH is explored. The review presents novel interventions designed to accelerate clot clearance or mitigate the effects of 
toxic byproducts released from erythrolysis in the cerebrospinal fluid following SAH. In conclusion, this review offers deeper 
insights into the complex dynamics of SAH and discusses the potential pathways available for advancing its management.
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Introduction

Subarachnoid haemorrhage (SAH) is a life-threatening and 
debilitating type of stroke, characterised by bleeding into 
the subarachnoid space around the brain [1]. Spontaneous 

SAH accounts for approximately 5% of all strokes [2] with 
the most common cause of a spontaneous SAH being the 
rupture of a cerebral artery aneurysm at an incidence of 6.1 
per 100,000 person-years [3]. Although SAH is less preva-
lent than other types of strokes, its impact is disproportion-
ally severe. It predominantly affects younger, working-age 
individuals [4]. Approximately one third of SAH patients 
die [5–7], and survivors face significant long-term physical, Soham Bandyopadhyay and Nina Schwendinger are joint first 
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cognitive, and psychosocial challenges [8], often resulting 
in unemployment and reduced quality of life [9].

Given the societal burden caused by SAH, there has been 
an urgent need to characterise the pathophysiology of SAH 
and to identify novel treatments to improve outcomes. The 
initial bleeding event introduces large numbers of red blood 
cells (RBCs) into the cerebrospinal fluid (CSF) compartment 
[10]. These RBCs may be partially cleared by erythrophago-
cytosis [11, 12]. However, the magnitude of haemorrhage 
in SAH far exceeds the capacity of phagocytic clearance 
pathways. Consequently, extravasated RBCs start to lyse 
within the CSF and release toxic haemoglobin (CSF-Hb). 
CSF-Hb is subsequently broken down into its constituent 
haem groups and globin proteins [13]. CSF-Hb—which can 
permeate cerebral arterial walls and cortical tissue—has 
been increasingly recognised as a root cause of secondary 
brain injury after SAH (SAH-SBI) [14, 15].

This review aims to provide a comprehensive synthesis 
of current research focusing on the relevance of the initial 
blood load and clot clearance in SAH, and how these factors 
correlate with SAH-SBI and patient outcomes. It will criti-
cally assess the methodologies used for clot quantification 
and discuss potential differences in pathophysiology depend-
ing on the anatomical location of the haematoma. Addition-
ally, the review will discuss emerging therapeutic strategies 
targeting RBCs or RBC-derived toxins and describe future 
research directions.

The terminology on outcome measures used in the origi-
nal publications has been retained in this review to avoid 
a false interpretation of the original results. Therefore, 
although outdated, the term symptomatic vasospasm will 
be encountered in this review.

Initial Blood Load

Numerous studies have investigated if the prognosis of SAH 
patients is linked to the volume, density, and/or the anatomi-
cal location of the haematoma.

Early research in this area was aimed at developing quali-
tative CT-based radiographic scales that could use blood 
volume and blood location for predicting the likelihood of 
delayed cerebral ischaemia (DCI) following SAH. A recent 
study found that of the radiological grading systems cre-
ated, the Hijdra sum score was the only scale with good 
inter-observer reliability [16]. With an area under the curve 
(AUC) for functional outcome at 6 months of 0.76, the 
Hijdra sum score outperformed other scales like the original 
Fisher, which had an AUC of 0.67 [16]. This reflects incre-
mental improvements in the detail of the grading systems, 
but even the most detailed are qualitative approximations 
that do not provide the same accuracy as volumetrically 
quantifying the blood load.

These grading systems also do not consider the density 
of the haematoma. The Hounsfield unit (HU) value in a CT 
scan reflects haematoma density and likely correlates with 
RBC content of the clot [17]. It was found that the average 
HU of blood clots located in the cistern was significantly 
associated with symptomatic vasospasm [18]. This indicates 
a potential prognostic value of considering clot density.

