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Aneurysmal subarachnoid haemorrhage (aSAH) is a devastating form of stroke associated with
significant morbidity and mortality. It affects younger people than other stroke types and
consequently has a disproportionately high socio-economic impact. Survivors often suffer a range
of disabling symptoms including physical and cognitive deficits. These deficits lead to a reduced
quality of life and impair ability to return to work following aSAH. In order to develop treatments
to improve outcome after aSAH we need to better understand the mechanisms that underlie
neurological injury. At present the calcium channel blocker, nimodipine which was developed in
the 1980s, is the only licensed treatment to improve outcome following aSAH. Despite multiple
trials there have been no major developments to improve outcome following haemorrhage for
over 30 years and it is our lack of understanding of the pathophysiology of neurological injury

that, at least in part, explains this lack of therapeutic innovation.

This thesis focusses on understanding outcome after aSAH and has three main aims. First,
to explore the burden of hidden disability by studying cognitive, auditory, headache and fatigue
outcomes in the long-term following aSAH including the implications for quality of life and
employment. Second, to improve outcome prediction following aSAH by including additional
variables and advanced statistical learning methods. Third, to use a genetic approach to provide

insight into the mechanisms underlying neurological injury following aSAH.

The results reported in this thesis are that cognitive and auditory deficits, in addition to
persistent headache and fatigue, are significantly more common in aSAH survivors compared to a
control population. Auditory deficits are most in keeping with a central auditory processing
disorder rather than a peripheral deficit and are closely linked to impaired cognition following
aSAH. Cognitive deficits, persistent headache and fatigue all significantly contribute to

unemployment following aSAH.

In addition to the well-known clinical variables that predict outcome after aSAH, C-reactive

protein (CRP) is an independent predictor of outcome following aSAH. The incorporation of CRP



and the use of advanced predictive modelling methodology such as support vector machines
improves outcome prediction following aSAH. Despite a statistical improvement these new

models are unlikely to have major clinical impact and require validation in an external cohort.

To identify genetic contribution to outcome after SAH, first a candidate gene approach was
used. This identified that haptoglobin, a haemoglobin scavenging molecule, is implicated in
outcome after aSAH, although the evidence is not conclusive. Genetic variation in NRF2, a
transcription factor regulating haemoglobin scavenging, inflammation and oxidative injury, is also
associated with outcome after aSAH. These findings provide insight into the pathophysiology of
neurological injury following aSAH but are limited by the candidate nature of the analyses. A
subsequent unbiased genome-wide analysis provides novel evidence for a role of the sphingosine-

1-phosphate signalling pathway in neurological injury and outcome following aSAH.

This thesis concludes that aSAH leads to widespread long-term neurological symptoms
which impact quality of life and employment. The inclusion of additional clinically available
predictors and use of advanced statistical learning methods can improve outcome prediction
following aSAH. However, the improvements are small and unlikely to influence clinical practice.
Ultimately to improve outcome we need to better understand the mechanisms which drive
neurological injury. Using both candidate and genome-wide analysis a number of mechanisms
including haemoglobin scavenging, inflammation, oxidative injury and sphingolipid signalling have
been implicated in outcome. These pathways may act as therapeutic targets to improve outcome

after aSAH and warrant further study.
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Chapter 1

Chapter 1 Introduction

1.1 Diagnosis and management of aneurysmal subarachnoid

haemorrhage

Spontaneous subarachnoid haemorrhage (SAH) represents 5% of strokes® and has an incidence of
around 9 per 100 000 person years®. Aneurysmal subarachnoid haemorrhage (aSAH) is the most
common cause of spontaneous SAH representing about 85% of cases®. aSAH is caused by rupture
of a cerebral artery aneurysm in the subarachnoid space leading to haemorrhage into the
cerebrospinal fluid (CSF) and surrounding compartments. Other causes of spontaneous SAH
include non-aneurysmal perimesencephalic SAH and bleeding from other vascular anomalies such

as arteriovenous malformations and dural arteriovenous fistulae.

Patients with spontaneous SAH most commonly present with sudden onset headache. More
severe presentations include focal neurological deficits and reduced consciousness. Diagnosis is
made using a non-contrast CT head followed by a lumbar puncture if the CT is inconclusive and
clinical suspicion remains. Once SAH has been confirmed the underlying cause of the bleed is
investigated using dedicated vascular imaging. If an aneurysmal source is identified the next
phase of management is to secure the aneurysm to prevent re-bleeding either by endovascular

coiling or surgical clipping.

The aneurysm treatment modality (endovascular versus surgical) depends on a number of factors
including clinical condition of the patient, imaging appearances and specific features of the
aneurysm. When both surgical and endovascular options are possible, endovascular treatment is
usually preferred as it is a less invasive procedure and is associated with reduced morbidity and
mortality®. Re-bleeding from an aneurysm is associated with high mortality and occurs in up to
23% of cases within 72 hours® hence guidelines recommend securing the aneurysm as soon as
possible unless the patient is deemed to have a particularly poor prognosis. In such cases patients
may undergo a period of prognostication to assess neurological recovery before treatment of the

aneurysm is considered®’.

Once the aneurysm is secured the patient is closely monitored for neurological deterioration or

complications associated with aSAH until well enough for discharge. A range of complications can
occur including hydrocephalus, electrolyte abnormalities and delayed cerebral ischemia (DCl). DCI
occurs in up to 28% of patients® and is characterised by a neurological deterioration in the days to

weeks following aSAH not attributable to other causes®. Oral nimodipine, a calcium-channel
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antagonist, is the only pharmacological treatment to reduce the incidence of DCI and poor
outcome following aSAH*!, Should DCI occur there are no specific treatments although induced

hypertension is a commonly used strategy2.

1.2 Outcome following aSAH

aSAH is associated with significant morbidity, mortality and socioeconomic cost. Despite
representing only 5% of all strokes, aSAH is responsible for over 25% of life years lost due to
stroke®®. Mortality has gradually improved over time'4, however, one in five patients die within
the first year™ and survivors often suffer persistent disabling symptoms which impair ability to
return to work®®. Neurological morbidity in survivors and loss of productive employment in
addition to the fact that aSAH affects younger individuals than other stroke types'® means that it
has the greatest socioeconomic burden of any stroke form. The lifetime cost of aSAH is over twice
the average for stroke'” with the annual economic burden in the United Kingdom estimated at

£510 million*®.

Outcome following aSAH is most commonly assessed using the modified Rankin (mRS)**% or
Glasgow Outcome Scales (GOS)?L. Both scales assess functional recovery with the mRS ranging
from 0 (no disability) to 6 (death) and the GOS from 1 (death) to 5 (good recovery). Neither scale
was specifically designed to assess outcome after aSAH with the mRS designed primarily in the
context of ischemic stroke?® and the GOS in the context of head injury?!. A recent European study
assessing outcome at 1 year using the mRS reported that 21.8% of patients died, 10.4% lived in a
dependent state (mRS 3-5) and 58.3% were independent (mRS 0-2)* which is consistent with
previous studies??. In addition to the physical neurological deficits identified by the mRS/GOS,
survivors of aSAH frequently report a wide range of less immediately obvious, yet equally
disabling, sequelae. These hidden disabilities include cognitive, psychological and auditory deficits
in addition to fatigue and mood disturbance?*?°. These sequelae have a significant impact on
aSAH survivors, especially independent individuals who are not preoccupied with severe physical
deficits, affecting quality of life and return to work following haemorrhage?®. Our appreciation of
the burden of hidden disability following aSAH is increasing but further work is required to

understand the broad range of symptoms and to improve recognition and management.

1.3 Neurological injury following aSAH

Ultimately neurological injury caused by aSAH is the driving force behind outcome®?.

Neurological injury following aSAH can be considered in two phases: an early brain injury which
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occurs in the first 72 hours of haemorrhage and a subsequent delayed brain injury, including DClI,

which develops over days to weeks.

Early brain injury is initiated at the time of aSAH by a rapid rise in intracranial pressure and
associated reduction in cerebral blood flow caused by the haemorrhage. This leads to global
cerebral ischemia followed by cell death via apoptosis/necrosis causing cerebral oedema and
blood brain barrier disruption?’. The harmful pathways activated by early brain injury together
with the presence of blood and its breakdown products in the CSF lead to delayed brain injury
which is characterised by cerebral vasospasm, inflammation, oxidative injury, microthrombosis

28—31(

and cortical spreading depression Figure 1).

Blood and its breakdown products released into the subarachnoid space at time of aSAH are
thought to play a key role in the pathology of neurological injury. Haemoglobin is directly
neurotoxic and prolonged intrathecal exposure in mice has been shown to generate the same
pattern of neurological injury as observed in aSAH3?. A natural scavenging system exists within the
brain to clear blood and its breakdown products but it is easily overwhelmed allowing neurotoxic
products to accumulate®. Blood breakdown products have been implicated in several of the
pathological mechanisms seen during delayed brain injury. Haem can activate both the TLR4** and
NLRP33% inflammatory signalling pathways leading to upregulation of inflammatory cytokines such
as IL-1B% and can generate reactive oxygen species leading to oxidative injury®*”, In addition,
haemoglobin has been shown to cause cerebral artery vasospasm in both animals and humans
through depletion of the vasodilator nitric oxide®>*°. Nitric oxide depletion has also been

implicated in cerebral vessel microthrombosis** and cortical spreading depression®?.

Although blood breakdown products and a number of pathological processes have been
implicated in neurological injury following aSAH the majority of evidence is derived from animal
studies and the significance in humans is unclear. In addition, other processes may be involved in

outcome and need to be identified if we are to better understand the pathophysiology of aSAH.
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Aneurysm rupture

Early brain injury

<72 hours

Global cerebral ischemia
Apoptosis and necrosis
Cerebral oedema
Blood brain barrier dysruption

Raised intracranial
pressure and fall in
cerebral blood flow

Delayed brain injury
Days-weeks

Cerebral vasospasm
Inflammation
Oxidative injury
Microthrombosis
Cortical spreading depression

Blood and its
breakdown products
in CSF

Figure 1. Mechanisms of neurological injury which occur during early and delayed brain injury

following aSAH. Created with BioRender.com.

1.4 Improving outcome after aSAH

Oral nimodipine is the only pharmacological treatment to improve outcome after aSAH. A meta-
analysis of four trials (n=853) identified a reduction in relative risk of death or poor outcome of
0.67 (95% confidence interval (Cl) 0.55-0.81) compared to placebo, although the results depend
primarily on a single centre trial conducted over 30 years ago*®*’. In the UK nimodipine is

routinely administered to patients with aSAH on admission and continued for 21 days.

Despite multiple clinical trials (including clazosentan*®, magnesium sulphate**, simvastatin® and
trilazad*®) no other medications have been identified to improve outcome?®. The most promising
current therapies include tranexamic acid which was shown in a prospective randomised trial of
505 patients to reduce the risk of re-bleeding after aSAH but did not affect outcome®’. In addition,
the phosphodiesterase-3 inhibitor cilostazol which has anti-platelet and vasodilatory effects has
been shown in a meta-analysis to reduce the risk of poor outcome (defined as mRS 3-6) by 0.40
(95% Cl 0.25-0.62) however this was only based on a small sample size of 543 patients and further

investigation into its efficacy is required?®.
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Delayed brain injury following aSAH is a compelling therapeutic target as it occurs during a
window of time when patients are engaged with healthcare and treatment could be initiated to
alleviate or prevent neurological injury. It is likely that our lack of understanding of the
pathophysiology of neurological injury following aSAH has so far hindered the development of
treatments to improve outcome. We urgently need to address this gap in our knowledge if we are

to identify new treatments to improve outcome.

1.5 Aims and structure of thesis

In this thesis | explore outcome following aSAH.

The specific aims are to:

A. Better understand the burden of hidden disability by studying cognitive, auditory,
headache and fatigue outcomes in the long-term following aSAH including the
implications for quality of life and employment

B. Improve outcome prediction following aSAH using additional clinically available predictive
variables and advanced statistical learning methods

C. Provide insight into the mechanisms underlying neurological injury following aSAH using
both candidate gene and genome wide analyses

The following 12 publications comprising this thesis have been grouped thematically into four

chapters:

Chapter 2: The burden of hidden disability following aSAH

1. Long-term cognitive outcome following aneurysmal subarachnoid haemorrhage
Journal of Stroke and Cerebrovascular Diseases

2. Auditory outcome following aneurysmal subarachnoid haemorrhage
Journal of the Neurological Sciences

3. Duration and characteristics of persistent headache following aneurysmal subarachnoid
haemorrhage
Headache

4. Long-term fatigue following aneurysmal subarachnoid haemorrhage and the impact on
employment
European Journal of Neurology

Chapter 3: Outcome prediction following aSAH

5. CRP (C-reactive protein) in outcome prediction after subarachnoid haemorrhage and the
role of machine learning
Stroke

Chapter 4: Haemoglobin scavenging after aSAH: candidate gene studies

6. Haemoglobin scavenging in intracranial bleeding: biology and clinical implications
Nature Reviews Neurology

7. Haptoglobin genotype and outcome after subarachnoid haemorrhage
Oxidative Medicine and Cellular Longevity

8. Haptoglobin genotype and aneurysmal subarachnoid haemorrhage: individual patient
data analysis
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Neurology

9. Genetic variation in NFE2L2 is associated with outcome following aneurysmal
subarachnoid haemorrhage
European Journal of Neurology

Chapter 5: Genome-wide analysis of outcome following aSAH

10. Genome-wide association study of clinical outcome after aneurysmal subarachnoid
haemorrhage: protocol
Translational Stroke Research

11. A genome wide association study of outcome after aneurysmal subarachnoid
haemorrhage: discovery analysis
Translational Stroke Research

12. Evidence-based interconversion of the Glasgow Outcome and modified Rankin scales:
pitfalls and best practices
Journal of Stroke and Cerebrovascular Diseases

The commentary accompanying each chapter summarises the included publications and
contextualises them in current research. Within the commentary the publications are highlighted

in bold. A full copy of each publication along with statements of contribution are included in

Appendix A and B.
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Chapter 2 The burden of hidden disability following
aSAH

The majority of clinical trials assess outcome following aSAH using the mRS or GOS which
categorise patients according to physical disability. There is, however, a growing body of evidence
that a wide range of other deficits, not detected by these traditional scales, play an important role
in outcome following aSAH. Compared to obvious physical deficits these hidden disabilities often
require direct questioning or specific assessment tools to elicit and are therefore frequently
overlooked in clinical assessment. The scale and impact of these hidden disabilities should,
however, not be underestimated. During the development of a subarachnoid haemorrhage
specific outcome tool, SAHOT, Pace et al. together with a panel of aSAH patients created a 56-
item outcome score including cognitive, physical, behavioural and psychological sequelae, the

majority of which represent hidden disabilities that would not be detected by the mRS or GOS*.

Although there is very little literature on the nature and significance of hidden disability after
aSAH cognition has been extensively studied and emphasises the importance of these deficits. In a
recent review of 65 studies published since 2010 as many as 70% of survivors experience
cognitive deficits following aSAH?** with the most frequently impaired domains including memory,
executive function and language®. Even patients who have regained independence following
aSAH and would commonly be considered as ‘good’ outcome according to the mRS/GOS, suffer
cognitive deficits which significantly impact activities of daily living, quality of life and ability to
return to work?. Other sequelae including mood disorders, fatigue and auditory deficits are also
common following aSAH and have been reported in up to 32%, 67% and 23% of cases
respectively®~?, If the consequences of all hidden disabilities are comparable to cognition the

potential impact on outcome is highly significant.

Despite the frequency and potential implications of hidden disabilities, our understanding is
limited especially in relation to the range of symptoms, the long term consequences and how they
impact functional outcomes such as return to work and quality of life®. This chapter includes four
publications which use the UK Biobank to further explore the burden of hidden disability following
aSAH. The UK Biobank is a large biomedical database with detailed phenotype information on
over half a million UK participants aged 40-69 at time of recruitment in 2006-2010°. The major
advantages of using the UK Biobank to study hidden disability after aSAH are: (1) the database
includes a large cohort of aSAH cases with long-term follow up, and (2) the participants have
undergone a wide range of outcome assessments meaning multiple hidden disabilities can be

assessed. All four publications compare the frequency of a hidden disability following aSAH to a



Chapter 2

matched control cohort and explore the burden of the respective disability. Sample sizes differ
between studies as data availability in the UK Biobank varies between the different disabilities

studied.

2.1 Cognitive deficits following aSAH (Publication 1)

Although cognition is the most widely studied of these disabilities following aSAH, the majority of
publications only assess cognitive deficits in the first year following haemorrhage?*. Consequently,
our understanding of the long-term frequency of cognitive deficits and its implications is limited.
In this study, using cognitive outcome data on 884 aSAH cases at a mean follow up of over 10
years, | showed that although reasoning, prospective, visual and verbal memory did not differ,
psychomotor reaction time was significantly slower following aSAH compared to controls
(controls: 589+138ms, aSAH: 569+121ms, t=3.84, p<0.001). This suggests that although the
majority of cognitive domains normalise by 10 years following aSAH, psychomotor deficits persist.
| also showed a significant difference in employment status (controls: 94.0%, aSAH: 82.8%;
%*=116.8, p<0.001) with aSAH cases more likely to be unemployed or unable to work due to
sickness or disability. Using regression-based mediation analysis | demonstrated that a significant
proportion (6.59%) of the effect of aSAH on employment status was mediated by psychomotor
cognitive deficits. | concluded that cognitive disability persists in the long-term following aSAH
and continues to significantly impact patients as demonstrated by its ongoing contribution to

unemployment.

2.2 Auditory outcomes following aSAH (Publication 2)

There is a growing body of evidence supporting a significant burden of hearing impairment
following aSAH. Up to 23% of patients report new onset hearing difficulty following aSAH and a
central auditory processing disorder, rather than a peripheral deficit, is thought to underlie this
impairment®>°3, Central auditory processing disorder arises due to pathology within the central
nervous system rather than within the auditory nerve or outer/middle/inner ear. Individuals
classically present with hearing difficulty particularly in the presence of background noise despite
normal pure tone audiograms. Other central networks such as cognition modulate the central
auditory nervous system and can therefore contribute to central auditory processing disorder>*,
Identifying the origin of hearing impairment is important as central and peripheral origin deficits

require different management strategies.
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In this publication, using auditory outcome data on 270 patients assessed with a speech-in-noise
test, | confirmed the presence of significant hearing impairment following aSAH compared to
controls at a mean follow up of 106 months (aSAH: -6.88, controls: -7.38, t=3.05, p=0.002). Using
regression-based mediation analysis | also showed that cognitive deficits as assessed by
psychomotor reaction time mediate a significant proportion (9.8%) of the effect of aSAH on
hearing impairment. Pure tone audiometry was not performed in the UK Biobank and
consequently the contribution of peripheral hearing loss to the hearing impairment identified
following aSAH cannot be assessed. However, speech-in-noise test deficits compounded by the
significant role for cognition identified in this study strongly suggest that central auditory
processing disorder is integral to hearing impairment after aSAH. Hearing impairment is known to
impact quality of life*®> and this publication emphasises the prevalence of this disability following
aSAH. As central auditory processing disorder appears to play a key role, survivors of aSAH with
hearing impairment should be tested for both central and peripheral deficits as this has

implications for treatment.

2.3 Headache following aSAH (Publication 3)

Although headache is the most common presenting symptom, the long-term burden of headache
following aSAH is not well defined. In a single study of 93 patients 40.9% reported burdensome
headache at a mean follow up of 32.6 months. Beyond this the frequency, phenotype and

prognosis of headache is not known.

In this publication, using data from 864 aSAH patients, | showed that headache impacting quality
of life is significantly more common following aSAH compared to controls at a median follow up of
7.5 years (aSAH: 29.9%, controls: 19.3%; x?=45.5, p<0.001). Headache frequency significantly
reduced over time (Spearman Rank correlation coefficient = -0.71, p=0.028) affecting 50% in the
first year and falling to 28% a decade later. In addition, migrainous features including those
consistent with cortical spreading depression were consistently more common following aSAH
compared to controls, although this was not statistically significant. This publication highlights
that significant headache, impacting quality of life, persists in the long-term following aSAH but it
gradually improves over time. The dominance of migrainous symptoms suggests that anti-

migraine treatments may be beneficial in the management of this symptom.

2.4 Fatigue following aSAH (Publication 4)

Fatigue is frequently reported by survivors of aSAH but like many of the hidden disabilities there is

limited literature and very little is known about the long-term prognosis and impact of this
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symptom®®. In this publication, in a cohort of 829 patients, | showed that significant fatigue is
more frequent following aSAH compared to controls at a mean follow up of 10 years (aSAH:
18.7%, controls: 13.7%; %?=13.0, p<0.001). Much like headache following aSAH, fatigue
significantly improves over time (Spearman Rank correlation coefficient =-0.62, p=0.004)
affecting 19.6% in the first year and decreasing to 11.1% after a decade. Using causal mediation
analysis | demonstrated that fatigue has a highly significant impact on employment status
mediating 24% of the effect of aSAH on employment. Of all the hidden disabilities discussed in
this chapter fatigue has by far the greatest impact on employment emphasising the importance of

identifying and managing this symptom to improve outcome.

The UK Biobank is a powerful database to assess the impact of aSAH, however, there are a
number of limitations which must be considered when interpreting these results. The UK Biobank
is biased towards more motivated, better outcome individuals as inclusion requires attendance at
multiple detailed assessment centre visits. This is a characteristic of the UK Biobank dataset but is
not necessarily a major limitation, especially in the study of hidden disability. Anecdotally hidden
disability is more commonly reported by better outcome individuals, most likely because poorer
outcome individuals are preoccupied by other major deficits such as significant physical disability.
Therefore, the selection bias in the UK Biobank is towards the individuals most likely to benefit
from greater insight into hidden disability. Additionally, the majority of individuals in the UK
Biobank only have outcome assessments at a single time point making the assessment of change
over time more difficult. Future studies of hidden disability should include a broad range of
outcome metrics, measured at multiple time points in good and poor aSAH survivors to better

assess the overall burden of these deficits.