The advent of volumetric quantification techniques has 
provided a step improvement over qualitative scales for 
quantifying blood volume on CT scans. This approach 
demonstrates greater discriminatory power in determining 
prognosis compared to a traditional radiographic scale [19]. 
Although this technique was initially more cumbersome than 
using radiographic scales as it required manual segmentation 
of the scan, automation has drastically reduced the time by 
at least two thirds without compromising on the accuracy of 
the volumetric readings [20]. A recent study indicates that 
a model using automated volumetric quantification of the 
haemorrhage offers a 25% greater predictive power of long-
term prognosis compared to the same model employing a 
radiological grading system, and has an AUC for functional 
outcome of 0.89 [21]. The same study showed that consid-
ering the cisternal, ventricular, and parenchymal volumes 
instead of total blood volume in the model separately did 
not improve the predictive value of the model [21], suggest-
ing that blood in each of these compartments is deleterious.

This is consistent with a large amount of literature regard-
ing the role of intraventricular haemorrhage (IVH), which 
has been consistently associated with worse outcomes post-
SAH. The largest of these studies pooled data from four ran-
domised controlled trials in which the presence or absence 
of IVH was associated with poor neurological outcomes at 
3 months, even after controlling for confounding factors 
[22]. In addition, IVH was significantly associated with 
developing hydrocephalus in this study; however, this was 
not controlled for as a confounding factor when looking at 
the association between IVH and long-term outcomes. It 
may be the case that there are other factors causing poor CSF 
clearance that are associated with poor outcomes. Another 
study used a proxy marker of IVH volume called the IVH 
score, which includes hydrocephalus to determine the asso-
ciation between the volume of IVH and poor outcomes. 
They found that each millilitre increase in IVH—calculated 
from the IVH score—increased the odds of a poor outcome 
by 1.11 (even after adjusting for WFNS) [23], but was not 
associated with DCI.

In terms of DCI, a study conducted just over a decade 
ago found that the total blood volume in the ventricles and 
the cisterns was significantly associated with DCI in a dose-
related manner, and this remained the case after adjusting 
for admission Hunt-Hess grade [24]. Patients in the highest 
total blood volume quartile also had a higher risk of death 
and poor modified Rankin Scale (mRS) outcome at 3 months 
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compared to those with lower total blood volumes. Further-
more, subdividing the blood clot volume into its ventricular 
and cisternal components revealed that patients with DCI 
had a higher amount of blood in both the ventricles and the 
cisterns. However, this study did not report on the relation-
ship between IVH and DCI after adjusting for the effect of 
cisternal blood volume. A more recent study quantified total 
blood volume in SAH patient using an automatic haemor-
rhage-segmentation algorithm, where blood was manually 
classified as cisternal, intraventricular, intraparenchymal, or 
subdural [25]. They found that a per millilitre increase in 
total blood volume (OR = 1.02; 95% CI, 1.01–1.03) or cis-
ternal blood volume (OR = 1.02; 95% CI, 1.01–1.04) signifi-
cantly increased the odds of DCI, but a per millilitre increase 
in IVH was not significantly associated with DCI. Therefore, 
the primary driver of DCI may be related to cisternal blood 
volume, and the damaging mechanism of IVH may not be 
through DCI but alternative neuronal injury or inflammatory 
pathways. A recent study correlating subarachnoid blood 
volume with DCI found that subarachnoid blood volume 
in the interhemispheric fissure correlated significantly with 
DCI in the anterior cerebral artery territory, whilst subarach-
noid blood volume in the Sylvian fissure correlated signifi-
cantly with DCI in the middle cerebral artery (MCA) terri-
tory. However, on Bonferroni correction, only subarachnoid 
blood volume on the cerebral convexity was associated with 
DCI (in the MCA territory) [26]. The paravascular glym-
phatic pathway provides a route for subarachnoid blood to 
enter the cerebral cortex [27], and quantifying the volume 
of blood that lies in the sulci on the cerebral convexity may 
improve the prediction of DCI.

The Relationship Between RBCs and Blood 
Load

The idea that a higher haematoma volume might be associ-
ated with higher CSF RBC counts was first demonstrated by 
a study showing a positive correlation between CSF RBC 
counts and radiological grading systems: modified Fisher 
scale and Hijdra sum score [28]. This suggested that CSF 
RBC counts—like blood load—could be predictive of vari-
ous clinical endpoints in SAH.

In this same retrospective study, the authors evaluated 
the predictive value of initial CSF RBC count on functional 
outcomes after SAH. CSF samples were obtained from an 
external ventricular drain on day 2 after SAH. The authors 
reported an inverse correlation of CSF RBC counts with 
good outcomes and hospital survival. They used a multi-
variable binary logistic regression correcting for age and 
Hunt-Hess grade, but did not correct for hydrocepha-
lus [28]. Another recent study found that elevated RBC 
counts between days 5 and 18 after SAH were significantly 

associated with DCI [29]. There is also evidence that CSF 
RBC counts are predictive of hydrocephalus [30].

Clot Clearance

The role of RBC-derived toxins as disease-defining modula-
tors in SAH is becoming increasingly evident. In concord-
ance, haematoma clearance could have predictive and thera-
peutic potential. A faster clearance would result in a lower 
exposure to RBC degradation products, likely to improve 
outcome. The following section starts by discussing endog-
enous clot clearance kinetics before moving on to address 
therapeutic approaches that could accelerate clot clearance.

Kinetics of Endogenous Haematoma Clearance

Little is known about endogenous blood clot-clearance 
kinetics in the CSF space. According to the literature, the 
clot clearance rate in the ventricles seems to follow first-
order kinetics with a percentage rate of clot resolution of 
about 10.8% daily. While the absolute rate of clot resolution 
was significantly dependent on the initial clot volume, the 
percentage rate of clot resolution was independent of the 
initial clot volume, age, sex, and ventricular drainage [31]. 
Another study reported a combined clearance rate of intra-
cisternal and intraventricular blood of 18–22% after 1 day, 
49–52% after 4 days, and 74–78% after 10 days [32].

Endogenous Clot Clearance Rate as a Predictor 
for SBI

Some studies aimed to incorporate the clot clearance rate in 
their radiographic prediction model for outcomes after SAH. 
Exploring the association with DCI, recent findings showed 
distinct results for different anatomical compartments. A 
study explored the intraventricular and cisternal clot vol-
umes and their respective clearance rates. A multivariate 
logistic regression correcting for age, GCS at admission, 
acute hydrocephalus, and the Fisher scale found that a lower 
cisternal clot clearance rate was significantly associated with 
a higher risk of DCI. On the other hand, the intraventricular 
clot clearance rate was not found to be significantly associ-
ated with DCI [33]. Supporting a primary role of cisternal 
SAH, another study concluded that a combination of initial 
subarachnoid clot volume and the percentage of clot cleared 
by day significantly predicted the occurrence of vasospasm 
[34].

Similar results were obtained in a recent study which did 
not anatomically separate intraventricular and intracister-
nal blood. The authors retrospectively analysed data from 
patients after SAH to study the association between clot 
clearance rate and outcomes. Patients in that cohort had a 
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CT scan at admission and three to four days after SAH. The 
authors used the Hijdra sum score to assess the intracisternal 
and intraventricular clot volume. The reduction in blood load 
was defined as a relative or absolute change between the 
two-time points. A higher relative Hijdra sum score reduc-
tion was significantly associated with a reduced risk for DCI 
and a higher chance of being home on post-SAH day 30 [32]. 
One study utilising the combined blood volume of cisternal, 
and intraventricular blood presented opposing results, with 
no significant association between the clot clearance rate 
and DCI [24]. The conflicting results obtained in studies 
examining combined intracisternal and intraventricular clot 
clearance rates might be explained by different approaches 
to assessing the blood volume. One study used a volumetric 
approach for the combined clot clearance rate; the other uti-
lised the Hijdra sum score. Inspecting these two methods, 
the intraventricular clot volume is likely to have a predomi-
nant influence in the volumetric approach, while the Hijdra 
method assigns up to 30 points to cisternal blood but only 
10 to intraventricular blood volume, thereby putting more 
weight on the first. Taken together it seems that cisternal, but 
not ventricular clot clearance rate, is associated with DCI.