The publications included in this chapter provide multiple novel insights into the burden of hidden
disability after aSAH including the long-term impact on patients. In order to improve management
of these symptoms they must first be identified and disease specific outcome tools such as

SAHOT* could be used to aid recognition. Once they have been identified management strategies

can be put in place to improve outcome and are discussed in Chapter 6.
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Chapter 3 Outcome prediction following aSAH

The ability to accurately predict outcome following aSAH particularly early in the clinical course
using commonly available variables has a number of potential benefits including guiding
treatment strategy and resource allocation. This is particularly true for the challenging patient
cohort who present in poor clinical state where decisions need to be made about the

t>’. Accurate

appropriateness of aneurysm treatment and duration of active managemen
prognostic information is also useful in setting expectations and counselling patients and their

relatives following aSAH.

A number of outcome prediction tools have been developed which predominantly use logistic
regression, a generalised linear model, to predict mortality or dichotomised functional outcome
(assessed by the mRS or GOS) at between 3 and 12 months following aSAH®®. The best available
model in the Subarachnoid Haemorrhage International Trialists’ (SAHIT) prediction tool which was
developed and validated in 10936 and 3355 patients respectively®. The full SAHIT model uses
commonly available demographic, clinical and imaging variables (age, World Federation of
Neurological Surgeons [WFNS] score, previous hypertension, size and location of aneurysm,
treatment modality, Fisher grade) to predict dichotomised clinical outcome as assessed by the
GOS (GOS 1-3 versus 4-5) at 3 months post-haemorrhage. The externally validated model
achieved good discrimination with a maximum area under the receiver operator characteristics

curve (AUC) of 0.81%,

Despite methodologically rigorous design and good model performance the uptake of SAHIT and
other outcome prediction tools in clinical practice is limited. The most likely reason for the lack of
uptake of these prediction tools is that they only offer marginal benefits over bedside assessment
tools such as the WFNS score and Glasgow Coma Scale (GCS) which assess severity of clinical
presentation®®®!, The additional complexity of implementing these more advanced multivariable
prediction models may therefore outweigh the benefit of improved model performance. Further
improvements in outcome prediction models are required if they are to be incorporated into

clinical practice.

The two main methodologies to further improve outcome prediction tools are to: (1) identify and
include additional predictive variables, and/or (2) use more advanced statistical learning methods

to develop outcome tools such as machine learning.

The SAHIT prediction tool achieves an R? statistics ranging from 22-31% which means that up to

78% of the observed variation in clinical outcome is not explained by the clinical, demographic

11
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and imaging variables included in the model. Additional unknown variables therefore play a
significant role in outcome variability and their inclusion in models has the potential to boost
performance. A number of variables including blood, CSF and imaging biomarkers could be
explored to improve outcome prediction. Routine blood tests are perhaps the most readily
available of these investigations. Preliminary work within our research group suggested that
blood inflammatory biomarkers were predictive of outcome and consequently | chose to focus on
the acute phase reactant C-reactive protein (CRP). CRP is a cheap and routinely available blood
test frequently performed early in the course of a patient’s admission. Some studies have

suggested it is predictive of outcome after aSAH but are underpowered to definitively show this®*

64

Advanced statistical learning methods such as machine learning are being increasingly applied in
medicine®. These methods may be superior to classical statistical learning methods such as
logistic regression as they are better able to deal with multi-dimensional data and non-linear
relationships®®®’. Although first applied to the field of aSAH in 1998°% there has been limited
application of these methods until recently. Prior to the submission of Publication 5 only
relatively simple decision tree methodology had been applied to outcome prediction following

aSAH with similar performance to logistic regression® !

In Publication 5 | aimed to improve the prediction of dichotomised clinical outcome following
aSAH (mRS 0-2 versus 3-6) by exploring both the additional variable CRP and by applying
advanced statistical learning methodology including machine learning. Firstly, using logistic
regression and the same predictors as the SAHIT prognostic model | confirmed that CRP is an
independent predictor of outcome following aSAH. | showed that a prediction model developed
using logistic regression performs significantly better when trained on the SAHIT predictors plus
CRP compared to the SAHIT predictors alone (p<0.001) (Figure 2). The logistic regression model
including CRP achieved an R? statistic of 27% which is comparable to the SAHIT prediction tool*®
with CRP explaining 4.5% of the variation in outcome. | also explored the benefits of machine
learning methodology and showed that although the ensemble method random forest is not
superior to logistic regression a support vector machine (SVM) performs superiorly to the
comparable logistic regression model whether trained on the SAHIT predictors plus CRP (p<0.001)
or the SAHIT predictors alone (p=0.004) (Figure 2).

12
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Figure 2. AUCs for logistic regression and SVMs trained on SAHIT predictors and SAHIT predictors
+ CRP. SAHIT predictors: age, WFNS score, previous hypertension, size and location of aneurysm,

treatment modality, Fisher grade. *p<0.05 **p<0.001. Created with BioRender.com.

The addition of CRP to the SAHIT predictors although statistically significant only results in modest
improvements in model performance and consequently is unlikely to influence daily clinical
practice. The machine learning method random forest failed to improve outcome prediction
compared to logistic regression, however, the SVM showed a significant improvement in model
performance demonstrating the potential benefits of these advanced methods. The results of my
study have not been externally validated and this is essential to confirm the benefits of this
methodology. This is particularly important as the SVMs show the greatest error rates during

internal 10-fold cross validation (up to 20%) suggesting overfitting which may inflate the AUC.

In recent publications the evidence for a benefit of machine learning over classical statistical
learning methods in outcome prediction following aSAH is conflicting. Savarraj et al.
demonstrated improvements in model performance using a range of machine learning methods
including artificial neural networks whereas other groups have failed to show improvements using
similar methodology’>”3. SVMs have been shown to be particularly powerful when applied to

medical problems’ and Yu et al. show excellent performance using an SVM achieving AUC 0.94
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when predicting risk of death after aSAH’®. Dengler et al., however, explored a range of machine
learning methods to predict dichotomised clinical outcome following aSAH and the SVM did not
perform superiorly to classical learning methods®. This emphasises the importance of external

validation of Publication 5.

Clinicians frequently rely on traditional bedside assessment tools such as GCS and WFNS when
making clinical decisions about patient management early during admission even though studies
have demonstrated that poor grade individuals can recover with good physical and cognitive
function’®. Both CRP and machine learning methods can be used to improve outcome prediction,
however, unless significant improvement in model performance is seen and validated advanced

outcome prediction tools like these are unlikely to make a significant impact on clinical practice.
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Chapter 4 Haemoglobin scavenging following aSAH:

candidate gene studies

At the time of aneurysm rupture blood is released into the subarachnoid space and red blood cell
lysis releases haemoglobin. Haemoglobin has been demonstrated to be neurotoxic both in vitro
and in vivo®? and is thought to play an integral role in the pathophysiology of delayed brain
injury®>*. A haemoglobin scavenging system exists in the brain which acts to clear the neurotoxic

stimulus although its significance to outcome following aSAH in humans is unknown.

Publication 6 is a review of haemoglobin scavenging after intracranial haemorrhage. The
neurotoxic effects of haemoglobin are summarised including direct neurotoxicity, oxidative injury,
inflammation, nitric oxide depletion and induction of cerebral oedema. The haemoglobin
scavenging pathway is introduced (Figure 3). In brief, following aSAH haemoglobin released by the
lysis of extravasated red blood cells can either be: (1) bound by haptoglobin and then taken up
into macrophages via CD163 where it is broken down releasing haem which is subsequently
degraded to generate iron by the action of haem oxygenases, or (2) further degraded in the
extracellular space releasing haem which binds haemopexin and is transported into macrophages
via CD91 where is similarly degraded to release iron. | then summarise the limited evidence
supporting an integral role for haemoglobin and its scavenging pathway in neurological injury and

outcome after aSAH in humans.
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Figure 3. Summary of haemoglobin scavenging cascade. See text for details. RBHC: red blood cell;
CO: carbon monoxide; Fe: iron; HRG1: haem-responsive gene 1 protein homologue. Created with

BioRender.com.

With the remaining publications included in this chapter (Publications 7-9) | aim to provide insight
into the importance of the haemoglobin scavenging pathway for outcome in humans following

aSAH through a series of candidate gene studies.

Haptoglobin is the most studied component of the haemoglobin scavenging pathway following
aSAH. Haptoglobin is an acute phase glycoprotein which binds and clears free haemoglobin via
CD163’". Haptoglobin also has anti-inflammatory’® and anti-oxidant properties’®. Two haptoglobin
alleles exist (Hpl and Hp2) and individuals can express one of three haptoglobin polymers (Hp1-1,
Hp 2-1 and Hp2-2) depending on their genotype. The functional differences between haptoglobin
polymers and potential impact on outcome is not well understood. In a mouse model of SAH the
Hp2-2 polymer was associated with vasospasm, increased CSF inflammatory markers and worse
neurological deficits compared to Hp1-1%. In humans there is a growing body of evidence that
haptoglobin genotype influences outcome after aSAH32¢, This supports a key role for haptoglobin
in the pathophysiology of neurological injury. There are a number of possible mechanisms by
which haptoglobin genotype could influence outcome after aSAH including effects on haptoglobin

expression, function or haptoglobin-haemoglobin complex size. Hp1-1 has higher expression in
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serum than other subtypes®” and has been reported to have superior anti-oxidant®® and anti-
inflammatory effects®. Hp1 is also smaller than Hp2 which may promote clearance via the
glymphatic system®, however the larger size of Hp2-haemoglobin complexes may impair their

ability to enter the brain parenchyma and subsequent neurotoxicity®®.

Publication 7 is a meta-analysis of the effect of haptoglobin genotype on outcome after aSAH
including data on 533 patients from six published studies. In this study | showed that Hp2-2 was
associated with worse short-term outcomes (defined as cerebral vasospasm and/or delayed
cerebral ischemia during the inpatient period) compared to both Hp2-1 (OR 1.90 (95% Cl 1.11-
3.25), p=0.02) and Hp1-1 (OR 2.37 (95% Cl 1.12-5.04), p=0.02). Hp2-1 grouped with Hp1-1 rather
than Hp2-2 in its effect on short term outcome suggesting it is the Hp1 allele that is protective
rather than a dose dependent harmful effect of Hp2. There was, however, no difference in long-
term outcomes (defined by dichotomised mRS/GOS at 1-3 months post-haemorrhage) between
haptoglobin genotypes. | concluded that the Hp2 allele was associated with worse short-term but
not long-term outcomes. The effect on short-term outcome is supported by a recent small
Egyptian study (n=50) which demonstrates that the Hp2 allele is associated with increased risk of
cerebral vasospasm and delayed cerebral ischemia following aSAH, although in this study the Hp2-
1 genotype appeared to group with Hp2-2 rather than Hp1-1%2. My meta-analysis has a number of
limitations including heterogenous outcome definitions, small individual study sample sizes and
relatively short follow up periods for long-term outcome. | was also not able to control for

covariates known to influence outcome after aSAH such as WFNS score.

In order to address these limitations and further explore the role of haptoglobin genotype on
outcome | went on to perform an individual patient level data meta-analysis (Publication 8). To
facilitate sample recruitment for this study | co-founded the Haemoglobin After intraCranial
Haemorrhage (HATCH) consortium, an international consortium focussing on improving outcome
after brain haemorrhage. Through the consortium | identified individual patient level data on 939
aSAH cases from 11 studies (5 published and 6 unpublished). The primary outcome was mRS/GOS
dichotomised into good (mRS 0-2, GOS 4-5) and poor (mRS 3-6, GOS 1-3) in the first year following
haemorrhage. The secondary outcomes were the presence of DCI, vasospasm or cerebral
infarction during inpatient admission. | controlled for covariates known to influence outcome
after aSAH including age, Fisher grade, WFNS or Hunt and Hess score and treatment modality?®.
There was no significant difference between haptoglobin genotypes for either the primary or
secondary outcomes. This was not consistent with the previous meta-analysis which showed an

association between Hp2-2 and poor short-term outcome.
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Although there may simply be no effect of haptoglobin genotype on outcome there are a number
of possible explanations why this study may have missed a significant effect. Although this was
the largest sample size of any analysis of the effect of Hp genotype on outcome it was only
powered to detect an estimated effect size of OR 1.6 and may therefore have missed a smaller yet
significant effect. In addition, like many studies of outcome after aSAH this study used the
mRS/GOS to assess outcome which as demonstrated in Chapter 2 are not sensitive enough to
detect subtle yet clinically significant outcomes including hidden disability. Outcome metrics such
as the SAHOT may be better placed to identify the influence of haptoglobin genotype on outcome
after aSAH*, Finally, outcome was still assessed at a relatively short follow period with the
majority assessed within the first 3 months and it may take longer for the effects of haptoglobin
to be revealed. Prior studies have shown improvements in mRS in 19% of patients between 12

and 36 months post-aSAH®.

In order to explore whether the effect of haptoglobin genotype on outcome after aSAH requires
longer follow up time periods, our group performed a further analysis (on which | am a co-author)
in a separate cohort of 1299 aSAH patients with a median follow up of 18 months®'. We showed
that the Hp2 allele (comparing Hp2-2 and Hp1-1) was associated with favourable long-term
outcome (MRS 0-1) in high volume (Fisher 3+4) but not in low volume (Fisher 1+2) aSAH at follow
up times beyond 2 years. No difference was identified when Hp2-1 was compared to Hp2-2 or
Hp1l-1. We also showed that the effect on outcome was not associated with haptoglobin
expression level. Finally, we identified that haemoglobin concentration did not exceed the
maximum binding capacity of haptoglobin in low volume but did in high volume aSAH.
Consequently, haptoglobin genotype may only impact outcome when it becomes saturated
leaving free haemoglobin in the CSF. We concluded that Hp genotype may influence long-term
outcome following high-volume aSAH in a mechanism unrelated to expression level. The effect is
only seen beyond 2 years which may suggest other factors obscure the effect of haptoglobin

genotype at shorter follow up times as seen in the individual patient level data analysis.

This result, however, conflicts with another recent study (of which | am a co-author) in a Korean
population where we report that the Hp2 allele was associated with worse functional (n=336,
classified as mRS 3-6) and cognitive outcomes (n=292, assessed by the Mini-Mental State
Examination) at both short (6 month) and long-term follow up (mean around 3 years)®*. In this
study when the effect of the haptoglobin allele was analysed according to dichotomised Fisher
grade, in comparison to the previous study, the Hp2 allele was associated with worse outcomes in
high blood volume (Fisher 3+4) patients. Like in the original meta-analysis (Publication 7) Hp2-1
groups with Hp1-1 rather than Hp2-2 for both short- and long-term outcome. Although this study

includes a smaller sample size than any of the prior analyses it adds novelty by including cognitive
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outcomes and by showing that lower expression of Hp1 in Hp2-1 individuals is associated with
worse outcome at 6 months. This again suggests it is the presence of Hp1 that improves outcome
rather than a negative effect of Hp2. A number of factors may explain the differing effect of the
haptoglobin allele on long-term outcome seen in this analysis compared to the previous study
including use of a different definition of good/poor functional outcome and differing distributions

of haptoglobin genotype.

In summary, although the protocolised individual patient level data meta-analysis did not identify
any difference between haptoglobin genotype and outcome, subsequent studies have shown
conflicting results. If present, the relationship between haptoglobin genotype and outcome is
likely to be complex although it is possible no relationship exists. This may be because
haptoglobin levels are too low in the CSF following aSAH for genotype to significantly impact
outcome®. Further studies including an updated individual patient level data analysis are required

to clarify the effect of haptoglobin genotype on outcome.

Publication 9 is a candidate gene study assessing the impact of genetic variation in NFE2L2 on
outcome after aSAH. Nuclear factor erythroid 2-related factor 2 (NRF2, encoded in humans by the
NFE2L2 gene) is a transcription factor which controls expression of a number of anti-
inflammatory®® and anti-oxidant®” genes in addition to components of the haemoglobin
scavenging cascade including haem-oxygenase 1°7 and haptoglobin®® (Figure 3). NRF2 has the
potential to have a significant impact on outcome after aSAH as not only does it protect against
the neurotoxicity of haemoglobin it also upregulates its scavenging pathway. NRF2 has been
implicated in the pathophysiology of neurological injury in a number of animal SAH models®%1%°
but there is no evidence for its importance in humans. In Publication 9 | identified in both
discovery (n=1007) and validation (n=466) cohorts that the intronic SNP rs10183914 is associated
with outcome following aSAH. The minor T allele is associated with a 1.33-fold (95% Cl 1.12-1.58)
increased risk of poor outcome following aSAH (pmeta=0.001). In silico functional analysis suggests
it has a regulatory effect on NRF2 by influencing transcription factor binding and significantly
reducing the intron-excision ratio (psqr.=1.3x107) potentially reducing expression of functional
NRF2. This study builds on previous animal evidence by demonstrating an important role for NRF2
in outcome after aSAH in humans. This provides further insight into the pathophysiology of
neurological injury following aSAH emphasising the importance of oxidative stress, inflammation

and haemoglobin scavenging after aSAH.

The candidate gene studies included in this chapter highlight the importance of haemoglobin and
its scavenging pathways in the pathophysiology of outcome after aSAH specifically in humans.

Importantly they have implications for treatment which will be discussed in Chapter 6.
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Chapter 5 Genome-wide analysis of outcome following

aSAH

In addition to NFE2L2 and haptoglobin, a number of other genes have been implicated in the
pathophysiology of outcome following aSAH including endothelial nitric oxide synthase®?,
apolipoprotein E*°?, brain-derived neurotrophic factor'®® and genes associated with
inflammation'® and fibrinolysis!®. All these genes have been identified using a candidate gene
approach which requires a priori knowledge of the potential pathways influencing outcome after
aSAH. As our understanding of these pathways is incomplete this focussed approach may
overlook significant contributors and is unlikely to provide novel insight into the mechanisms

governing outcome.

| am therefore undertaking a genome-wide association study (GWAS) of outcome after aSAH
which addresses these limitations by exploring the breadth of the human genome and has the
potential to radically advance our understanding of outcome. The aim of this study is to identify
genes associated with clinical outcome and target future research including the development of
treatments to improve outcome after aSAH. Genome-wide analyses have provided novel insight
into aneurysm formation’® but have never been used to study outcome after aSAH. The GWAS is
designed in two stages (discovery and validation) and the protocol was published in 2022

(Publication 10).

5.1 Discovery analysis (Publication 11)

For the discovery analysis multiple retrospective cohorts were identified from two sources: 1) the
HATCH consortium, and 2) the UK Biobank. Individual genetic variants were tested for association
with dichotomised clinical outcome using multivariable logistic regression under an additive
model controlling for key covariates (age and genetic ancestry). Genetic variants were tested
within each separate cohort and then combined using a fixed effects meta-analysis. Genetic
variants which achieved a threshold of suggestive significance (p<1x10*) will be taken forward for
validation in the second stage of the study. The primary outcome was the mRS or GOS

dichotomised into good and poor outcome within one year of aSAH.

A challenge of combining multiple retrospective datasets using different outcome metrics (mRS or
GOS) is defining comparable dichotomisation thresholds for each scale. Although studies often
pool these two scales for analysis of outcome there is no evidence as to which dichotomisation

threshold shows the strongest agreement between the two scales. In order to address this, |
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analysed 3474 paired mRS and GOS recordings from individuals with haemorrhagic stroke
(Publication 12). The cohort consisted of 496 aSAH individuals from the haptoglobin individual
patient level data meta-analysis (Publication 8), 499 patients with intraventricular haemorrhage
recruited to the CLEAR Ill trial*®” and 500 intracerebral haemorrhage patients from the MISTIE I1I
trial'®, | confirmed that the mRS and GOS are strongly correlated (Spearman’s rank correlation
coefficient -0.90, p<0.001). Using Cohen’s kappa coefficient | identified the strongest agreement
between the two scoring systems occurs when mRS 0-2 and GOS 4-5 are used to define good
outcome. Finally, | provided a method of score interconversion so that the ordinal nature of the
scales could be preserved if required and showed that where possible conversion of mRS to GOS
is superior to the reverse direction as assessed by the two-sample Kolmogorov-Smirnov test.
Using the results of Publication 11 for the GWAS | defined good outcome as mRS 0-2/GOS 4-5 and
poor outcome as mRS 3-6/GOS 1-3.

The UK Biobank does not include data on the mRS or GOS and consequently | used cognition, as
measured by psychomotor reaction time, which | demonstrated in Publication 1 differs
significantly between cases and controls in the UK Biobank, to define outcome. aSAH cases from
the UK Biobank were ranked from fastest to slowest and then dichotomised into good (faster) and
poor (slower) outcome. The threshold for dichotomisation was set in order to generate an
equivalent proportion of good/poor outcome individuals to the HATCH dataset. This method is
supported by the finding that the mRS and cognition are highly correlated after aSAH!%. As the
outcome assessment metric differed between the UK Biobank and HATCH datasets the GWAS was

performed both in the HATCH dataset alone and the whole dataset (HATCH + UK Biobank).

A total of 2489 samples were identified for inclusion in the discovery analysis from seven
datasets. Six datasets were identified from the HATCH consortium (n=1685) and 804 individuals
from the UK Biobank. Analysis of the HATCH dataset identified 403 genetic variants from 97
independent loci associated with clinical outcome (p<1x10™). Including all seven datasets
(n=2489) 406 genetic variants from 85 independent loci were associated with clinical outcome
(p<1x10™). In this second analysis a single variant, rs12949158, achieved genome wide
significance (p=4.29x10%). Including both analyses a total of 157 unique independent genetic loci

were identified for validation in the second stage of the study.

The rs12949158 variant which achieved genome-wide significance is an intronic variant in the
sphingolipid transporter 2 (SPNS2) gene, a component of the spingosine-1-phosphate (S1P)
signalling pathway. The alternate A allele was associated with an increased risk of poor outcome
with an odds ratio of 2.15 (95% Cl 1.63-2.82). The rs12949158 genotype was only available in two

datasets (n=833) as the other datasets did not use genotyping platforms which included the
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variant and the available variants did not allow imputation at sufficient quality to pass quality
control. In addition, the majority of the effect was driven by the UK Biobank which uses the
alternative outcome metric, cognition. This finding therefore requires validation in the second

stage of the study.