Therapeutic Acceleration of Clot‑Clearance

Thrombolytics have been theorised as a therapy to achieve a 
faster clearance of the blood clot in IVH and SAH.

Intraventricular Thrombolysis for Intraventricular 
Haemorrhage

The largest and most prominent trial for thrombolysis in IVH 
has been the CLEAR III trial [35]. It was a randomised, dou-
ble-blinded, placebo-controlled, multiregional trial to under-
stand if intraventricular clot removal with alteplase versus 
saline irrigation improved functional outcomes in patients 
with spontaneous IVH. Five hundred patients with an IVH 
and routine external ventricular drain (EVD) placement were 
randomised to either treatment. Those given alteplase had 
a smaller volume of IVH at the end of their treatment. At 
6 months follow-up, the treatment group had lower mortal-
ity but a higher proportion of patients with unfavourable 
neurological outcome (mRS 5).

Data from the CLEAR III study was also used to examine 
the effects of intraventricular alteplase treatment on ster-
ile CSF inflammation and leukocyte subsets [36, 37]. The 
CSF WBC count was significantly higher in the alteplase 
group; however, CSF leukocyte subsets and numbers did 
not influence the overall outcomes. Overall, this suggests 
that thrombolysis accelerated clot lysis and augmented the 
central inflammatory response, but did not alter long-term 
functional outcomes.

Intraventricular Thrombolysis for SAH

The concept of intraventricular thrombolysis has also been 
tested in SAH. A randomised, open-label phase II study was 
performed to understand the effect of concomitant low-fre-
quency head motion therapy and intraventricular fibrinolysis 
[38]. Patients were treated surgically or endovascularly and 
randomised to standard of care or additional intraventricular 
application of recombinant tissue-type plasminogen activa-
tor and low-frequency rotational therapy. There was a dual 
primary endpoint of functional outcome at both discharge 
and 3  months follow-up. While the intervention group 
showed a significantly faster clot clearance rate, there was 
no significant improvement in vasospasm, DCI, or the dual 
primary outcome. However, the sample size calculation was 
based on a risk reduction of 50% for symptomatic angio-
graphic vasospasm and clinical features of DCI, rather than 
the dual primary outcome. Therefore, the study may have 
been under-powered to detect improvements in functional 
outcome. To address this limitation, a larger randomised 
clinical trial (RCT) of intraventricular thrombolysis follow-
ing SAH is currently underway [39]. Figure 1 demonstrates 
the concept of intraventricular thrombolysis for SAH.

Intracisternal Thrombolysis for SAH

The idea to accelerate clot resolution has also been tested 
in the intracisternal compartment. A cohort study recruited 
436 patients, of whom 57 had an EVD catheter stereotacti-
cally implanted through the lateral ventricle, the foramen 
of Monro, and finally perforating the floor of the third ven-
tricle [40]. CT confirmed correct catheter placement, and 
these patients subsequently received continuous cisternal 
lavage using a free-running electrolyte solution. Urokinase 
was added until macroscopic clearance of drainage fluid was 
observed, and nimodipine was added if there were clinical 
signs of delayed neurological deficit or sonographic vasos-
pasm. 68% of these 57 patients had a favourable outcome at 
6 months (mRS, ≤ 3), as compared to 222 patients who did 
not undergo catheter ventriculocisternostomy and lavage, 
where 53% had a favourable outcome.

A randomised trial tested the efficacy of intrathecal 
administration of urokinase into the cisterna magna to alle-
viate symptomatic vasospasm in SAH patients after coil 
embolisation [41]. A microcatheter was fluoroscopically 
introduced into the intrathecal space via lumbar puncture 
and advanced to the cisterna magna in the treatment group. 
The authors infused urokinase, clamped the catheter for one 
hour, and allowed drainage afterwards. The treatment was 
repeated after 12 h. There was a significant reduction in 
symptomatic vasospasm and shunt dependency in the treat-
ment group. Furthermore, significantly more patients in the 
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treatment group had favourable outcomes. Mortality rates 
did not differ between the two groups.