Unpublished protein-protein interaction analysis using NDEx Integrated Query*'°, BioGRID*,
Cytoscape!? and PathLinker!'*!* within the discovery data supports the importance of the
genome-wide significant finding in SPNS2. Proteins mapped to genetic variants which achieved
p<1x107~ in the HATCH dataset GWAS (i.e. when the UK Biobank was excluded) were assessed for
interaction with SPNS2. Identifying interactions between SPNS2 and other significant proteins
when the UK Biobank is excluded has the potential to cross validate the SPNS2 finding. Two
mapped genes highlighted by analysis in the HATCH dataset, protein phosphatase 1A (PPM1A)
and LDL receptor related protein 1B (LRP1B), were robustly linked to SPNS2 within 3 edges (Figure
4) supporting the significance of the SPNS2 finding.

m— PPM1A
—m—— LRP1B

Figure 4. Protein-protein interactions linking SPNS2 to LRP1B and PPM1A. HNRNPH1:

SPNS2 HNRNPH1 (—

heterogeneous nuclear ribonucleoprotein H1. AKT1: AKT serine/threonine kinase 1. APP: amyloid
beta precursor protein. TRIM25: tripartite motif containing 25. HSPAS: heat shock protein family A

member 5. Created with BioRender.com.

In addition to the supporting protein-protein interaction evidence for SPNS2, the S1P signalling
pathway could theoretically influence outcome after aSAH. S1P is synthesised intracellularly by
the phosphorylation of sphingosine by sphingosine kinase''®. S1P is transported to the
extracellular compartment by SPNS2''® and signals via binding one of five S1P receptor subtypes

(S1PR1s)'*”. S1PR activation by S1P has been linked to neurological injury following stroke causing
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microglial activation, neuronal death, inflammation and blood-brain barrier disruption*®%9

(Figure 5).

Effects:

Cell survival S1PR1:5
Proliferation <
Inflammation
BBB integrity
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Figure 5. Summary of S1P signalling in the brain. Created with BioRender.com.

Studies have shown in humans following aSAH that S1P levels are raised in the CSF with higher
levels associated with larger haemorrhage volume?® and worse neurological outcome??®. S1P has
been shown to cause cerebral vasoconstriction in both canine and murine basilar arteries both in
vitro and in vivo via S1PRs 22122 This effect on cerebral vasculature may represent a mechanism
by which S1P signalling potentially influences outcome after aSAH, with elevated S1P levels
leading to vasoconstriction, ischemia and neurological injury. These studies suggest that S1P
signalling plays a potentially important role in neurological injury following aSAH, supporting the

present finding of SPNS2’s role in influencing outcome after aSAH.

Unpublished in silico functional analysis strongly suggests that the rs12949158 variant has a
regulatory effect. It is located in intron 8 of SPNS2 within a candidate cis-Regulatory Element
(EH38E1842415) 12 with evidence of significant DNase sensitivity (DNase max Z-score 3.94) and
histone modification (H3K27ac max Z-score 4.09) in adult brain. A Z-score >1.64 corresponds to
the 95 percentile of a one-tailed test and is considered as “high”. Regulatory function is also
supported by a Regulome DB categorical score of 4 based on evidence of transcription factor

124 When annotated against the 15-state chromatin model

binding and DNase sensitivity
rs12949158 demonstrates enhancer activity specifically in the brain'*'%¢, rs12949158 has a CADD
score of 12.18 meaning it is predicted to be in the top 10% most deleterious substitutions in the

human genome®?’. rs12949158 is situated within the transcription factor binding motif for zinc
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finger protein 423 (ZNF423) and the risk A allele increases transcription factor binding affinity
from a LOGOD of -3.4 to 7.6 (P = 5.5x10%%)*?8, This suggests a mechanism by which rs12949158
could exert an effect on outcome. Increased binding affinity of ZNF423 may lead to upregulation
of SPNS2, a subsequent increase in S1P in the extracellular compartment and greater neurological
injury through mechanisms including inflammation, vasoconstriction, blood-brain barrier
disruption and neuronal death (Figure 6). Further in vitro and in vivo studies are required to assess

the functional effect of this variant.

A B
Vasoconstriction
SPNS2  (pt) : .
VT | ‘e (I
[ ° } ‘
[} {
@2 A L ,L )
rs12949158 G allele rs12949158 A allele
Sgan_dard ZN_F423 Increased ZNF423
S1P binding affinity S1P binding affinity

Figure 6. lllustration of potential mechanism by which rs129049158 could influence outcome after
aSAH. A: S1P is transported into the extracellular space by SPNS2 where it can cause cerebral
artery vasoconstriction via S1PRs. B: The alternate A allele is associated with increased ZNF423
transcription factor binding affinity leading to upregulation of SPNS2, an increase in S1P
transported into the extracellular space and increased cerebral artery vasoconstriction. Created

with BioRender.com.

Overall, although rs12949158 like the other variants identified in the discovery analysis requires
validation in the second stage of the study internal validation using protein-protein interactions
and a plausible biological effect combined with relevant functional evidence highlights the S1P
signalling pathway as potential integral to outcome after aSAH. It also showcases the benefit of a
genome-wide approach to the analysis of outcome by highlighting a relatively understudied

pathway in aSAH.

5.2 Validation analysis

All variants achieving suggestive significance including rs12949158 will be taken forward for
validation. Recruitment for the validation study is ongoing with a target sample size of at least

2500.
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Chapter 6 Therapeutic implications and conclusion

6.1 Therapeutic implications

As outlined in Publications 1-4 and by recent studies using traditional assessment tools such as
the mRS*%° outcomes remain poor following aSAH. Although the most effective way to improve
outcome is to prevent or reduce neurological injury following aSAH other methods include
managing the sequelae to reduce the long-term impact on survivors. The ultimate aim of my work
is to improve outcome after aSAH and this thesis highlights a number of potential therapeutic

strategies to achieve this goal.

In Publications 1-4 | highlight the significant burden of hidden disability in the long-term following
aSAH and its impact on patients including impairing quality of life and return to work. The very
nature of these hidden symptoms is that they are not immediately obvious and may be
overlooked. The first step in their management is recognising them in survivors of aSAH and
Publications 1-4 call attention to the prevalence of hidden disabilities. Tools such as the aSAH
specific outcome tool, SAHOT*, may help clinicians to recognise these symptoms following aSAH.
Although no specific management strategies exist for hidden disability once recognised a number

of potential treatment and support strategies could be considered.

Fatigue not only decreases quality of life but also has the greatest impact of the disabilities
highlighted in Publications 1-4 on employment following aSAH. Impaired return to work is
common feature of aSAH with as many as 65% of survivors unable to return to their previous
work®, Strategies to manage fatigue have not been specifically explored in aSAH. In the context
of stroke although no drugs have been shown to improve fatigue*!, non-pharmacological
treatments have been shown to improve symptoms such as Community Health Management and
Cognitive Behavioural Therapy®3?. These strategies could be translated to aSAH with a view to
improving fatigue and its consequences such as unemployment. Likewise, there are no specific
treatments to manage cognitive deficits following aSAH. In stroke there is evolving evidence for a
role of both cognitive training and pharmacological therapies to improve cognition and these

could also be explored in aSAH33134,

The management of persistent headache following aSAH is limited**®. Routine analgesia including
paracetamol and opioids does not significantly improve headache following aSAH!3¢. A number of
other treatments have been trialled without success including magnesium which reduced pain
scores but was not clinically significant'*”'*8, In Publication 3 by demonstrating that aura and

prodrome are more common in headache following aSAH | implicate cortical spreading
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depression, as seen in migraine, in the pathophysiology of persistent headache. This has potential
implications for management in that anti-migraine therapy, particularly treatments which target

cortical spreading depression, may be beneficial following aSAH.

Publication 2 demonstrates significant auditory deficits following aSAH and identifies that
cognitive deficits significantly contribute to hearing impairment. This supports the previous
finding that central auditory processing disorder plays an integral role in the pathophysiology of

t2°, This has significant implications for treatment. Peripheral hearing loss is

hearing imapirmen
managed with hearing aids while central origin deficits may need both audiological (such as
assistive listening devices)>* and cognitive therapies'*°. This emphasises the importance of
assessing for both central and peripheral hearing loss in addition to cognitive deficits in patients
who report hearing loss after aSAH in order to tailor treatment effectively. We are currently
undertaking a clinical study in patients who report hearing loss following aSAH and have normal
peripheral hearing. The study aims to assess the benefit of an assistive listening device following

aSAH and should this be successful we will aim to introduce this therapy to improve auditory

outcome after aSAH.

In Publication 5 | demonstrate potential improvements in outcome prediction following aSAH
using machine learning methodology and by including CRP in the prediction model. These findings
require validation and we have secured the SAHIT dataset to validate my findings. Although, as |
discuss in Chapter 3, the uptake of complex outcome prediction tools is limited in clinical practice
there is a potential role for them in the management of patients with aSAH. At present the
decision to secure a ruptured aneurysm is guided by a patient’s clinical state (e.g. assessed by
WENS) with poor grade individuals often monitored for neurological improvement before
aneurysm treatment is performed. This potentially delays treatment increasing the risk of re-
bleed in this cohort of patients®’. ‘Poor grade’ individuals can, however, have favourable
outcomes with as many as 41.4% of WFNS 4-5 individuals moderately disabled or better at 6-12
months following haemorrhage®® suggesting that early aneurysm treatment may be reasonable
in this group. Outcome prediction tools such as the models presented in Publication 5 perform
superiorly to assessment of clinical state (e.g. WFNS) and may therefore be useful for decision
making in worse performing individuals. Outcome prediction tools could also be used to highlight
patients at risk of deterioration who may benefit from intensive monitoring and early intervention
for example on an intensive care in order to minimise neurological injury following aSAH. Finally,
outcome prediction tools may not only be useful in clinical practice, they could also be used to
improve patient stratification in clinical trials, reducing required sample sizes and improving trial

efficiency.
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Rather than managing the consequences of aSAH, the most effective way to improve outcome is
to prevent or reduce neurological injury following aSAH. As neurological injury following aSAH
consists of early and delayed phases, of which the latter develops days to weeks after
haemorrhage when patients are frequently admitted to hospital, there is a therapeutic window in
which treatments could be administered to reduce neurological injury. At present the only
treatment to improve outcome after aSAH is nimodipine® and despite multiple clinical trials®* no
new treatments have been identified for over 30 years. It is likely that our incomplete
understanding of the pathophysiological mechanisms underlying outcome contributes to this lack
of therapeutic progress. Improving our understanding of the mechanisms may help target the

development of the desperately needed new treatments to improve outcome.

In this thesis using both candidate and gene and genome-wide analyses | highlight the
haemoglobin scavenging and S1P signalling pathways as important following aSAH which has

therapeutic implications.

Although the exact impact of haptoglobin genotype on outcome is unknown the genetic analyses
presented in Chapter 4 (Publications 7 and 8) support a role for haptoglobin in outcome after
aSAH. Haptoglobin levels in the CSF can be depleted following aSAH due to scavenging of
haemoglobin and it is therefore a tempting therapeutic target to reduce neurological injury. The
potential therapeutic benefits of haptoglobin have been demonstrated in a number of animal
models. Haptoglobin overexpression in mice has been shown to be neuroprotective in an
intracerebral haemorrhage model®®. In a sheep model of SAH intrathecal administration of
haptoglobin reduced cerebral artery vasospasm, preserved nitric oxide signalling and prevents
translocation of haemoglobin into the brain parenchyma®®. We have also demonstrated in a
mouse model of SAH that administration of intrathecal haptoglobin improved neurological
outcome by reducing diffusion of haemoglobin into the brain parenchyma and small vessel
vasospasm**!, Haptoglobin has been shown to reduce the risk of post-operative kidney injury
following cardiac surgery in humans'*? and a small open-label uncontrolled clinical study of
intrathecal haptoglobin treatment following aSAH conducted in 1979 reported improvement in
cerebral vasospasm'*3. The growing body of evidence from both animal and genetic studies
supports further investigation of haptoglobin as a treatment to improve outcome after aSAH. As
the exact role of haptoglobin genotype is not clear, further investigation is required to inform

which haptoglobin polymer would be most efficacious.

NRF2 upregulates multiple components of the haemoglobin scavenging system in addition to
other neuroprotective molecules including antioxidants. In view of these widespread protective

effects its upregulation is therefore another appealing therapeutic strategy***. NRF2 activators
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such as sulforaphane have been shown in animal models of SAH to decrease neurological injury
and improve outcome®'**, Publication 9 demonstrates the importance of NRF2 in humans
following aSAH and the results of a multicentre randomised double-blinded placebo controlled

trial of sulforaphane after aSAH are eagerly awaited’*®

Although the results of the discovery GWAS (Publication 12) require validation they highlight S1P
signalling as a potential therapeutic target following aSAH. A number of S1IPR modulators
(fingolimod, siponimod and ozanimod) are already licensed for the treatment of multiple
sclerosis'®. In a trial of 22 patients with acute ischemic stroke fingolimod treatment was
associated with reduced neurological injury and improved functional outcome*, Fingolimod has
also been shown to reduce neurological injury and improve outcome in a trial of 23 patients with
intracerebral haemorrhage'. This beneficial effect in other stroke forms suggests that S1PR
modulation may also be neuroprotective in aSAH and is supported by evidence in rodent SAH
models where fingolimod has been demonstrated to reduce neurological injury and improve
outcome™®! |f the findings of Publication 12 are validated, this will highlight the importance of
S1P signalling after aSAH and support trials of SIPR modulators to improve outcome. S1PR
modulators act primarily by functional antagonism at S1PRs with different modulators targeting
different receptors. This has implications for choice of S1IPR modulator in aSAH. In aSAH S1P
signalling within the CSF has been shown to causes cerebral artery vasoconstriction in animals via
S1PR3'! (Figure 5). In the brain parenchyma both S1PR; and S1PR; have been implicated in
neurological injury®>****, As fingolimod is the only modulator to target bother S1PR; and S1PR; it
may be the most appropriate to trial in aSAH. Beyond the choice of S1IPR modulator there are a
number of further factors to consider before trials of SIPR modulators can be conducted in aSAH.
Most importantly, S1PRs can cause first dose cardiac side effects including bradycardia and as
aSAH can have cardiac manifestations (cardiomyopathy, ischemia, arrhythmias) the safety profile

of such drugs needs to be evaluated in aSAH patients.

6.2 Conclusion

aSAH leads to a significant burden of neurological disability following aSAH with long term
implications for quality of life and employment. Although current outcome prediction tools can be
improved by incorporating additional variables such as CRP and utilising machine learning they
are unlikely to influence clinical practice, which relies on simpler bedside prediction tools.
Although strategies to recognise and manage the range of disability following aSAH will improve
outcome, ultimately, we need to better understand the mechanisms which underlie neurological
injury so we can develop treatments to prevent or reduce this injury. Using candidate gene and

genome wide analyses | highlight the importance of haemoglobin scavenging and S1P signalling in
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outcome after aSAH. These pathways represent potential therapeutic targets and future studies

are required to investigate whether they can be manipulated to improve outcome after aSAH.
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Appendix A  Core publications

A.l Summary

Each publication is presented along with its citation, a detailed description of my specific
contribution and the summarised version of my contribution signed by all co-authors (Appendix

B).
A.2 Chapter 2

A.2.1 Publication 1: Long-term cognitive outcome following aneurysmal

subarachnoid haemorrhage

Citation: Gaastra B, Ewbank F, Tapper W, Bulters D, Galea I. Long-Term Cognitive Outcome
following Aneurysmal Subarachnoid Haemorrhage. Journal of Stroke and Cerebrovascular

Diseases. 2022/01/01/ 2022;31(1):106184. doi:10.1016/j.jstrokecerebrovasdis.2021.106184

This study is based on data from the UK Biobank. | curated the data and performed all the
analyses. | authored the manuscript with input from the co-authors after completion of the first

draft.

Specific contribution: Primary role in study design, data curation and analysis. Authored first draft

of manuscript.
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Long-Term Cognitive Outcome following Aneurysmal

Subarachnoid Haemorrhage

Ben Gaastra, Mr.cs,” Frederick Ewbank, BMmBs,” William Tapper, PhD.”

Diederik Bulters, r.rcs.,” and Ian Galea, Ph.D.

Objectives: Survivors of aneurysmal subarachnoid haemorrhage (aSAH) frequently
suffer from cognitive dysfunction. The aim of this study was to assess, in a large
sample size with long term follow-up, the characteristics of cognitive dysfunction
following aSAH and explore whether cognitive deficits mediate employment out-
come. Materials and methods: In this retrospective case-controlled study, aSAH survi-
vors (n = 884) were identified from the UK Biobank and compared to matched
controls (n = 3536). Controls were propensity score matched according to age, sex,
Townsend deprivation score, educational status and relevant medications known
to influence cognition. Cognitive outcomes and employment status were compared
between cases and controls using group comparison and cross-tabulation tests. A
regression-based mediation analysis was performed to assess whether cognitive
deficits mediate employment status following aSAH. Results: Psychomotor reaction
time and employment status significantly differed between aSAH cases and con-
trols with slower reaction times (p < 0.001) and more unemployment or inability to
work due to illness (p < 0.001) in the aSAH cohort at a mean follow-up of
125 months. Psychomotor slowing was estimated to mediate a significant propor-
tion (6.59%) of the effect of aSSAH on employment status. Conclusions: Psychomotor
reaction time and employment status differed significantly between aSAH cases
and control matched individuals in the UK Biobank. Psychomotor slowing follow-
ing aSAH had a discernible impact on employment status. Psychomotor reaction
time and employment status are practical to acquire and can be used as surrogate
measures of outcome in future studies of aSAH survivors.

Key Words: Subarachnoid haemorrhage—Outcome—Cognition—Employment
© 2021 Elsevier Inc. All rights reserved.
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Introduction

Aneurysmal subarachnoid haemorrhage (aSAH) is a dev-
astating form of stroke associated with significant morbidity
and mortality. Survivors of aSAH frequently suffer from cog-
nitive impairment,'” however the prevalence, characteristics
and impact of the cognitive dysfunction needs further study.
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The majority of clinical trials following aSAH use tradi-
tional outcome scales,” including the modified Rankin
score (mRS)* and the Glasgow Outcome Scale (GOS).”
These scales have their limitations since they are relatively
insensitive to hidden disabilities such as cognitive out-
come. For example, in one study half the patients with a
mRS of zero (no symptoms) after aSAH exhibited signifi-
cant cognitive impairment when evaluated neuropsycho-
logically.® In other studies, of those previously in full or
part-time employment, 40—50% were unemployed at one
to three years after aSAH.”® A large number of studies
have examined cognitive deficits after aSAH,"*’ but more
work is needed to determine whether they persist in the
very long-term, which domains are most affected and
how these relate to return to employment. In particular,
the mediation of employment status by cognitive dysfunc-
tion has not been studied.
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The UK Biobank is a large-scale biomedical database.
Participants underwent detailed cognitive testing and
their employment status was recorded during their
assessment visits. Within the UK Biobank cohort there are
a subset of participants who have suffered aSAH. This
makes it the largest database of long-term aSAH cognitive
outcomes and the ideal tool to answer some of the out-
standing questions about cognitive outcome after aSAH.

The aim of this study was to explore cognitive dysfunc-
tion in a larger sample size with longer follow-up com-
pared to other studies, as is possible in the UK Biobank.
We hypothesized that: (1) cognitive measures and
employment status differ between aSAH cases and con-
trols (2) cognitive deficits mediate employment outcome
following aSAH.

Methods

This research has been conducted using data from the
UK Biobank, a major biomedical database.'’ Study design
consisted of a retrospective case-controlled study, as part
of application ID 49305. The study was performed under
National Research Ethics Committee Approval 16/NW/
0274 and institutional approval (ERGO 49253). The study
has been reported in accordance with the STROBE state-
ment for case-control studies.'" This study uses informa-
tion on 502 490 participants, with informed consent,
recruited in the UK between 2006 and 2010.

Outcome measures

In order to assess cognitive outcome five cognitive tests
were included as they have been shown in previous studies
to detect cognitive impairment in the context of neurological
disease in the UK Biobank.'? All tests were administered on a
touch screen at assessment centre Vvisits.

Cognition was measured in the majority of participants
(98%) using two tests. The “reaction time” test (data field
20023) asked participants to press a button as soon as match-
ing pairs of symbols were presented and therefore measured
psychomotor reaction time. Visual memory was assessed
using a pairs matching test (data field 399) during which
three or six pairs of matching symbol cards were displayed to
participants for three seconds, then turned face down, and
participants were asked to identify matched pairs.

After UK Biobank recruitment started, three other tests
were added in succession, and consequently these tests
were done in less than 40% of participants. A “fluid intelli-
gence” test (data field 20016) measured verbal and
numeric reasoning. Prospective memory (data field
20018) was assessed by asking participants at the start of
the assessment to memorize a certain shape from an array
of shapes, and after the whole assessment, they were
asked to recall the shape. Working memory was also
assessed by the “numeric memory” test (data field 4282)
during which participants were asked to repeat in reverse
a string of numbers presented to them.

Appendix A
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All cognitive tests report a continuous score apart from
prospective memory which was dichotomised into correct
on first attempt (good outcome) or not (poor outcome).
The UK Biobank website and prior publications'” provide
more detail on these cognitive tests. Employment status
(data field 6142) was dichotomised into good and poor
outcome, with poor outcome defined as “unable to work
because of sickness or disability” or “unemployed”. For
the aSAH cohort, the outcome measure was taken at the
first available follow-up assessment following diagnosis
of aSAH; most patients only had one assessment. Hence
there is only one outcome datapoint for each aSAH
patient in this study. For the control cohorts the outcome
measure was taken at first assessment in the UK Biobank.

aSAH cohort

aSAH cases were identified from the UK Biobank using
ICD-9 (data field 41271) and ICD-10 codes (data field
41270) from hospital inpatient data; read code informa-
tion from primary care data (data field 42040); and self-
reported medical conditions (data field 20002) reported at
baseline or subsequent assessment centre visits. Cases
were excluded if there was significant evidence that they
were not actually aneurysmal in nature and likely to have
been miscoded. This was defined using ICD-9 and ICD-10
codes from hospital inpatient and primary care data.
Cases with a traumatic event code within 30 days of diag-
nosis of aSAH were excluded (Supplementary Table 1 for
inclusion and exclusion codes). Cases were cross-checked
against the algorithmically generated subarachnoid hae-
morrhage diagnosis (data field 42012) and first occurrence
database for ICD-10 code 160 (data field 131360). Cases
were included if there was data available in at least one
outcome measure subsequent to the date of diagnosis.

Control cohorts

To allow for comparison of aSAH patients and controls
four separate matched control populations were gener-
ated. Propensity score matching was performed with a
nearest neighbour method and a case: control ratio of 1:4.
All four control populations were matched to the aSAH
cohort according to the following variables, known to
influence outcome and cognition following aSAH: age at
time of outcome assessment in the UK Biobank (data field
21003), sex (data field 31), Townsend deprivation score'”
(data field 189), and education status dichotomised into
individuals holding a college or university degree at time
of initial assessment in the UK Biobank or not (data field
6138). Sex and education status were treated as binary,
age and Townsend deprivation score were treated as con-
tinuous variables.

Three of the control populations were additionally
matched for the presence of medications which have been
shown in a detailed study to influence verbal-numerical rea-
soning, memory and reaction time in the UK Biobank."* This
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COGNITIVE OUTCOME FOLLOWING SAH

is of particular relevance as these three cognitive domains are
directly tested by the cognitive outcome measures used in
this study. Medications were categorised according to thera-
peutic subgroup (for example beta blocking agents) for the
purpose of this study. Three binary medication variables
were created to indicate, for each individual in the UK Bio-
bank, whether they were taking a medication within a thera-
peutic subgroup which influences reasoning, visual memory
and psychomotor reaction time. Each of these three medica-
tion variables was used in addition to the above four covari-
ates to generate three matched control cohorts, to study the
corresponding cognitive outcomes (reasoning, visual memory
and psychomotor reaction time). The fourth control cohort
was not matched for medications influencing cognition to
allow analysis of other outcome measures which have not
been shown to be affected by medications in the UK Biobank.
To generate the matched populations, individuals with miss-
ing variables were excluded from the analysis.

Statistical analysis

In order to identify which outcome measures differ
between aSAH and control cohorts the raw outcome
scores were compared. A t-test was performed for contin-
uous outcome measures and a chi-squared test for binary
outcome measures. The six outcome measures (five cogni-
tive tests and employment status) were considered sepa-
rately and compared to the relevant matched control
population (see Table 1). Individuals with missing out-
come data were excluded from the analysis for the out-
come of interest.

In order to assess whether cognitive deficits following
aSAH influence employment status a regression-based
mediation analysis was performed using PROCESS."® For
this analysis aSAH case versus control status was used as
the independent variable, employment status was used as
the dependent variable and any significant cognitive mea-
sure considered as the mediator. The relevant control pop-
ulation matched to the cognitive measure of interest was
used. Significance of the indirect effect was tested using
5000 bootstrapped samples. The proportion of the media-
tor effect on employment status was calculated using the
method described by VanderWeele.'®

3

Analyses were performed in statistical software R (ver-
sion 3.6.2, R Foundation for Statistical Computing) and
SPSS Statistics (version 27.0, IBM Corporation). A p value
of < 0.05 was considered significant with Bonferroni cor-
rection for multiple testing where appropriate.

Results
Patients

888 aSAH patients were identified from the UK Bio-
bank. Four aSAH patients were excluded from the match-
ing process due to missing data regarding educational
status meaning 884 were used in the final analysis (see
Fig. 1 for flow chart of inclusion of patients; see Table 2
for demographics of aSAH patients). The mean follow-up
time at first assessment following aSAH was 125 months
(range 12 days—662 months).

501 609 individuals were available in the UK Biobank to
generate the matched control cohorts. 5260 participants
were excluded from the potential control pool due to
missing data on age (1 = 1), Townsend deprivation score
(n = 623) and educational status (n = 4636). Four matched
control populations (1 = 3536) were generated with the
average standard mean difference after matching across
all variables < 0.04.

Outcome data availability

Three of the cognitive outcome measures (reasoning,
prospective memory and working memory) were intro-
duced late after recruitment had started in the UK Bio-
bank, and therefore data for these variables was available
in less than half the participants. Missingness analysis did
not reveal any systematic differences between aSAH and
controls (Supplementary Tables 2 and 3).

Comparison of aSAH cases versus controls

aSAH patients had significant psychomotor slowing in
comparison to the matched control cohort (589 ms (stan-
dard deviation + 138 ms) versus 569 ms (standard
deviation £ 121 ms); t = 3.84, p < 0.001). No other signifi-
cant difference was identified between the aSAH cohort
and the relevant matched control cohort for the other four

Table 1. Control cohort used for each outcome measure in analysis. Data on medications influencing prospective and numeric mem-
ory test scores was not available. Data on medications influencing reasoning, visual memory and psychomotor reaction time within
UK Biobank was from Nevado-Holgado et al. (see text).

Control cohort

Outcome measure

Not matched for medications

Matched for medications influencing psychomotor reaction time
Matched for medications influencing visual memory
Matched for medications influencing reasoning

6142-employment status

20018-prospective memory

4282-numeric memory (working memory)
20023-reaction time (psychomotor reaction time)
399-visual memory

20016-fluid intelligence (reasoning)
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Aneurysmal subarachnoid
haemorrhage diagnosis
(n=2888)

Excluded
(n=956)

Reason:

No follow up: 727
Trauma: 12
AVM: 11
Duplicates: 206

Included in analysis
(n=2884)

Excluded
(n=4)

Reason:
Missing educational status

Fig. 1. Flow diagram for identification of aSAH patients from the UK Biobank.

cognitive tests (see Table 3). For outcomes with missing
data (reasoning, prospective memory and working mem-
ory), the complete case analysis was followed by multiple
imputation, with similar results (p > 0.2). In another sensi-
tivity analysis, control populations were additionally
matched for neurological/psychiatric diagnoses; results
were similar (Supplementary Table 4).

A significant difference in employment status between
the aSAH and matched control cohort was identified (82.8
versus 94.0%; x* = 116.8, p < 0.001), with aSAH patients
more likely to be unemployed or unable to work because
of sickness or disability.

Mediation analysis

Mediation analysis was performed to assess whether
the psychomotor slowing had a discernible impact on
employment status following aSAH (see Fig. 2). The con-
trol cohort matched for medications influencing psycho-
motor reaction time was used. The indirect effect of aSSAH
on employment status mediated by psychomotor slowing
was significant, with an odds ratio of 1.05 (95% confidence
intervals 1.02—1.08). The odds ratio for the direct effect of

aSAH on employment status was 3.09 (95% confidence
intervals 2.45—3.89). The proportion of the effect of aSAH
on employment status mediated by psychomotor slowing
was estimated to be 6.59%.

Discussion

In this study we demonstrate that psychomotor reac-
tion time and employment status differ significantly
between aSAH survivors and matched control individuals
in the UK Biobank. This study had a relatively long fol-
low-up time of just over 10 years and shows that the cog-
nitive impact of aSAH in survivors is long-lasting. This
study is significantly larger than previous cognitive out-
come studies with 884 cases, most prior studies have
fewer than 200 patients.'” Findings here support the use
of psychomotor reaction time and employment status as
alternative measures of outcome in future studies of
aSAH survivors. Both types of outcome data are practical
to collect; the psychomotor reaction time test is based on
12 rounds of the card-game 'Snap’, and a variety of online
and digital versions are available. The results are clinically
relevant and will help clinicians to advise aSAH survivors
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Table 2. Demographics of aSAH patients included in study.
SD: Standard deviation. IQR: Interquartile range. GP: Gen-
eral practitioner. ICD: International Classification of
Diseases.

Sample size 884

Age at time of follow-up

Mean (+ SD) years 58(£7)
Range 40-74
Sex F: 524 (59%)

M: 360 (41%)
Source in UK Biobank

ICD-10 543
ICD-9 25
Self-reported 266
GP records 50

Time to follow-up

Mean (& SD) months 125 (£ 119)
Length of stay

Median (IQR) days 7(2-14)
Missing 333
Townsend deprivation score

Mean (£ SD) - 1.003 (& 3.23)

Education status

College or university degree 233 (26%)
(good outcome) (%)

Medication status

Medications influencing psycho- 697 (79%)
motor reaction time test scores
(%)

Medications influencing visual 634 (72%)
memory test scores (%)

Medications influencing reason- 668 (76%)
ing test scores (%)

Presence of neurological or psy- 493 (56%)

chiatric diagnosis other than
aSAH (%)

and their relatives regarding cognition and employment
outcomes in the long term. As psychomotor reaction time
deficits mediate poor employment outcomes future stud-
ies should consider methods to optimise this cognitive
domain in the long term as it may be beneficial in promot-
ing quality of life and return to work following aSAH.
Changes in employment status following aSAH have
been described previously with up to 50% of individuals
either delayed or unable to return to their normal work
following aSAH.? There is, however, minimal information
on how psychomotor reaction time changes following
aSAH and its impact on the patient’s life. One small retro-
spective study of 58 patients following aSAH demon-
strated longer reaction times'” and another showed a
trend towards slower reaction times following aSAH."
We demonstrate that psychomotor slowing has a discern-
ible impact on employment after aSAH. It was surprising
to be able to detect this effect in view of the multifactorial
nature of the ability to remain in employment; this
emphasises that cognitive deficits following aSAH are

Table 3. Comparison of aSAH cases and relevant matched populations with regard to outcome measure. * indicates p < 0.05.

p value for comparison

Matched: psychomotor

Matched: visual

Matched: reasoning

Matched: no

aSAH cohort
(n=884)

Outcome

of SAH cohort and relevant
matched population

reaction time medications

(n=3536)
569 (+ 121)

medications (n = 3536) memory medications
(n=3536)

medications
(n=3536)

< 0.001*

589 (£ 138)

Psychomotor reaction time
At first assessment

Mean (+ SD)

Visual memory

3 pair trial

6 pair trial

0.55 (£ 1.13) 0.262

4.34 (£ 3.66)

0.60 (£ 1.19)
4.35(+£3.62)

0.889

Mean (+ SD)

Prospective memory

0.597

942 (74.1%)

207 (72.4%)

Correct on first attempt
(good outcome) (%)
Reasoning Mean (£ SD)

Numeric memory

0.06

5.89 (£ 2.12)

5.64 (£ 2.06)

0.969

6.31 (£ 1.86)

6.31 (£ 1.63)

Mean (& SD)
Employment status

< 0.001*

3325 (94.0%)

732 (82.8%)

Good outcome (%)




a:19.72*

Psychomotor

reaction time

m: 0.0466*
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b: 0.0024*

aSAH vs. control

7

c’:1.13*

Fig. 2. Mediation analysis. Effect sizes are as follows (a): the

i
dized regr

ssion icient for the association between the independent variable (aSSAH

and control) and the mediator (psychomotor reaction time); (b): the logit for the association between the mediator and the dep

dent variable ( pl );

(c’): the logit for the direct effect of the independent variable on the dependent variable; (m): the logit for the indirect effect of the independent variable on the
dependent variable, via the mediator. For the analysis aSAH cases and controls were coded as 1 and 0, respectively; and with regard to employment good outcome

and poor outcome were coded as 0 and 1, respectively. * indicates p < 0.001.

clinically meaningful, with effects extending to employ-
ment.

Deficits in multiple domains of cognitive function have
been demonstrated following aSAH including visual and
verbal memory,‘”‘q‘ZU yet we could only demonstrate dys-
function in psychomotor reaction time, and not in other
domains including visual memory, reasoning, prospective
memory and working memory. Two factors may contrib-
ute to this finding.

Firstly, for reasoning, prospective memory and work-
ing memory scores, there was a high percentage of miss-
ing data in the UK Biobank as a whole, and therefore
within the aSAH and control cohorts (Supplementary
Table 2). This is because these three tests were not per-
formed during most assessment visits at the UK Biobank;
all three tests were introduced in the last two years of
recruitment and working memory was subsequently
removed due to assessment time constraints. The propor-
tion of missing data was similar across aSAH cohorts,
control cohorts and the UK Biobank as a whole (Supple-
mentary Table 2). There was no evidence that participants
with missing cognitive outcome data performed dispro-
portionally poorly in other cognitive domains to suggest
difficulty experienced during testing (Supplementary
Table 3).

Secondly, the mean follow-up time following aSAH in
the UK Biobank was 125 months. Cognitive outcome
studies after aSAH are usually of much shorter duration,
around 12 months, with the majority under 60 months.”
Follow-up time in the UK Biobank was therefore signifi-
cantly longer than that of the previous studies. Longer fol-
low-up may allow for recovery of cognitive deficits
explaining why no significant differences in certain cogni-
tive domains were identified in this study. In keeping
with this explanation, one study demonstrated significant
improvements in motor, psychomotor, verbal and visual
memory, executive function and intelligence between
three and 12 months following aSAH.”' On the other
hand, the same study showed that motor function did not
recover to the normative mean by 12 months post-

aSAH,”" which may explain why psychomotor reaction
time is the only cognitive test to demonstrate a significant
difference at a mean follow-up of 125 months. The follow-
up time within the UK Biobank cohort was not a signifi-
cant predictor of psychomotor reaction time (Supplemen-
tary Results), which may indicate that some irreversible
residual disability in certain cognitive domains occurs
after SAH, even if some improvement occurs in the first
few years.

The presence of hydrocephalus has been shown to be a
significant predictor of outcome following aSAH in
some™ but not other studies.”” A sensitivity analysis
was performed to assess whether the presence of hydro-
cephalus following aSAH, as defined using ICD-9 and
ICD-10 codes, influenced cognitive and employment out-
comes, in our cohort. Hydrocephalus was not a significant
predictor of psychomotor reaction time (p = 0.384) or
employment status (p = 0.977), controlling for age, Town-
send score, sex, relevant medications, education status
and time to follow-up.

This study has a number of strengths and limitations. It
has a large sample size, long follow-up and employment
data. Case ascertainment was more detailed than the algo-
rithmically generated SAH diagnosis field already avail-
able in the UK Biobank (data field 42012).** Employment
status was dichotomised into good and poor outcome,
with poor outcome defined as “unable to work because of
sickness or disability” or “unemployed”. The UK Biobank
data does not specify the reason for inability to return to
work. Granular detail regarding the precise reason for the
inability to return to work might have delivered addi-
tional insight into the frequency and nature of neurologi-
cal deficits linked to the inability to return to work. Future
studies of employment should include more detailed
assessment. The World Federation of Neurological Sur-
geons (WFNS) score is a marker of early brain injury fol-
lowing aSAH and a strong predictor of outcome,” but it
was not available and could not be controlled for in this
analysis. However, since length of stay in hospital is

strongly associated with WENS score,”® we considered
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using it as a surrogate marker of the WENS score
(n = 551). Length of stay was not a significant predictor of
psychomotor reaction time (p = 0.071) or employment sta-
tus (p = 0.053), controlling for age, Townsend score, sex,
relevant medications, education status and time to follow-
up. This is not unexpected as recruitment to the UK Bio-
bank was likely to be biased towards aSAH survivors
with a short length of stay and good outcome, due to the
need to attend multiple detailed assessments. It should
also be noted that aSAH cases who died in the acute phase
of their illness would not have been recruited to the UK
Biobank study. Hence the findings of this study are most
transferable to aSAH survivors who have recovered suffi-
ciently to participate in the UK Biobank study. In the
aSAH cohort the year of haemorrhage ranges from 1953
to 2016, and there have been significant changes in the
management of aSAH over this time period.”” As
improvement in management over this period may have
influenced outcome, a sensitivity analysis was performed.
Year of aSAH was not a significant predictor of psycho-
motor reaction time (p = 0.612) or employment status
(p = 0.687). Finally, in the majority of aSAH cases cogni-
tive measures and employment status were only assessed
at a single time point, so it was not possible to assess
change over time. Future studies to assess the change in
these outcome measures over time would provide further
insight.
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ARTICLE INFO ABSTRACT

Keywords: Auditory deficits are increasingly recognised following aneurysmal subarachnoid haemorrhage (aSAH) and are
Subarachnoid haemorrhage thought to be of central rather than peripheral origin. Central hearing impairment, also known as auditory
Stroke processing disorder (APD), often coexists with cognitive deficits and it is thought that APD has both auditory and
g:;i&m;::sessmem cognitive elements. The aim of this study was to assess auditory outcome following aSAH and its relationship
Hearing loss with cognition. A retrospective case-controlled study design was employed with aSAH cases and matched con-

trols identified from the UK Biobank. Auditory and cognitive outcomes were assessed using the digit triplet test
(DTT) and a test of psychomotor reaction time, respectively. Best DTT score was compared between cases and
controls using the t-test. A regression-based mediation analysis was performed to assess whether cognition
mediated auditory outcome. 270 aSAH patients with auditory outcomes were identified with an average follow-
up of 106 months. A matched control cohort of 1080 individuals was also identified. The aSAH cohort had
significantly impaired best DTT scores compared to matched controls (p = 0.002). Cognition significantly
mediated auditory outcome following aSAH, accounting for 9.8% of the hearing impairment after aSAH. In
conclusion significant hearing impairment follows aSAH. The deficit is bilateral and non-progressive. There is a
link with cognitive deficit, pointing to a central rather than peripheral source, in keeping with an auditory
processing disorder. All aSAH patients should be asked about hearing difficulty at follow-up and when present it
should be investigated with peripheral and central auditory assessments, as well as cognitive tests.

1. Introduction patients identifying peripheral hearing loss and/or auditory processing

disorder, using pure tone audiometry and a speech-in-noise test.

Aneurysmal subarachnoid haemorrhage (aSAH) accounts for 5% of
all strokes with a case fatality of over 20% [1]. It has a disproportion-
ately high socio-economic burden as it affects younger people than other
stroke forms, with most survivors suffering significant neurological
sequelae leading to decreased productivity, unemployment and cost to
the economy [2]. The morbidity of aSAH includes functional [3],
cognitive [4], psychological [5,6] and auditory [7] deficits.

Auditory deficits significantly affect quality of life [8] and are rela-
tively understudied in aSAH. A recent retrospective study involving 212
patients, suggested that 20% of aSAH patients presented with self-
reported hearing difficulty post-aSAH [9]. While developing an aSAH
specific outcome tool our group found that 21.4% of patients reported
new onset hearing difficulty following aSAH [10], corroborating this
finding. In a detailed case-control study (n = 41), we assessed aSAH

Twenty-three percent of aSAH patients reported new onset hearing
difficulty post-aSAH. Some peripheral hearing loss was present after
aSAH, but the most striking finding was an auditory processing disorder
[71.

The origin of hearing difficulty may be peripheral (if the cause re-
sides within the auditory nerve or the outer/middle/inner ear) or central
(when the pathology is within the central nervous system); the latter is
known as auditory processing disorder (APD) or a central auditory
processing disorder (CAPD) [11]. Individuals with APD characteristi-
cally present with listening difficulties (especially greater difficulty with
hearing in background noise) yet the pure tone audiogram is normal.
The pathology underlying APD may include afferent or efferent path-
ways of the central auditory nervous system (CANS), as well as other
central networks that interact with the CANS (‘top down’ modulation),
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such as cognition [11]. For this reason, APD may co-exist with cognitive
dysfunction. After aSAH, several pathological processes may damage
peripheral and central auditory systems such as ischemia, inflammation,
oxidative stress and iron deposition. In a study of 21 aSAH patients using
magnetic susceptibility mapping of the auditory cortex we showed that
all aSAH patients had detectable iron signal in the auditory cortex. This
was more striking in those who experienced hearing difficulty, sug-
gesting that the hearing difficulty found in aSAH patients may be
mechanistically linked to iron deposition in the auditory cortex [7].

Cognitive deficits are common following aSAH influencing activities
of daily living, quality of life and return to work [4]. Multiple domains of
cognition are affected following aSAH including psychomotor, execu-
tive, visual and verbal memory/function [12]. Cognition is a key
modulator of the CANS with cognitive deficits often found alongside
APD [13]; it is thought that APD has both auditory and cognitive com-
ponents [11]. However, no studies have yet simultaneously assessed
cognition and auditory processing in aSAH patients to understand the
relationship between the two. This has implications for management of
APD after aSAH as patients may require both audiological and cognitive
strategies. APD often co-exists with cognitive dysfunction [11] and this
emphasises the importance of a combined approach when investigating
and managing hearing difficulties reported by aSAH patients [7].

We recognised that further research looking at hearing and cognition
in aSAH is needed and this would require larger sample sizes. The UK
Biobank contains a cohort of aSAH patients and has detailed cognitive
and auditory data on a subset of these individuals. The design, data
collection and utility has been described in detail elsewhere [14]. We
have demonstrated cognitive deficits in UK Biobank participants
following aSAH with significant psychomotor deficits following aSAH
compared to matched controls[18].

The aims of this study were to: (1) compare auditory outcomes of
individuals following aSAH and controls in the UK Biobank to identify
evidence of hearing impairment following aSAH (i.e. in a larger sample);
(2) assess the relationship between cognitive deficits and hearing
impairment after aSAH.

2. Material and methods

This retrospective case-controlled study was conducted using the UK
Biobank Resource under application ID 49305, under national REC
approval 16/NW/0274 and institutional approval (ERGO 49253).
Reporting is in accordance with the STROBE statement for case-
controlled studies [15]. The study uses information on 502,490 partic-
ipants aged 40-69 recruited in the UK with informed consent between
2006 and 2010.