Another study recruited patients with aneurysmal SAH 
treated with clipping to evaluate the influence of cisternal 
irrigation therapy with tissue plasminogen activator on out-
comes [42]. Lilliquist’s membrane was opened during sur-
gery, and a cisternal drainage tube was placed in the basal 
cistern. Patients were randomly allocated to saline irrigation 
daily for 14 days, intermittent clot lysis every 8 h for 2 days, 
or continuous clot lysis via the cisternal catheter for 48 h. 
The clot clearance rate was defined by measuring the HUs 
postoperatively and on days 5 and 14 after SAH. They found 
a significantly higher clot clearance rate in the continuous 
and intermittent group than in the baseline group at day 
5. There was no significant difference between the groups 
regarding cerebral infarction or white blood cell counts in 
the CSF. The intermittent group showed significantly better 
mRS outcomes at 3 months than the other two groups.

Meta‑analysis

A meta-analysis reviewed 21 studies administering throm-
bolytics (tissue plasminogen activator or urokinase) versus 
placebo or no treatment [43]. The methodology of different 
studies varied, including the type and dosage of thrombo-
lytic agents. The authors performed separate analyses for 
intraventricular and intracisternal thrombolysis. The pooled 
analysis of patients who received intraventricular fibrinolysis 
showed no differences between the treatment and control 

groups regarding delayed ischemic neurologic deficit, func-
tional outcome, shunt dependency, and bleeding complica-
tions. On the other hand, in the pooled analysis of patients 
treated with intracisternal fibrinolysis, the authors reported a 
significant reduction in delayed ischemic neurologic deficit, 
rate of poor functional outcomes, shunt dependency, and 
mortality. There was no increase in bleeding complications.

Cisternal and Ventricular Compartmentalisation

There is a clear concept arising from the observational 
and interventional studies discussed above that blood clots 
within cisternal and ventricular compartments should be 
considered separately. In summary, cisternal (i.e. subarach-
noid), but not ventricular clot clearance rate is associated 
with DCI and clinical outcome. Also, cisternal fibrinolysis 
may have a more pronounced effect on outcome compared 
to intraventricular thrombolysis. Hence, the compartmental 
localisation of the clot may be crucial in interpreting out-
comes and planning treatments targeting clot clearance. For 
instance, it is now important to determine whether the prior-
ity should be to focus on rapid clearance of the cisternal clot.

Lumbar Drains

Lumbar drains have long been used to drain CSF in SAH 
patients to varying degrees in units across the world. The aim 
is to treat hydrocephalus as well as drain blood-contaminated 

Fig. 1   Patient with subarachnoid haemorrhage secondary to rupture 
of a right posterior communicating artery aneurysm with a modified 
Fisher score of 4. Following coil emobilisation, tissue plasminogen 

activator was administered over 3 doses, and this resulted in a reduc-
tion of Hijdra sum score from 38 to 4
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CSF in the hope that this reduces the levels of toxic byprod-
ucts of erythrolysis in the brain, thereby improving outcomes 
(Fig. 2). There has been a great deal of literature debating 
these practices over the years. Klimo Jr. et al. (2004) and 
Kwon et al. (2008) noted a marked reduction of clinical cer-
ebral vasospasm in patients in whom a lumbar drain had 
been placed after SAH regardless of whether an EVD was 
present [44, 45]. The most recent meta-analysis on this topic 
has found that lumbar drain insertion in patients with SAH 
is associated with lower risk of cerebral vasospasm, delayed 
cerebral infarction, and death [46]. This positive impact of 
lumbar drain insertion may be mediated by an increased 
removal of RBCs and their breakdown products. Figure 2 
corroborates reports from the literature that CSF within lum-
bar drains initially appears densely haemorrhagic and then 
progressively clear, whilst CSF from EVDs is considerably 
less haemorrhagic [44], indicating limited ability of EVDs 
compared to lumbar drains of removing RBCs and their 
breakdown products. This has not been formally quantified 
in existing clinical studies, but evidence from models sug-
gests that a lumbar drain could remove 35% of RBCs from 
the CSF within 24 h [47].