2.1. Auditory outcome

Auditory outcome was assessed in the UK Biobank with a speech-in-
noise test, the digit triplet test (DTT) [16], the details of which have been
published elsewhere [17]. Briefly, fifteen sets of three monosyllabic
digits (e.g. 3-6-2) were presented with each ear tested separately. The
digit triplets were presented in a background of noise shaped to match
the spectrum of the speech stimuli. Noise levels varied adaptively after
each triplet to estimate the signal to noise ratio (SNR) for 50% correct
recognition of the three digits. The recognition threshold was taken as
the mean SNR for the last eight triplets [16]. The DTT identifies hearing
impairment with a view to onward referral for more comprehensive
audiological assessment but does not differentiate between peripheral
and central origin. The DTT is the only auditory measure done as part of
the UK Biobank data collection. A higher (more positive) score repre-
sents worse hearing and is reported for each ear (data fields 20019 and
20021). The DTT score was considered as a continuous variable. In this
study the best performing ear was used for the analysis in keeping with
prior studies using the DTT in the UK Biobank [17].
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2.2. Cognitive outcome

Cognitive outcome was assessed using a psychomotor reaction time
test (data field 20023) where individuals press a button as soon as
matching symbols are displayed on a digital screen. Other cognitive tests
were available in the UK Biobank, but aSAH cases and controls signifi-
cantly differed in psychomotor reaction time only [18].

2.3. aSAH cohort

aSAH cases were identified from the UK Biobank using hospital
inpatient data (data fields 41271 and 41270), read code information
from primary care data (data field 42040), and self-reported medical
conditions (data field 20002) recorded at baseline or subsequent
assessment centre visits (see Supplementary Table 1 for ICD 9 and 10
inclusion codes).

For this study cases were included if the DTT was performed subse-
quent to the date of diagnosis of aSAH. Cases were excluded if there was
evidence that the subarachnoid haemorrhage was non-aneurysmal in
nature, such as trauma within 30 days of diagnosis of subarachnoid
haemorrhage (see Supplementary Table 1 for ICD 9 and 10 exclusion
codes).

2.4. Control cohort

A single matched control cohort with DTT recorded at baseline
assessment centre visit was identified from the UK Biobank using pro-
pensity score matching with a nearest neighbour method and a case:
control ratio of 1: 4. The control population was matched according to
variables known to influence auditory and cognitive outcomes in the UK
Biobank:

1. Age at time of follow-up (data field 21003)
2. Townsend deprivation score (data field 189)
3. Sex (data field 31)
4. Education status dichotomised into individuals holding a college or
university degree at time of assessment in the UK Biobank or not
(data filed 6138)
5. Presence of medications known to influence psychomotor reaction
time in the UK Biobank [19]

. History of working in a noisy environment dichotomised into present
or absent (data field 4825)

. History of listening to loud music dichotomised into present or ab-
sent (data field 4836)

(=]

~N

All data was considered as binary for the matching process apart
from age and Townsend deprivation score which were considered as
continuous. Individuals with missing data were excluded from the pool
of individuals available for matching.

2.5. Primary analysis

t-test was used to compare the best DTT scores between cases and
controls. In view of the large sample size, the central limit theorem
applies allowing for parametric tests of the mean.

2.6. Sensitivity analyses

Both mean and worst DTT scores were compared between cases and
controls with the t-test. Left and right ear DTT scores were also
compared within case and control populations to assess for right ear
advantage, which has been described in dichotic hearing tests though
not typically seen on monaural hearing tests [20].

A further analysis was performed additionally matching the control
population for ethnicity (data field 21000) which has been proposed to
influence DTT scores in the UK Biobank [17]. This was conducted as a
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sensitivity analysis as there is missing ethnicity data in the aSAH cohort
limiting sample size.

Time to follow-up in the UK Biobank is not standardised. A sensi-
tivity analysis was therefore performed to assess whether time to follow-
up in the aSAH cohort was a significant predictor of auditory outcome
using linear regression with best DTT score as the dependent variable,
controlling for the same seven variables as listed above.

In order to assess whether auditory outcome changes over time, the
subset of post-aSAH and control participants with DTT assessments at
two timepoints were compared to look for change in best DTT score
using the paired samples Wilcoxon test. In the aSAH cohort both DTT
assessments were after the aSAH.

2.7. Mediation analysis

To investigate whether cognition mediates auditory outcome, as
assessed by the DTT, a regression-based mediation analysis was per-
formed using PROCESS [21]. For this analysis aSAH status was consid-
ered as the independent variable, best DTT as the dependent variable
and psychomotor reaction time as the mediator. Significance of the in-
direct effect of cognition on auditory outcome was tested using 5000
bootstrapped samples and 95% confidence intervals. Percent mediation
was calculated as the indirect effect over total effect.

Analyses were performed in statistical software R (version 3.6.2, R
Foundation for Statistical Computing) and SPSS Statistics (version 27.0,
IBM Corporation). A p value of <0.05 was considered significant.

3. Results

888 aSAH patients were identified from the UK Biobank, of which
270 individuals had auditory outcome data. See Fig. 1 for flow chart of
inclusion of patients and Table 1 for demographics and data availability
of aSAH patients. The mean follow-up time was 106 months (range
1-493 months) with 95% of aSAH patients being followed up after 1
year.

160,385 individuals were available in the UK Biobank with auditory
outcome data to generate the matched control population. A single
matched control population was generated (n = 1080) with a stand-
ardised mean difference < 0.035 for all variables.

3.1. Hearing impairment after aSAH

The aSAH cohort had significantly impaired best DTT scores
compared to the matched controls (aSAH: —6.88, control: —7.38, t =
3.05, p = 0.002). In multivariable linear regression analysis time to
follow-up was not a significant predictor of best DTT score in the aSAH
cohort (p = 0.42).

In the sensitivity analyses both mean and worst DTT scores were
significantly impaired between the aSAH and control cohorts (mean
aSAH: —6.10, mean control —6.63, t = 3.20, p = 0.001; worst aSAH:
—5.31, worst control: —5.89, t = 3.05, p = 0.002). Compared to the
control cohort additionally matched for ethnicity the aSAH had signif-
icantly impaired best DTT scores (aSAH: —6.94, control: —7.25, t = 2.03,
p = 0.043).

There was no difference in DTT scores between right and left ear in
either the aSAH (left: —6.06, right: —6.13, t = —0.43, p = 0.655) or
control cohort (left: —6.66, right: —6.61, t = 0.78, p = 0.433) suggesting
that both ears deteriorate equally following aSAH as opposed to this
being a focal unilateral change.

3.2. Hearing impairment after aSAH is fixed at late follow up

Twenty post-aSAH patients and 124 control participants had DTT
assessments at two timepoints. In the aSAH cohort these time points
were both following aSAH. The average interval between DTT assess-
ment was 71 months for the aSAH cohort and 86 months for the control
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UK Biobank
(n =502490)

v

Subarachnoid haemorrhage
diagnosis
(n=1844)

Source:
ICD-10: 1053
ICD-9: 30
Self-reported: 471
GP records: 290

Excluded
(n =956)
Reason:
No follow up: 727
Trauma: 12
AVM: 11
\ 4 Duplicates: 206
Aneurysmal subarachnoid
haemorrhage diagnosis
(n=888) Excluded
(n=618)
v Reason:
No auditory outcome
Included in analysis
(n=270)

Fig. 1. Flow diagram for identification of aSAH patients from the UK Biobank.

Table 1
Demographics of aSAH patients included in study.
Sample size 270
Age at time of follow-up
Mean (+SD) years 58 (£7)
Range 40-74
Sex F: 169 (63%)

M: 101 (37%)
Source in UK Biobank

ICD-10 200
ICD-9 0
Self-reported 55
GP records 15

Time to follow-up

Mean (+SD) months 106 (+95)
Length of stay
Median (IQR) days 6(2-13)
Missing 70
Townsend deprivation score
Mean (+SD) —1.05 (£2.94)
Education status

College or university degree (good outcome) (%) 85 (31%)

Medication status

Medications influencing psychomotor speed test scores (%)
History of working in a noisy environment (%)
History of listening to loud music (%)

206 (76%)
55 (20%)
27 (10%)

SD: standard deviation. IQR: interquartile range. GP: general practitioner. ICD:
International Classification of Diseases.
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cohort. There was a significant deterioration in best DTT score in both
the aSAH (mean first DTT: —7.90, mean second DTT: —6.28, p = 0.001)
and the control cohort (mean first DTT: —7.53, mean second DTT:
—6.31, p < 0.001). There was no significant difference in change in DTT
score over time between the aSAH and control cohorts (p = 0.97).

3.3. Cognition and hearing

Psychomotor reaction time was significantly slowed in the aSAH
compared to the control cohort (aSAH: 589 ms, control: 566 ms, t =
2.22, p = 0.027). In the mediation analysis the odds ratio of the direct
effect of case/control status on best DTT score was 0.46 (95% confidence
interval 0.21-0.71). The indirect effect mediated by psychomotor re-
action time was significant with an effect size of 0.05 (95% confidence
interval 0.009-0.096) (see Fig. 2). Cognition significantly mediated
auditory outcome following aSAH, accounting for 9.8% of the hearing
impairment after aSAH.

aSAH patients with severe auditory and cognitive deficits were
identified if their DTT score and psychomotor reaction time were greater
than two standard deviations above the mean of the control cohort
(Table 2). Of the 21 aSAH patients with very poor auditory outcome,
only two patients (10%) had pronounced cognitive issues as measured
with psychomotor reaction time.

4. Discussion

In this large study of auditory outcome following aSAH, we confirm
the presence of significant hearing impairment following aSAH,
compared to matched controls, at an average follow-up of 106 months.
We also demonstrate that cognitive deficits following aSAH, as
measured by psychomotor reaction time, mediate a significant propor-
tion of this hearing impairment.

Although the DTT is unable to differentiate between central and
peripheral hearing impairment the fact that cognitive deficits mediate a
significant proportion supports the previous findings that central origin
hearing impairment plays an integral role in hearing deficits following
aSAH [7]. The addition of PTA and brainstem auditory evoked responses
would provide information on the relative contributions of peripheral
and central hearing impairment following aSAH, however, it is not
available in the UK Biobank. This is a limitation of this retrospective
study. PTA and brainstem auditory evoked responses should be included
in future prospective studies to further investigate the role of central and
peripheral components to hearing impairment following aSAH. As
stated earlier, the DTT identifies hearing impairment with the view of
onward referral for more comprehensive audiological assessment. In
addition to PTA, tests of APD and other more ‘real world’ measures
including roving speech in multi-speaker babble, localisation and

Psychomotor
reaction time

b:0.0021*

Auditory
outcome

aSAH vs. control

Fig. 2. Mediation analysis. Effect sizes (regression coefficients, p) reported for
a: dependent variable on mediator; b: mediator on dependent variable, con-
trolling for independent variable; ¢’: independent variable on dependent vari-
able; m: indirect effect of the independent variable on the dependent variable,
via the mediator. For the analysis aSAH case and control were coded as 1 and
0 respectively. * indicates p < 0.05.
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Table 2
Frequency of severe cognitive and auditory deficits in the aSAH cohort.

Best DTT Best DTT >2 SD from mean
normal (n = of controls (n = 21) (DTT
249) score > —4.07)
Psychomotor reaction time normal 222 (89%) 19 (90%)
Psychomotor reaction time normal 22 (9%) 2 (10%)
>2 SD from mean of controls
(reaction time > 792 ms)
Missing 5 (2%) 0 (0%)

SD: standard deviation, DTT: digit triplet test.

tracking of speech using a 180 or 360 degree rig, as well as a test of
listening effort should be considered.

Cognitive deficits mediate a significant proportion of hearing
impairment following aSAH with psychomotor reaction time signifi-
cantly slower in the aSAH cohort compared to controls. However, the
prevalence of cognitive impairment in aSAH patients with pronounced
hearing difficulty was relatively low (10%, and quite similar to patients
without pronounced hearing difficulty, see Table 2), suggesting that
although cognition is an important contributor, other mechanisms play
an integral role in hearing impairment after aSAH. A number of path-
ophysiological mechanisms have been proposed to underlie auditory
deficits following aSAH including ischemia secondary to vasospasm [22]
and more globalised pathology such as iron deposition in the cortex
secondary to blood breakdown [7]. In this study we demonstrate that
both ears deteriorate equally following aSAH supporting the theory that
amore generalised process such as iron deposition is likely to be integral
to hearing impairment following aSAH. Iron deposition can lead to both
central and peripheral hearing deficits [23] and we are not able to
differentiate between the two in this study.

Our previous study using both PTA and the Bamford-Kowal-Bench
(BKB) speech-in-noise test demonstrated the presence of APD or cen-
tral hearing impairment following aSAH [7]. The BKB test used had a
fixed signal-to-noise ratio compared to an adaptive signal-to-noise ratio
as in the DTT used here. The adaptive signal-to-noise ratio is thought to
be more reflective of the real world auditory environment and conse-
quently the results of this study confirm previous findings in a situation
more comparable to real life emphasising the implications of these
deficits to patients following aSAH.

A number of cognitive domains have been associated with APD
including memory, language executive function and fluid reasoning
[11,24]. In this study we have used a measure of psychomotor reaction
time as the cognitive outcome as this is the only cognitive domain in the
UK Biobank which has been shown to differ between aSAH cases and
controls [18]. Although this cognitive measure has been shown to
correlate with deterioration in DTT [25], it may not be the most sensitive
cognitive assessment to identify a significant relationship between
cognitive deficits and hearing impairment following aSAH. Alternative
cognitive tests may demonstrate a stronger association between cogni-
tion and auditory outcomes following aSAH and future studies should
consider a comprehensive battery of cognitive assessments covering a
range of cognitive domains to further explore this.

The World Federation of Neurological Surgeons (WFNS) grade is the
strongest known predictor of clinical outcome following aSAH [26].
WENS is not available in the UK Biobank, however, a subset of patients
have length of stay (LOS) data which is strongly associated with WFNS
[27]. When LOS is included as a predictor of best DTT score using linear
regression including the other covariates controlled for above it is not a
significant predictor of auditory outcome (p = 0.315). This is in keeping
with our previous study which did not identify WFNS as a significant
predictor of BKB or PTA [7]. Consequently, the lack of WFNS data is
unlikely to influence the outcome of this study. Hearing aid use is
available in the UK Biobank and 7 individuals in the aSAH cohort re-
ported using a hearing aid (2.6%). When hearing aid use is included in a
linear regression controlling for all other covariates it is not a significant
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predictor of auditory outcome (p = 0.525) and therefore unlikely to
influence the results of this analysis.

Repeat DTT scores post-aSAH are only available for a small subset of
the aSAH patients in the UK Biobank and demonstrate a deterioration in
DTT over time following aSAH. This deterioration is not limited to the
aSAH cohort with the same deterioration identified in the control
cohort. The auditory deficit after aSAH therefore appears fixed, without
recovery or progression, at late follow up (90% of aSAH cases with
repeat DTT had both tests more than 1 year after aSAH). This contrasts
with Kang who reported that 5 out of 8 cases of hearing impairment
following aSAH completely normalised at 3-6 months [28]. This dif-
ference is likely explained by the much longer interval between DTT
assessments in our aSAH cohort (mean 71 months) suggesting that the
progressive deterioration is not a result of aSAH but rather more likely
associated with aging (presbycusis). An age-related deterioration has
been shown previously, specifically in speech-in-noise tests such as the
DTT [29]. Future studies should include serial auditory assessments to
allow more detailed evaluation of how auditory outcomes change over
time.

4.1. Clinical implications

Hearing impairment has been shown to significantly impair quality
of life [8]. The results of this study emphasise that aSAH patients should
be asked about hearing difficulty during follow-up and those reporting
hearing difficulty should be assessed using tests of both peripheral and
central hearing, in addition to cognitive assessments.

APD after aSAH may require both audiological (assistive listening
devices, listening environment modification, auditory training and
compensatory strategies) [11] and cognitive rehabilitation. In addition,
hearing aids should be considered for those identified with peripheral
hearing loss. APD often co-exists with cognitive dysfunction [11] and
this emphasises the importance of a combined approach when investi-
gating and managing hearing difficulties reported by aSAH patients [7].

Cognitive assessment is essential given cognitive deficits contribute
to hearing impairment post-aSAH. This is important given cognitive
training can improve auditory outcomes and quality of life [30], and
therefore should be considered in the management of hearing impair-
ment. Additionally, cognitive assessment in conjunction with audio-
logical assessment is beneficial as both cognitive dysfunction and
hearing impairment may be over diagnosed when tested in isolation,
resulting in less appropriate interventions [11].

5. Conclusion

Significant hearing impairment follows aSAH. The deficit is bilateral
and non-progressive. There is a link with cognitive deficit, pointing to a
central rather than peripheral source, in keeping with an auditory pro-
cessing disorder. All aSAH patients should be asked about hearing dif-
ficulty at follow-up and when present it should be investigated with
peripheral and central auditory assessments, as well as cognitive tests.
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INTRODUCTION

Aneurysmal subarachnoid hemorrhage (aSAH) is a rare but devastat-
ing form of stroke which most commonly presents with headache.

| Harry Carmichael®? | lan Galea PhD'? | Diederik Bulters FRCS?

Abstract

Objective: To assess the long-term frequency, prognosis, and phenotype of persistent
headache following aneurysmal subarachnoid hemorrhage (aSAH).

Background: Very little is known about long-term headache following aSAH with no
studies looking beyond 3years.

Methods: Retrospective analysis comparing aSAH cases to matched controls in the
UK Biobank, a prospective cohort study. Headache frequency and phenotype were
compared using group comparison tests. The relationship between headache fre-
quency and time was assessed using correlation analysis.

Results: Headache was more frequent following aSAH (aSAH: 258/864 [29.9%] vs.
controls: 666/3456 [19.3%), ;(2 =45.5, p <0.001) at a median follow-up of 7.5years.
Headache frequency decreased over time (R,5 =-0.71, p =0.028), affecting 29/58
(50%) patients in the first year and reducing to 13/47 (28%) patients 10years later.
Headache frequency was not related to aSAH severity (z =0.249, p =0.803), treat-
ment (z =0.583, p =0.560), or hydrocephalus (z =-1.244, p =0.214). There was a
consistently higher frequency of migrainous features following aSAH compared to
controls, although this did not reach statistical significance.

Conclusions: Persistent headache is more frequent following aSAH compared to con-
trols in the long term and the prevalence reduces gradually over time. The increased
frequency of migrainous features suggests that selected patients with post-aSAH
headache may benefit from migraine treatment.

KEYWORDS
headache, migraine, outcome, subarachnoid hemorrhage

The International Classification of Headache Disorders, 3rd edition
(ICHD-3)! classifies aSAH-related headache as either acute (ICHD-3
6.2.2: Acute headache attributed to non-traumatic subarachnoid
hemorrhage) or chronic (ICHD-3 6.2.4.2: Persistent headache

Abbreviations: aSAH, aneurysmal subarachnoid hemorrhage; CSD, cortical spreading depression; ICHD-3, International Classification of Headache Disorders, 3rd edition; QoL, quality
of life; WFNS, World Federation of Neurological Surgeons.
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attributed to past non-traumatic subarachnoid hemorrhage, which
occurs when the headache persists for >3 months).

In the only cohort study of persistent headache after aSAH
(n = 217), the ictal headache improved continuously over a 12-
month period.2 Two further cross-sectional studies reported that
32.3% (n = 405) and 40.9% (n = 93) of aSAH cases had headache
at 12 and 32.6 months, respectively, with significant negative im-
pact on quality of life (QoL).3* Beyond these studies, the phenotype,
chronicity, and prognosis of persistent headache following aSAH re-
main poorly defined.

The pathophysiological mechanisms underlying persistent head-
ache following aSAH are not well understood. Potential mechanisms
contributing to headache include direct stretch and chemical irrita-
tion of the meninges by blood, a neuro-inflammatory response,” and
vascular hyperreactivity including vasospasm.® Cortical spreading
depression (CSD) is linked to migraine aura’ and has been demon-
strated following aSAH.® As CSD has been implicated in both mi-
graine and aSAH, with evidence that it may play a role in initiating
headache,” we hypothesized that persistent headache following
aSAH may have migrainous features.

The aims of this study were to:

1. Compare the frequency of persistent headache between aSAH
and controls at long-term follow-up

2. Assess whether and how post-aSAH headache resolves over time

3. Establish the prevalence of migrainous features in the phenotype
of persistent headache following aSAH.

METHODS

This was aretrospective analysis of cases and matched controls using
data from the UK Biobank, a prospective cohort study (application
ID 49305). The UK Biobank is a major biomedical database’ which
recruited 502,497 participants aged 40-69 with informed written
consent between 2006 and 2010. Participants attend an initial as-
sessment center visit and were then followed up in person at as-
sessment centers and using multiple online questionnaires. The UK
Biobank also obtains data from regular health care record searches
dating from before recruitment to the present day. The study is re-
ported according to the STROBE statement and has UK national REC
(16/NW/0274) and institutional (University of Southapmton, ERGO
49253) ethical approval.

aSAH and control individuals

aSAH cases were identified from the UK Biobank using ICD-9 (data
field 41271) and ICD-10 (data field 41270) codes, self-reported med-
ical conditions (data field 20002), and primary care data (data field
42040). Consequently, the aSAH could have occurred before or after
initial recruitment to the UK Biobank. Individuals were excluded if

the subarachnoid hemorrhage was non-aneurysmal in nature or if
they had any traumatic injury within 30days before/after diagnosis
of aSAH (see Table S1 in the Supporting Information for inclusion/
exclusion codes). Individuals were included if they had data available
on headache outcome (see below).

A single matched control population was generated from the UK
Biobank using propensity score matching with a nearest neighbor
method and a case:control ratio of 1:4. Control individuals were
matched according to variables known to influence headache fol-
lowing aSAH: sex and age at time of follow-up. Individuals missing
headache outcome, age, or sex data were excluded from matching.

Headache outcome

The question “In the last month have you experienced headache that
interfered with usual activity?” (data field 6159, Table S2) was used
to assess headache frequency at the first assessment center visit
following diagnosis of aSAH. Individuals who answered “yes” were
subsequently asked whether they had headache for greater than 3
months (data field 3799).

Migrainous features were assessed in a subset of the above
participants who had completed a separate online follow-up ques-
tionnaire focusing on pain (Table S2). Migraine-type headache was
defined as the presence of at least two of the following features:
unilateral, throbbing, and moderate-to-severe and worse on exer-
tion (data fields 120058-61), plus at least one feature among nausea,
photophobia, and phonophobia (data fields 120062-64). Individual
migrainous features were dichotomized with the feature considered
present if reported for either “half the time or more” or “less than
half the time,” and absent if the feature was “rarely” or “never” pres-
ent. Aura was defined as the presence of spreading visual or sensory
symptoms preceding or near headache onset (data fields 120065-
68), and prodrome was defined as tiredness, yawning, concentration
problems, changes in mood or appetite, irritability, neck stiffness,
light or sound sensitivity before or near the onset of headaches (data
field 120069). All headache outcomes were considered as binary

variables for analysis.

Statistical analyses

Descriptive statistics of the cohorts were reported using percent-
ages, means (+ standard deviation), and medians with interquartile
range. The mean was reported when there was no evidence of sig-
nificant outliers on a histogram; otherwise, the median was reported.
Two-tailed hypothesis testing was performed. The chi-square test
was used to compare binary outcomes and Spearman's rank correla-
tion coefficient used to assess the relationship between headache
frequency and time. A p value of <0.05 was considered significant
with Bonferroni correction for multiple testing applied separately to
headache frequency and phenotype. All analyses were performed in
R (R Foundation for Statistical Computing).
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RESULTS

A total of 869 aSAH cases were identified of which 864 had head-
ache frequency data available, and were matched with 3456 control
individuals (see Figure 1 and Table S3 for demographics).

Headache frequency

More aSAH cases reported headache in the last month that inter-
fered with usual activities compared to the matched control cohort
(aSAH: 258/864 [29.9%] vs. controls: 666/3456 [19.3%], > =45.5,
p <0.001; Table 1A) at a median follow-up of 7.5years. Of these
individuals who reported headache, significantly more aSAH cases
reported that the headache lasted for more than 3 months (aSAH:

159/252 [63.1%] vs. controls: 302/642 [47.0%], * =18.0, p <0.001;
Table 1A). Within the aSAH cases, length of stay (a surrogate
marker© of the World Federation of Neurological Surgeons' [WFNS]
grade which is not available in the UK Biobank), aneurysm treat-
ment (endovascular/surgical), and hydrocephalus (a known cause of
post-ictal headache) were not significant predictors of headache fol-
lowing aSAH in logistic regression modeling (z = 0.249, p = 0.803;
z=0.583,p =0.560; and z =-1.244, p = 0.214, respectively).

Headache time course
When patients were binned into annual groups according to time of

follow-up after aSAH the frequency of headache negatively correlated
with time, Rg =-0.71 (p = 0.028; Figure 2A and Table S4), decreasing

UK Biobank
(n = 502497)

Excluded
(n =1260)

Reason:
No data on headache
frequency

Control cohort

Eligible for matching
(n =499 393)

¥

Subarachnoid hemorrhage
diagnosis
(n = 1844)

Source:
ICD-10: 1053
ICD-9: 30
Self-reported: 471
GP records: 290

Excluded
(n=975)

> Reason:

No follow up: 727
Trauma: 24
AVM: 18
A Duplicates: 206

Aneurysmal subarachnoid
hemorrhage diagnosis
(n =869)

A

Subset completing online
headache questionnaire =
(n=1141)

Matched control cohort
(n =3456)

Data available on headache Subset completing online
frequency =»] headache questionnaire
(n = 864) (n=222)

! l

l |

Excluded (n=781) Subset analyzed for

Reason: phenotype (n = 360)

No data on phenotype

Headache at any point
(n=360)

Headache last 6 months
(n=199)

Subset analyzed for Excluded (n = 90)
phenotype (n = 132) Reason:

No data on phenotype
Headache at any point
(n=132)
Headache last 6 months
(n=62)

FIGURE 1 Flow chart for inclusion of aneurysmal subarachnoid hemorrhage and control cohorts from the UK Biobank. Mean standard
difference following matching was zero. AVM, arteriovenous malformation.
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TABLE 1 Comparison of frequency of headache, migraine, aura, and prodrome between aSAH and control cohorts.
aSAH cohort Control cohort
(n=864) (n = 3456) Va p value
Headache A. In the whole study population
frequency  headache in last month that interfered with 258/864 (29.9%) 666/3456 (19.3%) 45.5 <0.001*
your usual activities (data field 6159)
Headache for >3 months (data field 3799) 159/252 (63.1%)* 302/642 (47.0%)* 18.0 <0.001*
Headache B. In those reporting a headache at any time
phenotype  vigraine-type headache 84/132 (63.6%) 199/359 (55.4%) 2.34 0.127
C. In those reporting a headache in the last 6 months
Migraine-type headache 42/62 (68%) 118/199 (59.3%) 1.09 0.297
Aura 31/62 (50%) 86/199 (43.2%) 0.63 0.428
Prodrome 43/62 (69%) 128/198 (64.6%)° 0.28 0.597
Prodrome or aura 48/62 (77%) 146/199 (73.4%) 0.22 0.637
D. In those reporting a migraine-type headache in the last 6 months
Aura 25/42 (59%) 65/118 (55.1%) 0.10 0.751
Prodrome 34/42 (81%) 86/117 (73.5%)° 0.57 0.451
Prodrome or aura 37/42 (88%) 96/118 (81.4%) 0.58 0.446

Note: Migraine type headache was defined as the presence of at least two of the three features of unilateral, throbbing, and moderate-to-severe and
worse on exertion, plus at least one feature among nausea, photophobia, and phonophobia. Aura was defined as the presence of spreading visual or
sensory symptoms preceding or near headache onset, and prodrome was defined as tiredness, yawning, concentration problems, changes in mood or
appetite, irritability, neck stiffness, light or sound sensitivity before or near the onset of headaches. Bonferroni correction was applied separately to
headache frequency and phenotype domains with the p value threshold of significance as <0.025 (0.05/2) and <6.25x 1072 (0.05/8), respectively.

*There were 6 aSAH cases and 24 control individuals with missing data for determining prodrome status.

51 individual was missing data on prodrome.
*p < 0.02.

from 29/58 (50%) in the first year to 13/47 (28%) 10vyears later. The
mean age at follow-up of aSAH cases increased form 55.9years to
59.3years over these 10 annual groups. Twenty-one individuals with
post-aSAH headache had data on headache frequency at two time-
points. Headache resolved in 9/21 (43%) individuals (Figure 2B); the
median time to recovery of headache was 149 months from aSAH.

Headache phenotype

A total of 132 aSAH cases and 359 controls had data on headache
phenotype from the online questionnaire (Figure 1). Migraine-
type headache was more frequent in aSAH cases versus controls,
among those with a headache at any time (Table 1B). When limit-
ing the same analysis to those who reported headache in the last 6
months, migraine-type headache was also more frequent after aSAH
(Table 1C). There was also a consistent higher frequency of aura and/
or prodrome in aSAH cases compared to controls in those with any
type of headache (Table 1C), as well as those with a migraine-type
headache (Table 1D), in the last 6 months.

DISCUSSION

Headache interfering with usual activity and impairing QoL is
more common following aSAH compared to controls, at a median

of 7.5years, and is more likely to be chronic in nature (lasting more
than 3 months). The only previous study of headache late after aSAH
showed that up to 40.9% of individuals report headache, negatively
impacting QoL, at 32.6 months.* Our study builds on this by in-
creasing both the sample size and duration of follow up. Headache
becomes less prevalent with time, affecting 50% in the first year
post-aSAH, but reducing to 28% 10years later. This reduction likely
represents resolution of headache over time and decreasing fre-
quency of headache with older age following aSAH.*! In the subset
of aSAH patients with repeated headache outcome measures, 9/21
(43%) showed complete recovery of headache at a median follow-
up of 149 months. Taken together these results are consistent with
previous studies which show improvement in headache over time.?
These findings will help with setting patient expectations and em-
phasize the importance of understanding and managing headache
symptoms in the long term as they can take many years to resolve.
Migraine-type headache was more common following aSAH
compared to controls. Aura and/or prodrome were also more com-
mon regardless of whether the reported headache was migraine-
type or not. CSD occurs in migraine aura, may play a role in the
initiation of headache,” and has been demonstrated in the brain
following aSAH.® As aura is a dominant feature in headache follow-
ing aSAH it suggests CSD may play a role in the pathophysiology of
persistent headache following aSAH. This has potential therapeutic
implications as standard pharmacological management such as acet-
aminophen + opioids for post-aSAH headache does not significantly
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FIGURE 2 (A)Change in frequency of headache over time, divided into 12 month bins up to 10years following aneurysmal subarachnoid
hemorrhage (aSAH). (B) Time to recovery of persistent post-aSAH headache, for the 9 out of 21 individuals who were assessed at least twice
in the UK Biobank allowing recovery to be recorded.

improve the headache.'? Additional therapies such as magnesium treatments, including those which have been shown to influence
have been shown to reduce headache pain scores although the CSD in migraine, may therefore offer superior analgesia for per-
change was not clinically significant.“'14 Migraine preventative sistent headache following aSAH.
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Limitations

In the UK Biobank information on a number of factors which may
be relevant to headache following aSAH is absent, including WFNS
grade, presence of preexisting headache/migraine, and radiological
severity of aSAH. In addition, this study does not use validated head-
ache questionnaires which may limit the translation of these results
to external datasets. Future studies should include the missing vari-
ables and utilize a validated headache questionnaire when analyzing
persistent headache after aSAH.

The UK Biobank and this study are biased towards individuals
with good outcome as participants are required to attend detailed
assessment center visits following aSAH, favoring better perform-
ing individuals with fewer neurological sequelae. In addition, in
this study only a subset of individuals attended assessment cen-
ters twice after aSAH or completed an online questionnaire, which
again is likely to select for individuals with better outcome, intro-
ducing selection bias into the headache time course and pheno-
type analysis. The smaller sample size in the phenotype analysis
also limits the power of this study to compare phenotype between
cases and controls. Selection bias is a feature of the UK Biobank
but is not necessarily a major limitation of this study. Anecdotally,
patients with the best clinical outcome following aSAH are more
likely to be bothered by symptoms such as headache in compar-
ison to poorer outcome individuals who are often preoccupied
with more severe neurological deficits. Therefore, the information
generated by this study is most likely to be applied to individuals
with better outcome, as included in this study. Future prospective
studies should include larger sample sizes and multiple serial time
points to provide greater insight into persistent headache after
aSAH.

CONCLUSIONS

Persistent headache occurs in the long term following aSAH.
Although it may last for years, it gradually improves over time. In
some cases, the post-aSAH headache has migrainous features and
while underpowered, this study has provided the data needed for
larger prospective studies to confirm these findings and to warrant
clinical trials of migraine treatment for selected patients with a post-
aSAH headache with migrainous features.
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Abstract

Background and purpose: Fatigue is common following aneurysmal subarachnoid haem-
orrhage (aSAH) but little is known about its frequency, prognosis and impact on employ-
ment. The aim of this study was to assess the frequency of fatigue, whether it changes
over time and the relationship to employment in the long term.

Methods: This was a retrospective observational study of aSAH cases and matched con-
trols from the UK Biobank. The presence of fatigue was compared between cases and
controls using the chi-squared test. The change in frequency over time was assessed
using Spearman's rank correlation coefficient. The effect of fatigue on employment was
assessed using mediation analysis.

Results: Fatigue is more common following aSAH compared to matched controls (aSAH
18.7%; controls 13.7%;;(2 = 13.0, p<0.001) at a mean follow-up of 123 months. Fatigue
gradually improves over time with significant fatigue decreasing by 50% from ~20% in the
first year to ~10% after a decade (p = 0.04). Fatigue significantly mediated 24.0% of the
effect of aSAH status on employment.

Conclusions: Fatigue is common following aSAH and persists in the long term. It gradually
improves over time but has a major impact on aSAH survivors, significantly contribut-
ing to unemployment following haemorrhage. Further work is required to develop treat-
ments and management strategies for fatigue with a view to improving this symptom and
consequently employment following aSAH.

KEYWORDS

employment, fatigue, outcome, subarachnoid haemorrhage

contribute to unemployment following aSAH, with up to 50% of pre-
viously employed individuals not returning to work at 1 year following

Aneurysmal subarachnoid haemorrhage (aSAH) is a devastating form
of stroke associated with significant morbidity and mortality. It affects
younger people than other stroke types, resulting in a disproportion-
ately high socio-economic impact due to loss of productive employ-
ment and the long-term healthcare burden [1]. Survivors of aSAH
can suffer a wide range of neurological deficits ranging from physical
disability to less obvious, yet life changing, sequelae including cogni-
tive [2], psychological [3] and auditory deficits [4, 5]. These disabilities

haemorrhage [6].

Fatigue is another common consequence of aSAH with one
analysis reporting a weighted mean fatigue frequency of 73.6% in
the first year, falling to 50.7% thereafter, based on five published
studies [7]. Of the studies included in that analysis, where the sub-
arachnoid haemorrhage was confirmed to be aneurysmal, the max-
imum follow-up time period was 4 years. Very little is known about
the long-term prognosis of fatigue following aSAH.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology.

Eur J Neurol. 2022;00:1-7.

wileyonlinelibrary.com/journal/ene 1



2

Appendix A

GAASTRAET AL.

Fatigue has significant implications for patients and has been
associated with reduced quality of life and impaired return to work
following aSAH [3, 8, 9]. A number of factors have been reported
to predict fatigue following aSAH including smoking, impaired con-
sciousness, hydrocephalus, anxiety and depression [8-11].

The aim of this study was (i) to assess the frequency and pheno-
type of fatigue in the long term following aSAH; (ii) to identify whether
the frequency of fatigue changes over time; and (jii) to assess whether
fatigue mediated any of the effect of aSAH on employment status.

METHODS

This was a retrospective case-control study using data from the UK
Biobank, a major biomedical database [12]. This study includes infor-
mation on 502,497 participants with informed consent, aged 40-69
at the time of recruitment between 2006 and 2010 (application ID
49305). The study is reported in accordance with the STROBE state-
ment for case-controlled studies [13] and has both national REC (16/
NW/0274) and institutional approval (ERGO 49253).

Fatigue

Fatigue was assessed in the UK Biobank at assessment centre visits
using the question ‘Over the past 2weeks, how often have you felt
tired or had little energy?’ (data field 2080). Individuals were cat-
egorized as suffering significant fatigue if they reported tiredness
or little energy for more than half the time. A subset of individuals
answered questions about fatigue phenotype (Table 1), scored using
a 7-point scale with a score of 1 indicating strong disagreement and
7 strong agreement. Where applicable correction for multiple test-
ing was performed using the Benjamini-Hochberg procedure with a
false discovery rate of 5%.

Aneurysmal subarachnoid haemorrhage population
Aneurysmal subarachnoid haemorrhage cases were identified

from the UK Biobank using International Classification of Diseases
(ICD) 9 (data field 41271), ICD-10 (data field 41270), self-reported

medical conditions (data field 20002) and primary care data (data
field 42040). Individuals were excluded if the subarachnoid haemor-
rhage was non-aneurysmal in nature or if there was a trauma code
documented within 30days of diagnosis (see Table S1 for inclusion
and exclusion codes). aSAH cases were included in this study if they
had data on fatigue subsequent to the diagnosis of aSAH.

Control population

A single matched control population was identified from the UK
Biobank using propensity score matching with a nearest neighbour
method and a case:control ratio of 1:4. Individuals were matched
according to age at follow-up, sex, smoking status and presence of
anxiety or depression which have been shown to influence fatigue
following aSAH [8, 10, 11]. Smoking status was dichotomized into
current smoker or not (data field 20116). Anxiety and depression
were dichotomized on whether the individual had seen a doctor for
nerves, anxiety, tension or depression (data field 2090). Individuals
with missing data on fatigue or covariates were excluded from the
control pool available for matching.

Primary analysis

The chi-square test was used to compare frequency of fatigue be-
tween cases and controls. The t test was used to compare fatigue phe-
notype domains. Spearman's rank correlation coefficient was used to
assess the relationship between frequency of fatigue and time.
Severity of clinical presentation and complications of aSAH, such
as hydrocephalus, have been shown to be predictive of fatigue [9,
10]. Logistic regression was used to explore whether these features
were associated with significant fatigue in this dataset. The depen-
dent variable was significant fatigue with the variable of interest
as the independent variable in addition to age, sex, smoking status
and presence of anxiety/depression. The presence of hydrocephalus
was defined using the Office of Population Censuses and Surveys
Classification of Interventions and Procedures (version 4) codes (data
field 41272). A201 (drainage of ventricle of brain) and A124 (creation
of ventriculo-peritoneal shunt) at the time of or within 1 year of di-
agnosis were used. The World Federation of Neurological Surgeons

TABLE 1 Questions included from the
UK Biobank on fatigue phenotype

Data field Question

120119 Motivation is lower when fatigued

120120 Exercise brings on fatigue

120121 Easily fatigued

120122 Fatigue interferes with physical functioning

120123 Fatigue causes frequent problems

120124 Fatigue prevents sustained physical functioning

120125 Fatigue interferes with carrying out certain duties and responsibilities
120126 Fatigue is amongst the three most disabling symptoms

120127 Fatigue interferes with work, family or social life

59



Appendix A

60

FATIGUE AFTER ASAH

3

(WFNS) grade is a measure of the severity of clinical presentation
and the strongest known predictor of outcome following aSAH [14].
WENS grade is not available in the UK Biobank but length of stay,
which is strongly correlated with WFNS [15], was used as a surrogate.

Mediation analysis

To explore whether significant fatigue mediated any component of
the effect of aSAH on employment status, causal mediation analysis
using a natural effects model was performed utilizing the package
medflex [16]. This method has been shown to be superior when ana-
lysing a binary mediator and outcome [17]. A non-parametric boot-
strap procedure with 1000 samples was used to derive standard
errors and p values. This was performed in the aSAH and matched
control cohorts, additionally controlling for the Townsend depriva-
tion score [18] (data field 189) and education status, dichotomized
into people holding a college or university degree at the time of initial
assessment in the UK Biobank or not (data field 6138). Employment
status was dichotomized into good and poor, with poor employment
defined as ‘unemployed’ or ‘unable to work because of sickness or
disability’ (data field 6142). The proportion of the effect of aSAH
status on employment mediated by fatigue was calculated using the
method described by VanderWeele [19].

To provide context and assess the relative importance of fatigue
to employment a further mediation analysis was performed explor-
ing what proportion of the effect of aSAH status on employment
was mediated by persistent headache, another common sequela of
aSAH [20]. Headache was defined as present or absent using data
field 6159 (‘In the last month have you experienced headache that
interfered with usual activity?’) and the same causal mediation anal-
ysis was performed.

All analyses were performed in R (version 3.6.2, R Foundation for
Statistical Computing).

RESULTS

A total of 869 aSAH cases were identified from the UK Biobank. 829
were eligible for inclusion with data available on fatigue. 479,617 in-
dividuals were eligible for inclusion in the control cohort and 3316
controls were matched with a mean standard difference <0.004 (see
Table 2 for demographics of individuals included in the study and
Figure 1 for the flowchart of aSAH cases included).

Primary analysis

Significant fatigue was more frequent in cases compared to controls
(aSAH 18.7%; controls 13.7%;;/2 =13.0, p<0.001) at a mean follow-
up of 123 months. Length of stay and hydrocephalus were not signif-
icant predictors of fatigue following aSAH in this cohort (p = 0.940
and p = 0.150, respectively). After correction for multiple testing

four fatigue phenotypes were more significant in the aSAH cohort
compared to controls: ‘fatigue interferes with work, family or social
life', ‘fatigue is amongst the three most disabling symptoms’, ‘fatigue
causes frequent problems’ and ‘easily fatigued’ (Table 3). This sug-
gests that fatigue has an impact in almost all domains of life and sig-
nificantly impairs a patient's quality of life.

The frequency of significant fatigue decreased by half from
19.6% in the first year following aSAH to 11.1% in the eleventh year
with a significant relationship between frequency of fatigue and
time (Rg = -0.62, p = 0.04, Figure 2).

Mediation analysis

Unemployment or inability to work due to sickness/disability was sig-
nificantly more frequent in the aSAH population (aSAH 18.7%; con-
trols 5.‘9%;12 = 138.9, p<0.001). Mediation analysis identified that
the estimated natural indirect effect of aSAH status on employment

TABLE 2 Demographics of aSAH and matched controls included
in study

Control
aSAH cohort  cohort

Total sample size, n 829 3316
Subset completing phenotype 121 (14.6%) 619 (18.7%)
questionnaire
Age at time of follow-up
Mean (+SD) years 58 (+7.1) 58 (+7.1)
Sex
Male 336 (40.5%) 1348 (40.7%)
Female 493 (59.5%) 1968 (59.3%)
Depression or anxiety
Present 326 (39.3%) 1308 (39.4%)
Absent 503 (60.7%) 2008 (60.1%)

Smoking status

Current smoker 138 (16.6%) 556 (16.8%)

Not current smoker 691 (83.4%) 2760 (83.2%)
Education status

College or university degree 223 (26.9%) 1032 (31.1%)

No college or university degree 605 (73.0%) 2262 (68.2%)

Missing 1(0.0%) 22(0.0%)
Townsend deprivation score

Mean (+SD) months -1.0 (+3.2) -1.3(x3.2)
Time to follow-up

Mean (+SD) months 123 (+116) -
Length of stay

Median (IQR) days 7 (11) -

Missing 304 (36.7%) -
Hydrocephalus 40 (4.8%) -

Abbreviations: aSAH, aneurysmal subarachnoid haemorrhage; IQR,
interquartile range; SD, standard deviation.
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UK Biobank
(n =502497)

¥

Subarachnoid haemorrhage
diagnosis
(n = 1844)

Source:
ICD-10: 1053
ICD-9: 30
Self-reported: 471
GP records: 290

Excluded
(n=975)

> Reason:

No follow up: 727
Trauma: 24
AVM: 18
v Duplicates: 206

Aneurysmal subarachnoid
haemorrhage diagnosis
(n=869)

Data available on fatigue
frequency =
(n=829)

Data available on fatigue
phenotype
(n=121)

FIGURE 1 aSAH sample inclusion flowchart for UK Biobank

that was mediated by fatigue was significant, with an odds ratio of
1.21 (95% confidence interval [Cl] 1.07-1.36, p = 0.001). The odds
ratio for the estimated natural direct effect of aSAH status on em-
ployment was 2.97 (95% Cl 2.51-3.49, p<0.001). The proportion of
the effect of aSAH on employment mediated by fatigue was 24.0%.