Considering these promising results, a RCT of lum-
bar drains (LUMAS) was conducted. The trial protocol 
consisted of volume-driven CSF drainage using lumbar 
drains aiming for removal of 5 to 10 mL CSF per hour 
until the CSF was visibly clear. The LUMAS study had 
shown that lumbar drainage—thereby removing RBCs and 
their breakdown products—reduced the incidence of DCI 
from 35 to 21% and improved outcome at discharge, but 

had no effect on long-term outcomes [48]. However, they 
recruited less severely affected patients with lower risk of 
adverse outcomes and the study may thus have been under-
powered to detect a significant effect. A non-randomised 
study conducted soon after the trial finished found that 
patients with a higher modified Fisher scale had signifi-
cantly lower risk of cerebral vasospasm, delayed cerebral 
infarction, and hydrocephalus following insertion of a 
lumbar drain; but no difference was seen in patients with 
a modified Fisher scale of 0–2 [49]. Therefore, a further 
RCT was undertaken that included patients of all severi-
ties of SAH (EARLYDRAIN) and inserted lumbar drains 
irrespective of whether patients had an EVD already sited 
[50]. This showed that lumbar drainage (versus no drain-
age) was associated with an absolute risk reduction of 
secondary infarction and improved neurological outcomes 
both in the short and the long term. It is anticipated that 
these results will lead to a significant shift in clinical prac-
tice towards using lumbar drains.

Neurapheresis

Neurapheresis therapy, a CSF filtration system, builds on 
the above findings. The technology involves aspiration of 
the blood-contaminated CSF from the lumbar cistern and 
then returning the filtered CSF to the thoracic subarachnoid 
space (Fig. 3), thereby removing RBCs and their cytotoxic 
products from the CSF. Neurapheresis overcomes the limi-
tations of relying on natural production and circulation of 

Fig. 2   Drip chambers from 
a patient with aneurysmal 
subarachnoid haemorrhage, who 
had both an external ventricular 
drain (EVD) and lumbar drain 
in situ. Left side drip chamber 
from lumbar drain, right side 
drip chamber from EVD
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CSF to remove RBCs, with fluid dynamic studies showing 
that a neurapheresis system at a maximum flow of 2.0 ml/
min doubles the average steady streaming CSF velocity in 
comparison to lumbar drainage [51], and this could increase 
RBC clearance by 50% [47]. The PILLAR study is a notable 
first-in-human trial that evaluated the safety and feasibility 
of the neurapheresis system [52]. Results showed a signifi-
cant reduction in CSF RBC counts and total protein after 
the filtration process. Moreover, CT scans demonstrated 
a decrease in cisternal blood. However, in the 3 patients 
with > 22 h of filtration, complete RBC clearance was not 
achieved (mean RBC reduction: 79.7%). To that end, the 
PILLAR-XT study (NCT03607825) will use longer pump 

times and will further characterise the treatment curve of 
neurapheresis therapy. It is also unclear the minimum size 
of substances that would be filtered out by the neurapheresis 
system. It may be that the neurapheresis system is able to 
remove RBCs, but breakdown products such as haemoglobin 
and haem remain within the CSF.

EVD Wash Out

An alternative method for clearing CSF of toxic byproducts 
of erythrolysis following SAH involves employing a dou-
ble lumen EVD in combination with CSF exchange (Fig. 4) 

Fig. 3   Schematic of the neura-
pheresis system
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[53]. The CSF exchange procedure can be conducted at a 
rate of up to 180 ml/h. This technique enables both active 
irrigation and passive drainage, providing simultaneous con-
trol over intracranial pressure. The most recently published 
trial on this technique was terminated early, however, due 
to a significantly increased risk of severe adverse events 
associated with intraventricular lavage at interim analysis 
[54]. It is important to note that approximately half of the 
patients recruited for this trial did not have SAH. A more 
focussed non-randomised study on SAH patients suggested 
that the use of the double lumen EVD was safe, and could 
potentially reduce shunt dependency after SAH (Fig. 5) [55]. 
Ongoing randomized trials, namely the Active Removal of 
Haemorrhagic Stroke (ARCH) and Vasospasm and Shunt 
Dependency (VASH), are continuing to explore the effects 
of rapidly removing blood from the CSF and its consequen-
tial impact in patients following SAH or ICH [56, 57]. Pre-
liminary results seem to underscore the importance of the 
user's proficiency in operating the device.