By comparison the estimated natural indirect effect of aSAH sta-
tus on employment that was mediated by headache was significant,
with an odds ratio of 1.06 (95% Cl 1.02-1.11, p = 0.004). The pro-
portion of the effect of aSAH on employment mediated by headache
was 8.3%.

DISCUSSION

In this large sample size, it is demonstrated that fatigue is more com-
mon following aSAH compared to matched controls and persists in
the long term, with a mean follow-up of over 10years. Significant
fatigue, defined as present for greater than 50% of the time, gradu-
ally improves over time in about half of patients, but has important
implications. aSAH survivors report that it is one of the most disa-
bling symptoms impacting quality of work, social and family life. In

keeping with this, it is demonstrated that fatigue makes a large con-
tribution to unemployment and inability to work due to sickness/
disability following aSAH. This information will be helpful to counsel
patients regarding the duration and prognosis of fatigue following
aSAH and emphasizes the importance of management strategies to
improve this disabling symptom and consequently promote a return
to employment.

Kutlubaev et al. [7] reported a weighted mean frequency of fa-
tigue of 73.6% in the first year following aSAH using five studies.
This is much greater than the 19.6% reported in this study; how-
ever, a number of studies used by Kutlubaev et al. defined fatigue
as present or absent based on a single binary question inflating the
frequency of fatigue by including any self-reported fatigue. In the
present study fatigue is defined as significant if present for greater
than 50% of the time and the frequency is in keeping with other
studies that focus on the presence of significant fatigue [21, 22]. In
the UK Biobank dataset, if fatigue is defined as the occurrence of
any fatigue, it is present in 80.4% in the first year in keeping with the
frequency reported by Kutlubaev et al. [7].

In this study it is shown that the frequency of fatigue signifi-
cantly improves over time, decreasing by about 50% from around
20% in the first year to 10% after a decade. A recent study of 356
patients also reported that the prevalence of fatigue gradually de-
creased from 1 to 7years post-aSAH, although the decrease was
not statistically significant [10]. In this study a larger sample size is
included and a longer follow-up explaining the greater significance
of our results. It is also shown that length of stay, a surrogate of
severity of clinical presentation, and hydrocephalus are not predic-
tors of fatigue following aSAH. These results differ from the same
recent study [10]. This may be because the UK Biobank favours good
outcome individuals due to the requirement to engage in detailed
follow-up assessments. Both severity of clinical presentation and
hydrocephalus are predictive of poor outcome [23] and are conse-
quently underrepresented in this cohort, limiting our ability to study
their association with fatigue. However, it may also be a real obser-
vation. It would be easy to rationalize that, once treated, hydroceph-
alus does not increase fatigue, supported by a further study which
showed an association between acute but not chronic treatment of
hydrocephalus [9]. Also, although it would be easy to assume more
severe haemorrhages result in more severe fatigue, it is possible that
patients with worse outcomes have lower activity levels and are
more focused on their functional deficits and relatively underreport
fatigue. This fits with our anecdotal observations that often some of
the best performing patients are most limited by fatigue.

Unemployment is common following aSAH with up to 50% re-
porting impaired return to work [24]. A number of factors have
been implicated in return to work following aSAH including inde-
pendence at discharge, consciousness at admission [25] and cog-
nitive deficits following aSAH [2]. Fatigue has also been implicated
[8, 9] and this study emphasizes the importance of fatigue to em-
ployment by demonstrating that it mediates a significant propor-
tion of the effect of aSAH on employment. The long follow-up
time (mean over 10years) in this cohort further emphasizes the
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TABLE 3 Comparison of fatigue

. Data field Mean score in Mean score in
phenotype questions between N
. Question aSAH cohort control cohort p value

aneurysmal subarachnoid haemorrhage

(aSAH) and control cohorts using the t test 120119 5.07 4.94 0.50
Motivation is lower when fatigued
120120 3.35 3.07 0.20
Exercise brings on fatigue
120121 3.88 3.36 0.014*
Easily fatigued
120122 3.89 3.70 0.35
Fatigue interferes with physical functioning
120123 3.23 2.75 0.020°
Fatigue causes frequent problems
120124 3.36 2.96 0.059
Fatigue prevents sustained physical functioning
120125 3.43 3.04 0.056
Fatigue interferes with carrying out certain

duties and responsibilities
120126 3.42 2.81 0.0067%
Fatigue is amongst the three most disabling
symptoms

120127 3.37 2.82 0.0089°

Fatigue interferes with work, family or social life

Note: Benjamini-Hochberg method with false discovery rate of 5% employed to correct for

multiple testing.

?Signifies significant p values.

30

R=-0.62,p=0.042

3 6 9
Year

Lmonth | 012 | 1324 | 2036 | 3748 | 4960 | 6172 | 7384 | 8596 | 97108 | 10 11
bin 120 e

Numberof | 56 7 s E i & a8 ) 38 5 s
patients

FIGURE 2 Change in frequency of fatigue over time, divided
into 12-month bins. Data beyond 11years were not included due to
the sparsity of data in each annual bin

importance of fatigue as it has impact even at such a late stage
after aSAH. To emphasize the importance of fatigue on employ-
ment the contribution of fatigue was compared to that of another

common sequela of aSAH, persistent headache, demonstrating
that fatigue is a much more dominant factor (24.0% vs. 8.3%). A
previous study further supports the relative importance of fatigue
with cognition also contributing a much smaller effect on employ-
ment (24.0% vs. 6.6% [2]).

Both fatigue and unemployment impair quality of life following
aSAH [8, 26] emphasizing the importance of managing the symptom
of fatigue following aSAH, especially as it persists in the long term
and impacts employment. At present there are no pharmacological
therapies to improve fatigue following stroke [27], but there are
non-pharmacological strategies which can improve the symptoms of
fatigue [28]. Uptake of these strategies following aSAH in addition to
ongoing pharmacological trials (e.g., NCT 03209830) may help to im-
prove fatigue with subsequent benefits for survivors' employment

and quality of life.

Limitations

As UK Biobank participants are required to attend multiple very de-
tailed assessment centre visits this study is biased towards individu-
als with a better outcome and more motivation. In comparison to
poor outcome individuals who are preoccupied by functional defi-
cits, aSAH cases included in this study are more likely to be aware
of symptoms such as fatigue. Consequently, caution should be taken
when applying these results to poorer outcome individuals.

In this study, a single question (‘Over the past 2weeks, how
often have you felt tired or had little energy?’) was used to assess
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frequency of fatigue. Future prospective studies should use more
detailed assessments of fatigue, including validated tools such as
the Chalder fatigue scale [29] or the fatigue severity scale [30], to
provide greater insight into the nature of fatigue following aSAH. In
addition, a number of factors have been shown to influence fatigue
following aSAH including the presence of anxiety and depression
[11]. In this study this is controlled for by matching cases and con-
trols for the presence of anxiety/depression but more comprehen-
sive fatigue assessment tools may be able to further elucidate the
role of these factors in post-aSAH fatigue. This study was also un-
able to assess change in fatigue on an individual level due to lack of
serial measurement of fatigue and future studies should also include
repeated measures of fatigue to give further detailed information on
change in fatigue over time.

Finally, in this analysis, data were only available on employment
status following aSAH and consequently it was not possible to study
change in employment status before and after aSAH. This finding
needs to be confirmed using employment data from individuals be-
fore and after aSAH.

CONCLUSION

Fatigue is more common following aSAH compared to matched con-
trols and persists in the long term. Fatigue gradually improves over
time with significant fatigue decreasing by about 50% from around
20% in the first year to 10% after a decade. Fatigue negatively im-
pacts quality of life and employment following aSAH. Further work
is required to develop treatments and management strategies for
fatigue following aSAH with a view to improving quality of life and
employment.
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BACKGROUND AND PURPOSE: Outcome prediction after aneurysmal subarachnoid hemorrhage (aSAH) is challenging. CRP
(C-reactive protein) has been reported to be associated with outcome, but it is unclear if this is independent of other
predictors and applies to aSAH of all grades. Therefore, the role of CRP in aSAH outcome prediction models is unknown.
The purpose of this study is to assess if CRP is an independent predictor of outcome after aSAH, develop new prognostic
models incorporating CRP, and test whether these can be improved by application of machine learning.

METHODS: This was an individual patient-level analysis of data from patients within 72 hours of aSAH from 2 prior studies. A
panel of statistical learning methods including logistic regression, random forest, and support vector machines were used

to assess the relationship between CRP and modified Rankin Scale. Models were cnr | with the full Subarachnoid
rnally validated using cross-

Hemmorhage International Trialists’ (SAHIT) prediction tool of outcome after aSAH and
validation.

RESULTS: One thousand and seventeen patients were included for analysis. CRP on the first day after ictus was an independent
predictor of outcome. The full SAHIT model achieved an area under the receiver operator characteristics curve (AUC) of
0.831. Addition of CRP to the predictors of the full SAHIT model improved model performance (AUC, 0.846, P=0.01). This
improvement was not enhanced when learning was performed using a random forest (AUC, 0.807), but was with a support
vector machine (AUC of 0.960, P<0.001).

CONCLUSIONS: CRP is an independent predictor of outcome after aSAH. Its inclusion in prognostic models improves
performance, although the magnitude of improvement is probably insufficient to be relevant clinically on an individual patient
level, and of more relevance in research. Greater improvements in model performance are seen with support vector machines
but these models have the highest classification error rate on internal validation and require external validation and calibration.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.

Key Words: C-reactive protein ® machine learning ® prognosis ® subarachnoid hemorrhage ® support vector machine

devastating form of stroke. Up to 50% of patients  also improve our ability to control for covariates and
are estimated to die,’ and of the survivors, 50% reduce sample sizes for research studies.
have cognitive impairment and 40% are unable to return Several outcome prediction tools following aSAH have
to their previous work.? Predicting which patients will been developed?® The best available is the Subarachnoid
have poor outcome after aSAH would be valuable to  Hemmorhage International Trialists' (SAHIT) prediction

Aneurysmal subarachnoid hemorrhage (aSAH) is a  prognosticate and guide treatment. Better models would
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Nonstandard Abbreviations and Acronyms

aSAH aneurysmal subarachnoid hemorrhage

AUC area under the receiver operator
characteristics curve

CRP C-reactive protein

mRS modified Rankin Scale

STASH Simvastatin in Aneurysmal Subarachnoid
Haemorrhage

SVM support vector machine

WFNS World Federation of Neurological

Surgeons

tool, developed from over 10000 patients and validated
in a separate cohort of over 3000 patients. Three predic-
tive models were generated: a core, neuroimaging, and full
model. The models performed well, with good discrimina-
tion (area under the receiver operator characteristics curve
[AUC], 0.76-0.81). The authors report R? statistic values
of 22% to 31%, meaning that up to 78% of variance in
outcome after aSAH is not explained by the predictors
included in the SAHIT models. To improve on this, it will
be necessary to either develop better statistical methods,
or include additional predictors, not incorporated in SAHIT.
CRP (C-reactive protein) is an acute phase reactant
made in the liver and released into the blood in response
to inflammation. It is routinely available making it an ideal
addition to predictive models. Both serum and cerebrospi-
nal fluid CRP levels rise following aSAH and peak around
day 3 to 4 post ictus.>7 Elevated levels were associated
with poor outcome following aSAH in 2 small series of
<100 patients®® A further study of 178 patients high-
lighted the problem that although CRP levels on admis-
sion were associated with outcome, with their sample size
they were not independently predictive.® Another study
of 803 patients reported CRP was only an independent
predictor in good grade (World Federation of Neurologi-
cal Surgeons [WFNS] grade 1 or 2) but not poor grade
(WFNS 3-5) patients with aSAH.® In summary, although
there is evidence CRP is associated with outcome after
aSAH, it is unclear if this is independent from other known
predictors or across all aSAH grades and, therefore, if it
should be added to prediction models such as SAHIT.
The SAHIT predictive tool, along with the majority of
other outcome prediction tools for aSAH, was developed
using the classical statistical learning method of logistic
regression,®** which is a generalized linear model. More
modern machine learning methods offer advantages
over classical statistics as they are better able to analyze
complex high dimensional data, account for nonlinear
associations between predictors, and thereby gener-
ate models that generalize more successfully to unseen
data.'®" Although machine learning techniques have
shown promise for the prediction of cerebral vasospasm
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and delayed cerebral ischemia,'>' only simple decision
trees have been applied to outcome prediction. These
have been shown to have comparable performance to
logistic regression methods.'*"'® More powerful machine
learning methods, including ensemble methods, such as
random forests, and nonlinear methods, such as support
vector machines (SVMs), have not been explored in out-
come prediction after aSAH, and use of these methods
may improve predictive models.'”

The aims of this study are therefore to (1) assess if
CRP s an independent predictor of outcome after aSAH;
(2) develop improved predictive models of outcome after
aSAH by including CRP in machine learning models.

METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
Predictive models are reported in keeping with the Transparent
Reporting of a Multivariable Prediction Model for Individual
Prognosis or Diagnosis (TRIPOD) statement (Checklist in the
Data Supplement).

Patient Data

Patients with aSAH who| ast one recorded CRP and
WFNS on day 0, 1, or 2 after ictus were eligible for inclusion.
Deidentified individual patient-level data were identified from
two sources:

1. The Wessex Neurological Centre (University Hospital
Southampton, United Kingdom) neurovascular data-
base. Following National Research Ethics Service and
Health Research Authority approval (17/L0/0964), pro-
spectively collected data from patients with aSAH aged
over 18 years old admitted to the Wessex Neurological
Centre between August 2009 and September 2017 was
selected. Additional clinical data for serial CRP and WFNS
values were collected from the electronic and paper notes
retrospectively. Outcomes were collected prospectively by
a specialist nurse trained in assessment of the modified
Rankin Scale (mRS) and confirmed retrospectively in the
paper notes.

2. The randomized multicentre controlled trial STASH
(Simvastatinin Aneurysmal Subarachnoid Haemorrhage)'®

Variables/Predictors

The following variables/predictors were available:

Age

CRP (mg/L) on day O, 1, and 2

WFNS grade on day O, 1, and 2

Treatment status (clip, coil, or no treatment)

Fisher grade on admission

Past medical history of hypertension

Aneurysm size (€12 mm, 13-24 mm, or >24 mm)
Aneurysm location (anterior cerebral artery, middle cere-
bral artery, internal carotid artery, posterior circulation)

All data were treated as categorical apart from age and CRP
which were considered as continuous variables. Aneurysm size
categories were defined as per the SAHIT predictive tool.

W No oW
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The variables/predictors available are the same as the com-
plete SAHIT predictive tool with the addition of CRP.

Outcome
Outcome was defined as best mRS score 3 to 6 months
post ictus. All patients from the STASH trial had outcome at
6 months, patients from the Wessex Neurological Centre had
outcome at 3 to 6 months.

Outcome was dichotomized into good (mRS score, 0-3)
and poor outcome (MRS score, 4-6). This dichotomization was
chosen to match the SAHIT predictive tool.

Missing Data

Missing CRP and WFNS values were imputed using multiple
imputation with a predictive mean matching method'® to gener-
ate b imputations. Imputation was only employed if data were
missing at random. Other missing data were coded with a
dummy variable to allow for inclusion of patients with missing
data in the predictive models.

CRP and WFNS Inclusion

Binary logistic regression and AUC analysis were used to
compare the predictive values of CRP on day O, 1, and 2.
Reported AUC values were pooled across the 5 imputed data-
sets using Rubin Rules.®® To identify best predictive day the
Delong test?" was used to assess for difference in AUC, as
this cannot be implemented for pooled AUCs it is reported for
the first imputed dataset. If no difference was identified, the
earlier time point was used to minimize confounding of CRP
rise with secondary illness such-as aspiration pneumonia. The
best-performing day was used for the rest of the analysis. The
process was repeated to identify the best predictive performing
day of WFNS recording.

Model Development
A variety of statistical learning methods were used to develop
the outcome prediction models.

Binary logistic regression was used at first incorporating the
same predictors as in the SAHIT predictive tool (age, WFNS,
past medical history of hypertension, Fisher grade, size and
location of aneurysm, treatment status). The model was further
developed by the addition of CRP as a predictor.

The supervised classification machine learning methods
random forest and SVMs were employed and trained on all
predictors available. Both these methods were optimized to
improve predictive performance. In the random forest, the num-
ber of variables considered at each split of the tree and the
number of trees was manually optimized. Both linear and non-
linear SVMs (using a radial basis function kernel) were trained
and all model parameters were optimized with 10-fold cross-
validation. Nominal categorical predictors were converted to
dummy variables to allow inclusion in the SVM model.

Model Performance

Models were compared to the full SAHIT predictive tool. Individual
model performance was assessed using the AUC. Reported AUC
values were pooled across the 5 imputed datasets using Rubin’s
Rules and reported with 95% Cls.* The Delong test was used

Stroke. 2021;562:00-00. DOI: 10.1161/STROKEAHA.120.030950
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to compare AUCs?' and is reported for the first imputed dataset.
The net reclassification improvement and integrated discrimina-
tion improvement were used to assess the improvement in model
performance after addition of predictors.

To identify the proportion of variance explained by the logis-
tic regression models, a variance-function-based R? statistic
was used.” To control for collinearity, dominance analysis was
used to analyze the importance of individual predictors to a
multivariable regression model.2® Variable importance from ran-
dom forests were reported by Gini index and mean decrease
in accuracy and for the SVM by ranking the coefficients of the
support vectors.

Model Validation

Logistic regression models and SVMs were trained using
10-fold cross-validation to avoid overfitting. Random forests
were optimized using out-of-bag error, a natural measure that
approaches the leave one out cross-validation error as the
number of trees gets large. Throughout training a data split into
train and test data sets in proportions two thirds and one third,
respectively, was used. Average error is reported across the 5
imputed datasets.

Model Calibration

Internal model calibration?was,_assessed using a calibration
test based on a Iike\ihd&@f i6-statistic method described by
Nattino et al** designed to assess prediction tools based on
dichotomous outcomes. When required the estimates produced
by the classifiers were calibrated using isotonic regression and
Platt scaling.?

Sensitivity’ Analyses
Analysis was repeated using mRS dichotomized into O to 2 as
good outcome and 3 to 6 as poor outcome. This is the same
dichotomization used by Turner et al. in the study reporting CRP
as an independent predictor of outcome in good grade but not
poor grade patients with aSAH.°

Further sensitivity analyses were also completed using
study site, alternative aneurysm size categories, follow-up time
as a covariate, and imputation rather than dummy variables for
missing Fisher grade, hypertension, and aneurysm size.

Statistical Analysis
All analyses were conducted using R software (version 3.6.2, R
Foundation for Statistical Computing).

RESULTS

Patient Inclusion, Missing Data, and
Demographics
A total of 1017 patients were included in the study: 552
from the Wessex Neurological Centre neurovascular
database and 465 from the STASH trial (Figure 1 details
patient inclusion flow chart).

All patients had both WFNS and CRP data on at least
one of day O, 1, or 2. CRP data was missing on day O, 1,
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STASH
n =803

Wessex Neurological Centre
n =685

Excluded:

48: no day 0-2
Excluded: CRP

=P 338: no day 0-2 =P 34:n0n-
CRP aneurysmal

51: no 3-6 month
outcome data

A4

A4
Included Included
n =465 n =552
Total
n=1017

Figure 1. Flow chart for patients included in study.
CRP indicates C-reactive protein; and STASH, Simvastatin in
Aneurysmal Subarachnoid Hemorrhage.

and 2 in 760 (75%), 450 (44%) and 373 (37%) patients
respectively. WFNS data was missing on day O, 1, and
2 in 499 (49%), 332 (33%) and 281 (28%) patients,
respectively. Any missing CRP and WFNS data for day O,
1, and 2 were imputed.

Table 1 details demographic data on patients included
in the study and details other missing data. WFNS is pre-
sented on day 1 (see below).

CRP and WFNS

Figure | in the Data Supplement shows histograms of
day 0, 1, and 2 CRP values. Univariate logistic regression
showed that CRP on all 3 days was significantly associ-
ated with outcome after aSAH (F<0.002). The pooled
AUCs for day 0, 1, and 2 CRP were 0.557 (0.472-0.638),
0.685 (0.630-0.734), and 0.709 (0.673-0.757), respec-
tively. The AUCs for day 1 and 2 were both significantly
improved compared to day O CRP (F<0.001). There was
no significant difference between the AUCs for day 1
and 2 CRP (P=0.192). Day 1 CRP was, therefore, used
for the remainder of the analysis. The R? for day 1 CRP
was 8%. Given the distribution of CRP seen in Figure |
in the Data Supplement, log CRP was also assessed as
a predictor of outcome, but it did not improve predictive
performance (P=0.998) and was, therefore, not used in
the analysis.