Haptoglobin

A recent review of the literature detailed the evidence 
supporting neurotoxicity of extracellular free haemo-
globin released from RBCs when they lyse in the CSF 

[58]. Targeting of haemoglobin toxicity and scaveng-
ing is, therefore, a rational therapeutic strategy. Hapto-
globin is an endogenous haemoglobin scavenger plasma 
protein in vertebrates. It irreversibly binds cell-free 
unbound haemoglobin in the plasma, forming large 
haptoglobin:haemoglobin complexes, which do not cross 
intercellular tight junctions or enter subendothelial spaces 
[14]. However, endogenous quantities of haptoglobin can-
not match the amount of cell-free unbound haemoglobin 
that is released into the subarachnoid space following 
erythrolysis of RBCs in the CSF [59].

Nonaka et al. performed a small preliminary study of 
intrathecal administration of haptoglobin as a treatment 
for vasospasm in 27 patients with SAH in Japan, and 
improvements in vasospasm in some patients suggested 
some therapeutic benefits [60]. However, further explora-
tion of intrathecal haptoglobin treatment for SAH by this 
group of researchers was abandoned for reasons that are 
unclear, and the exact composition of the intrathecal hap-
toglobin used is unknown. More recent experimental ani-
mal studies have demonstrated that intrathecal haptoglobin 
administration prevents small and large vessel spasm, neu-
ronal toxicity and clinical deficits induced by exposure 
to extracellular haemoglobin [14, 61]. Furthermore, an 
in vitro study showed that haptoglobin can prevent haemo-
globin neurotoxicity at sub-stoichiometric concentrations, 

Fig. 4   A Patient with intracranial haemorrhage and intraventricular 
haemorrhage before active cerebrospinal fluid exchange. The removal 
of blood was achieved in 47 h with a total of 2.4 mg tissue plasmino-

gen activator in irrigation fluid. B MRI shows oedema only in part of 
brain parenchyma where removal of blood was not sufficient
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enough to reduce the amount of free haemoglobin below a 
threshold concentration to prevent toxicity [62], in keep-
ing with a previous observational study [63]. An ongoing 
prospective multicentre observational trial aims to validate 
this CSF-Hb threshold concentration in a large cohort of 
aSAH patients [64]. A recent consensus study has dem-
onstrated that there is current widespread support to trial 
the delivery of exogenous haptoglobin directly into the 
CSF to neutralise excess total cell-free haemoglobin and 
determine if improvements in long-term clinical outcomes 
occur (Fig. 6) [65].

Haemopexin

Unscavengeable haemoglobin eventually degrades into haem 
[13, 66]. Because of haem’s redox activity and lipophilic-
ity, it can disrupt membrane homeostasis, causing cellular 
dysfunction and death [67]. Haem can be sequestered with 
very high affinity by haemopexin [68]. In a study involving 
30 SAH patients, free haem was still detectable in the CSF 
after SAH, suggesting saturation of the haemopexin-CD91 

system following SAH [69]. Similar to haptoglobin, intrath-
ecal administration of haemopexin or selective agonists of 
haemopexin expression are possible therapeutic strategies to 
neutralise haem toxicity after brain haemorrhage.

A study where haem was both injected by itself and co-
injected with haemopexin at a 1:1 stoichiometry into the 
brain of mice found that the presence of haemopexin pre-
vented the haem-induced disruption of the blood–brain bar-
rier, as quantified by dextran leakage, and attenuated haem-
induced gene expression indicative of reactive astrogliosis 
[70]. Another study used a mouse model of ICH to show 
that increasing brain haemopexin levels using recombinant 
adeno-associated viral vectors significantly reduced tissue 
injury, astrogliosis and lipid peroxidation, and significantly 
increased microgliosis [71].

Iron Chelation

Haem releases iron over time in SAH. While traditionally 
apoptosis was seen as the primary form of regulated cell 
death, recent research has shown that there are other non-
apoptotic cell death pathways. A study by Dixon et al. 

Fig. 5   A Patient with high grade subarachnoid haemorrhage from an 
anterior communicating aneurysm. They underwent CSF exchange 
for 36  h with 2.2  mg tissue plasminogen activator. B Significant 

removal of blood is seen after CSF exchange. Despite the high chance 
of shunt dependency, the patient did not become shunt dependent in 
long-term follow-up
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identified a novel iron-dependent form of non-apoptotic 
cell death [72]. Minocycline and deferiprone are iron 
chelators that have been shown to reduce neuro-toxicity 

in vitro and in animal models of SAH [73–75]. Small 
RCTs in humans have been launched to determine their 
effectiveness after SAH.

Fig. 6   Haptoglobin treatment. A Erythrolysis releases haemoglobin 
tetramers, which dissociate into dimers in cerebrospinal fluid (CSF). 
Small Hb dimers penetrate the brain parenchyma and NO-sensitive 
arterial compartments to cause secondary brain injury. Therapeu-
tic haptoglobin administered via an intrathecal catheter distributes 
throughout the CSF compartment and binds free haemoglobin. The 
large haemoglobin-haptoglobin complex remains confined outside the 
parenchyma and vulnerable arterial compartments, thereby protecting 
from haemoglobin-induced damage. The haemoglobin-haptoglobin 

complex is cleared by physiological drainage pathways and drained 
through intraventricular and/or lumbar catheters. B The role of mac-
rophages in erythrophagocytosis and haemoglobin-haptoglobin com-
plex clearance. Following degradation, haem is metabolised to bili-
rubin, carbon monoxide, and iron through haem-mediated induction 
of HMOX-1 (heme-oxygenase 1). Haem-induced activation of NRF2 
(nuclear factor erythroid 2-related factor 2) signalling induces an 
anti-inflammatory macrophage phenotype (i.e. erythrophagocytosis).  
Taken from Galea et al. [65]
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Transcriptional Upregulation 
of Anti‑oxidative Responses

A peroxisome proliferator-activated receptor-γ (PPARγ) 
agonist, rosiglitazone, was initially shown in a mouse 
model of intracerebral haemorrhage to promote haema-
toma resolution, diminish neuronal damage, and aid recov-
ery [76]. Rosiglitazone has since been used in a rat model 
of SAH, and it was found to reduce neuronal degeneration 
and improve outcomes [77]. PPARγ is a transcriptional 
activator of the gene that encodes nuclear factor-eryth-
roid 2 p45-related factor 2 (NRF2). Genetic variation 
in NRF2 has been shown to be associated with outcome 
after SAH in humans [78] and NRF2 activation by sul-
foraphane, in animal models, reduced cerebral vasospasm, 
brain oedema, BBB leakage, cortical apoptosis, and motor 
deficits [79, 80]. A phase II clinical trial of sulforaphane 
(complexed with cyclodextrin) in SAH patients has been 
completed, and results are being prepared for publication 
[81].

Conclusion

This review highlights the importance of a multifaceted 
approach in understanding and managing SAH, focusing on 
the initial blood load, clot clearance, and the management 
of RBC degradation by-products. Studies have indicated that 
the volume, density, and location of the haematoma are cru-
cial factors in determining patient outcomes. Advancements 
in imaging techniques have improved the accuracy of prog-
nosis predictions. Moreover, the kinetics of clot clearance 
have been identified as significant predictors of SAH-SBI 
and overall patient prognosis. The compartmental localisa-
tion of clots is crucial, with treatments like intracisternal 
thrombolysis showing promise in improving outcomes. 
The use of lumbar drains and innovative techniques like 
neurapheresis therapy also offer new avenues for reducing 
the burden of toxic by-products of erythrolysis, potentially 
improving outcomes. Furthermore, the potential of phar-
macological agents, such as haptoglobin and haemopexin, 
in scavenging the neurotoxic components released from 
lysed RBCs, opens new doors for therapeutic interventions. 
The insights gained from current research pave the way for 
improved clinical outcomes and a better quality of life for 
SAH patients.
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