Univariate logistic regression showed that WFNS
on day O, 1, and 2 was significantly associated with
outcome after aSAH (£<0.001). The pooled AUCs for
day 0, 1, and 2 WFNS were 0.690 (0.638-0.736),
0.763 (0.723-0.799), and 0.757 (0.710-0.799),
respectively. The AUCs for day 1 and 2 were both
significantly improved compared to day O WFNS
(P<0.003). There was no significant difference
between the AUCs for day 1 and 2 WFNS (P=0.48).
Day 1 WENS was, therefore, used for the remainder
of the analysis. The R? for day 1 WFNS was 15%,
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Table 1. Demographic Data From Patients Included in Study

Wessex Neuro-
logical Centre STASH Total
Total (n) 552 465 1017
Age, y 56 (21-79) 50 (20-69) | 54 (20-79)
Sex M: 160 M: 157 M: 318
F: 392 F: 308 F: 700
WFNS (day 1)
| 236 185 421
Il 83 122 205
1]} 36 36 72
v 93 70 163
\ 104 52 156
Fisher
1 8 5 13
2 31 62 93
3 127 162 289
4 191 235 426
Missing 195 1 196
Treatment status
Clip 131 168 299
Coil 287 692
No treatment 10 26
Location
Middle cerebral artery 101 109 210
Anteriorcerebral artery 240 134 374
Posterior circulation 77 187 264
Internal cerebral artery 134 35 169
Hypertension
Yes 141 0 141
No 411 0 411
Missing 0 465 465
Size
<12 mm 413 0 413
13-24 mm 19 0 19
>24 mm 0 0 0
Missing 120 465 585
Outcome
Good 451 389 840
Poor 101 76 177

WFNS reported for the first imputed dataset. F indicates female; M, male;
STASH, Simvastatin in Aneurysmal Subarachnoid Haemorrhage; and WFNS,
World Federation of Neurological Surgeons.

similar to that reported in other studies.* Day 1 and
2 WFENS is likely to be postresuscitation, compared
with day O, which is keeping with the finding that
postresuscitation WFNS is more predictive of out-
come than preresuscitation.?®

If both CRP and WFNS are used as predictors in a
multivariate logistic regression model, they both remain
significantly associated with outcome (CRP: A<0.001;

Stroke. 2021;52:00-00. DOI: 10.1161/STROKEAHA.120.030950
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WFNS: A<0.001), suggesting that the prognostic effect
of CRP is independent of WFNS.,

Predictive Models of Outcome

Logistic Regression Model

Inputting the same predictors as the full SAHIT predic-
tive tool, hereby referred to as the SAHIT model, in this
dataset using a logistic regression model generates a
pooled AUC of 0.831 (0.797-0.860; R*=24%), results
comparable to those reported by Jaja et al.*

When CRP is added as a predictor to the full
SAHIT model, it remains an independent predictor of
outcome (P<0.001). The pooled AUC for this model
is 0.846 (0.814-0.873; R*=27%). The AUC is signifi-
cantly improved compared to the SAHIT model alone
in this dataset (P=0.01). The net reclassification
improvement and integrated discrimination improve-
ment were calculated for the addition of CRP to the
SAHIT model and demonstrated the addition of CRP
significantly improved model performance (P=0.03
and P<0.001, respectively).

The general dominance of each individual predic-
tor in the multivariable regression model is reported in

Outcome Prediction After Subarachnoid Hemorrhage

Figure 2. WENS, Fisher grade, treatment status, and
CRP were highlighted as the strongest predictors in
the model.

Random Forest

A random forest was trained using 500 trees on the
SAHIT predictors and CRP and manually optimized to
consider 2 predictors at each split of the tree. Out-
of-bag error was 17% with a pooled model AUC of
0.807 (0.766-0.843). The AUC is significantly worse
when compared to the regression model trained on
the same data (P<0.001). A random forest was also
trained on the SAHIT predictors and similarly opti-
mized, achieving a pooled AUC of 0.782 (0.739-
0.820) and performing significantly worse than the
regression model trained on the SAHIT predictors
(P<0.001).

CRP, age, and WFNS were highlighted as the three
most important variables to the predictive model as
assessed by the mean decrease in Gini index; treat-
ment status, WFNS, and CRP were highlighted as
the three most important variables to the predictive
model as assessed by the mean decrease in accuracy
(Figure 2).

A Mean decrease Accuracy

Age O
Size—— 1
Location ——1
Hypertension —
FisherC——
CRPC————
Treatment
WFNS [ ]
0 5 10 15 20 25 30

c Coefficient of support
vector
SizeO
Hypertension I
Location
Treatment——

Fisher——
Ager——1
CRPI

WFNS € ]
0 20 40 60 80 100120 140160 180

B Mean decrease Gini

Size 1
Hypertension 1
FisherC————— 1
LocatonC———— 1
Treatment—————— ]
WFNS ]
Agel ]
CRPI ]
0 10 20 30 40 50 60 70

D General dominance

Hypertension 0
Location O
Age
Size [
CRPC———
TreatmentC——————— ]
FisherC———————
WFNS [ ]
0 0.02 0.04 006 008 01 0.12

Figure 2. Relative importance of predictors for the first imputed dataset.
A, Mean decrease in accuracy (random forest). B, Mean decrease in Gini index (random forest). C, Coefficients of support vector machines. D,
General dominance of predictors reported as R? statistic (logistic regression). CRP indicates C-reactive protein; and WFNS, World Federation of

Neurological Surgeons.
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Support Vector Machine

An SVM was trained on the SAHIT predictors and CRP
and optimized using 10-fold cross-validation. The best-
performing model was achieved using a radial basis
function kernel with model parameters: cost (related to
model regularization) of 4 and a vy (related to the radius
of influence of the support vectors) of 2. This model
achieved 1% misclassification with a pooled AUC of
0960 (0.932-0.977), performing significantly better
than both the regression model (A<0.001) and the ran-
dom forest (R<0.001) trained on the same data.

WFENS, CRP, and age were also highlighted as the
three most important predictive variables in the SVM
(Figure 2).

When an SVM is trained using the same predictors
as the SAHIT model and optimized using 10-fold cross-
validation the best-performing model was achieved using
a radial basis function kernel with a cost of 4 and a y of
2. The model achieved 5% misclassification with an AUC
of 0.895 (0.850-0.927). This AUC was improved com-
pared to the full SAHIT model (P=0.004).

Table 2 and Table | (in the Data Supplement) summa-
rize the performance of the predictive models.

Model Validation

All logistic regression models were internally validated
using 10-fold cross-validation. For all models, the average
classification error rate on the test data was 12% for the
model using the same predictors as'SAHIT and 11% for
the model using CRP in addition. The SVM was also inter-
nally validated using 10-fold cross-validation. The aver-
age classification error rate'in'the test data was 20% for
the model using the same predictors as SAHIT and 19%
for the model using CRP in addition. As described above,
the random forest had an out-of-bag error rate of 17%.

Model Calibration
Internal model calibration was assessed for the logistic
regression and SVM models. The random forest was not
assessed as it did not improve the performance of the
logistic regression.

Using the calibration test described by Nattino et al,**
the logistic regression models trained on the SAHIT pre-
dictors both with and without CRP did not demonstrate
evidence of miscalibration (P=0.237 and P=0.413,
respectively). Both the SVM trained on the SAHIT

Table 2. Performance of Predictive Models Comparing
SAHIT Predictors and SAHIT+CRP

AUC for SAHIT pre- AUC for SAHIT
dictors predictors+CRP

0.831 (0.797-0.860) 0.846 (0.814-0.873)
0.782 (0.739-0.820) 0.807 (0.766-0.843)
0.960 (0.932-0.977)

Logistic regression

Random forest

Support vector machine | 0.895 (0.850-0.927)

AUCs reported with 95% CI. AUC indicates area under the receiver operator
characteristics curve; CRP, C-reactive protein; and SAHIT, Subarachnoid Haem-
orrhage International Trialists'
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predictors alone and with CRP demonstrated evidence
of miscalibration (A<0.001, Figure 3). To calibrate both
these models, isotonic regression was applied to the
estimates produced by the SVMs. The calibrated models
were reassessed with the calibrated SVM trained on the
SAHIT predictors alone showing no evidence of miscali-
bration (P=0.859) and the SVM trained with the addition
of CRP demonstrating improved calibration (Figure 3)
but with ongoing evidence of miscalibration (£<0.001).
Platt scaling failed to improve on isotonic regression
(Figure 3).

The calibrated SVM without CRP achieved an
AUC of 0.857 (0.824-0.890) and with CRP of 0.920
(0.894-0.947).

Sensitivity Analysis

None of the sensitivity analyses significantly altered
the results of the models (please see in the Data
Supplement).

DISCUSSION

Several models have been developed to predict outcome
after aSAH.® The SAHH predictive tool is based on the
largest population andihas been rigorously validated. It
is, therefore, the most widely accepted. However, it only
explains up to 31% of the variation in outcome, mean-
ing other predictors not in the model may play a signifi-
cant role in outcome prediction. In this study, we aimed
to assess whether CRP is an additional independent
predictor of outcome after aSAH and whether incor-
porating-it-into-a range of outcome prediction models
improved performance.

We have shown in a cohort of 1017 patients that day
1 CRP is an independent predictor of outcome control-
ling for all other known key predictors.

Figure 4 displays the effect on probability of poor
outcome for each predictor included in the multivariable
logistic regression models. In terms of relative impor-
tance, this study shows that CRP is a key predictor of
outcome after aSAH with an RP=8%. In the regression
analysis controlling for collinearity, it is the fourth most
important predictor as assessed by general dominance
after WENS, Fisher grade, and treatment status (see Fig-
ure 2). It should be noted that in this nomenclature, all the
effect of treatment status was due to poor performance
of patients not treated and that CRP had a much greater
influence on outcome than clipping or coiling, which had
almost identical outcomes (Figure 4). Both the SVM and
Random Forest models identified WFNS, CRP, and age
as most important. This emphasizes the importance of
including CRP in future prediction models.

However, logistic regression models including CRP
only achieved an R? of 27%. This suggests that despite
the inclusion of CRP, there still remain other unknown
but significant predictors of outcome after aSAH. Further

Stroke. 2021;52:00-00. DOI: 10.1161/STROKEAHA.120.030950
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Figure 3. Calibration plots for support vector

Calibration belt plots for support vector machines trained on SAHIT predictors before and after calibration (A and B) and trained on SAHIT
predictors+CRP (C-reactive protein) before and after calibration (C, D, and E). B and D, Calibrated with isotonic regression (IR) and E with Platt
scaling (PS). SAHIT indicates Subarachnoid Haemorrhage International Trialists’

studies need to be designed to look for these unknown
predictors if we are to improve prognostication. These
studies require unbiased analysis of a wide range of pre-
dictors including the consideration of predictors beyond
the standard demographic, clinical, and radiological vari-
ables, such as proteomics and genetic data.

We have gone on to consider how CRP can best be
incorporated into prediction models and demonstrate
that incorporation of day 1 CRP to traditional multivariate

Stroke. 2021;562:00-00. DOI: 10.1161/STROKEAHA.120.030950

logistic regression models significantly improves predic-
tive performance above that of the full SAHIT predictive
tool.

Random forests did not improve upon logistic regres-
sion. This may be inherent to our study design. Random
forests are well suited to categorical classification prob-
lems with multiple classes and may perform better using
Rankin class rather than dichotomization into good and
poor outcome.
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The SVM was superior-to-logistic regression with a
marked improvement in discrimination (AUC, 0.960).
However, it should be noted that the SVM models had
the greatest error on internal validation suggesting over-
fitting. External validation is necessary to validate the
improvements achieved. However, given machine learn-
ing methods are of greatest performance benefit in large
datasets with high dimensional data and future research
is likely to involve larger datasets with more predictors,
this observation is relevant and these methods are likely
to become increasingly important.'®'’

None of the logistic regression models showed evidence
of miscalibration, but the SVM models did. This could be
improved with isotonic regression and Platt scaling. Follow-
ing calibration, the SVM trained on the SAHIT predictors
alone was well-calibrated, but despite clear improvements,
the SVM using CRP in addition still showed some evidence
of miscalibration (Figure 3). Calibration reduced the AUC
of both models but both still markedly outperformed the
logistic regression models trained on the same predictors.
The fact the model cannot be fully calibrated suggests evi-
dence of overfitting and future studies should ensure SVM
models are calibrated on external datasets to minimize this.

Generalisability

In the development of these models, we considered
if simplified models, not requiring intensive process-
ing, could be derived. Details of these are available in
the Data Supplement. They were unable to capture the

8  October 2021

irstimputed dataset.

improvements seen from utilizing CRP and SVMs. There-
fore, use of any of the models in this article would require
use of an online calculator.

In the logistic regression models, the addition of CRP
to the SAHIT predictors improved outcome prediction
(pooled-AUC-0.846-compared with 0.831), although
statistically significant this is unlikely to influence clinical
management on an individual patient basis. Implemen-
tation of an online calculator is a significant barrier to
adoption and it is notable that even SAHIT itself is mainly
used as a research tool, and only routinely used clinically
in a minority of institutions. Therefore, given the improve-
ments from addition of the SAHIT predictors to WFNS
are larger than that afforded by CRP, this seems unlikely
to be widely adopted outside of research.

In order to generate predictive tools, which influ-
ence clinical management, they will need to show much
greater benefit over WFNS alone. If the magnitude of
improvement seen with SVMs can be externally vali-
dated, an online calculator with the addition of SVMs as
well as CRP may be able to achieve this.

This analysis was limited to patients within 72 hours
of ictus and cannot be applied to patients outside of this
window. We have shown that CRP (and WFNS) is less
predictive on day O than either day 1 or 2. It might be
expected that CRP becomes confounded by other inter-
vening treatments and complications over time. We have
not observed any differences in CRP between coiled
and clipped patients on day 1 in this study suggesting
this is too early for treatment to be significant. We have,
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however, seen such differences at later time points and
that the predictive value of CRP drops after day 2 (data
not presented). This may explain why previous studies
which included patients whose CRP was obtained within
120 hours of ictus have demonstrated that CRP is an
independent predictor of outcome in good grade, but
not poor grade, patients with aSAH.? This distinction is
important, as it is poor grade patients where prognostica-
tion is of particular importance when guiding potentially
invasive and costly treatment strategies, and it would not
be possible to use CRP in prognostic models if these
only applied to a subgroup of patients.

Limitations

In this study, all patients had CRP and WFNS available
on at least one of day 0, 1, or 2. Day 1 CRP and WFNS
were used in the analysis and were missing in 450
(44%) and 332 (33%) patients, respectively. Data was
missing at random for both day 1 CRP and WFNS with
respect to outcome (CRP: P=0.134 [Kruskal-Wallis test];
WFNS: P=0.665 [x? test]). All patients with missing data
had day 1 CRP/WFNS imputed using the CRP/WFNS
data available from the day before or after (or both).
Multiple imputation has been used with pooled AUCs
reported. Consequently, although there are missing CRP
and WFNS data, robust methodology has been used to
account for this. It was not possible to report a DelL.ong
test result to compare pooled AUCs from different pre-
dictive models and we, therefore, have reported the result
for the first imputed dataset.

A limitation of this study is that the predictive models
have not been validated in an external dataset. The models
have, however, been internally validated using cross-vali-
dation and out-of-bag error. In previous outcome predic-
tion models after aSAH using smaller datasets, a validation
set approach dividing data into train and test data sets
has commonly been presented. For smaller data sets, this
method is superior to cross-validation to avoid overfitting
of data; however, as sample sizes increase the utility of
cross-validation improves.?” A sensitivity analysis using a
validation set approach with data divided into train and test
datasets with proportions 70% and 30% showed error
rates consistent with those identified by cross-validation.

Like many studies of outcome in aSAH, this study
is limited by its outcome measure, mRS, which was not
developed for aSAH and may not be sufficiently sensitive
to identify the nuances of aSAH. An SAH-specific out-
come score has been developed but is awaiting external
validation.?® The use of scores like this may improve prog-
nostication in this unique condition. This study also uses
dichotomized outcome data and future efforts using the
full ordinal nature of the mRS may also improve models.

Outcome was recorded at 3 to 6 months in this study
in keeping with SAHIT This range means that these
predictive models do not predict outcome at a specific

Stroke. 2021;562:00-00. DOI: 10.1161/STROKEAHA.120.030950
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time point. To achieve this, larger datasets with specific
outcome times would be required. However, the sensi-
tivity analysis including time of follow-up as a covariate
showed no change in the significance of the results, and
model performance was not affected.

Some covariates, such as hypertension and aneurysm
size, were not available in the STASH data set, which may
have influenced the prediction models. This is a limita-
tion of using retrospective data, but may be addressed in
external validation and future prospective studies.

Finally, several radiological scales have been shown
to have greater predictive value for outcome than the
Fisher scale including the modified Fisher Score, Claas-
sen score, Barrow Neurological Institute score, and
Hijdra score. Unfortunately, these were not available
in this dataset. This has historically been the case for
many datasets including SAHIT. However, future studies
should use newer scores with greater prognostic value.

Conclusions

This study demonstrates that day 1 CRP is an indepen-
dent predictor of outcome after aSAH. Its incorporation
into predictive models of outcome after aSAH improves
model performance ‘Qver that seen using the SAHIT
predictors alone. The machine learning method SVM
generates further significant improvement in prognos-
tic modeling, but requires validation and calibration in an
external cohort.
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Haemoglobin scavenging in
intracranial bleeding: biology and

clinical implications

Diederik Bulters''°, Ben Gaastra’-'°, Ardalan Zolnourian’, Sheila Alexander?,
Dianxu Ren?, Spiros L. Blackburn®, Mark Borsody*, Sylvain Doré®, James Galea®,

Koji lihara’, Paul Nyquist® and lan Galea®*

Abstract | Haemoglobin is released into the CNS during the breakdown of red blood cells after
intracranial bleeding. Extracellular free haemoglobin is directly neurotoxic. Haemoglobin

scavenging mechanisms clear haemoglobin and reduce toxicity; these mechanisms include
erythrophagocytosis, haptoglobin binding of haemoglobin, haemopexin binding of haem and
haem oxygenase breakdown of haem. However, the capacity of these mechanisms is limited in the
CNS, and they easily become overwhelmed. Targeting of haemoglobin toxicity and scavenging
is, therefore, a rational therapeutic strategy. In this Review, we summarize the neurotoxic
mechanisms of extracellular haemoglobin and the peculiarities of haemoglobin scavenging
pathways in the brain. Evidence for a role of haemoglobin toxicity in neurological disorders is
discussed, with a focus on subarachnoid haemorrhage and intracerebral haemorrhage, and
emerging treatment strategies based on the molecular pathways involved are considered.

By focusing on a fundamental biological commonality between diverse neurological conditions,
we aim to encourage the application of knowledge of haemoglobin toxicity and scavenging
across various conditions. We also hope that the principles highlighted will stimulate research
to explore the potential of the pathways discussed. Finally, we present a consensus opinion on

the research priorities that will help to bring about clinical benefits.

Degradation of red blood cells (RBCs) after haemor-
rhage and intravascular or extravascular haemolysis
results in extracellular release of haemoglobin. Within
the CNS, cell-free haemoglobin and its breakdown prod-
ucts are neurotoxic and cause secondary brain injury'*.
Two scenarios can lead to haemoglobin coming into
direct contact with brain parenchyma: vascular rupture
(as occurs during various forms of intracranial haemor-
rhage) and low-grade leakage of haemoglobin into the
brain. Haemoglobin-induced neurotoxicity is thought to
have an important role in the pathophysiology of several
neurological conditions. These conditions were tradi-
tionally thought to be those characterized by acute mac-
roscopic bleeding, such as intracranial haemorrhage, but
evidence suggests that extracellular haemoglobin also
plays an important role in several neurological condi-
tions, including superficial siderosis’, Alzheimer disease’
and progressive multiple sclerosis’.

In this Review, we consider the emerging importance
of extracellular haemoglobin in the brain and its clinical
implications. First, we present the cellular and molecular

mechanisms of haemoglobin neurotoxicity and clear-
ance, focusing on the special environment of the CNS.
Subsequently, we focus on the clinical implications of
extracellular haemoglobin within the CNS, reviewing the
evidence that links the pathophysiology of cell-free hae-
moglobin to the clinical presentations and outcomes of
several neurological conditions. Finally, we discuss current
and emerging treatment strategies designed to augment
the clearance of haemoglobin and/or alleviate its toxicity.
We also present the outcomes of a meeting of an expert
panel in which a consensus opinion on the key research
questions that need to be answered was formulated.
‘We hope that the principles highlighted will encourage
research into the effects of extracellular haemoglobin in the
brain and exploration of the potential for clinical benefits.

Neurotoxicity of haemoglobin

Haemoglobin consists of four globin chains tightly
associated with a haem group, which itself consists of a
porphyrin ring that coordinates an iron atom in the Fe?*, Fe**
or Fe** oxidative state. When outside RBCs, haemoglobin
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Key points

* Extracellular haemoglobin induces cell death, mainly via oxidation and inflammation.

* Mechanisms in the brain that can mitigate haemoglobin toxicity and enable its clearance
are easily overwhelmed by extensive haemolysis after intracranial haemorrhage.

* Variation in genes related to haemoglobin binding and metabolism influence
outcomes after subarachnoid haemorrhage or intracerebral haemorrhage.

* Treatments that mitigate haemoglobin toxicity and increase clearance might have
clinical benefits for patients with intracranial bleeding.

* Research priorities include prospective genetic association studies and an improved
basic scientific understanding of the mechanism of haemoglobin toxicity and its

clearance from the brain.

Hemichromes

Haemoglobin molecules that
can no longer react with
oxygen, characterized by the
binding of the distal histidine to
the central Fe atom;
hemichromes can occur
spontaneously and reversibly,
but denaturation of
haemoglobin alters its
quaternary structure,
facilitating the process and
forming irreversible
hemichromes.

Globin-based radical
Reactions between Fe* and
peroxides extract an electron
from the protein globin chain,
leaving it in the radical state
(with an unpaired electron),
making it highly reactive; this
free radical is commonly on the
phenoxyl group of a tyrosine
residue, and can migrate.

Necroptosis

A form of regulated cell death,
morphologically akin to
necrosis, triggered by TNF and
regulated by caspase 8; itis
dependent on receptor-
interacting protein kinases 1
and 3

is oxidized to methaemoglobin and dissociates into
dimers. Subsequent modification of globin forms
hemichromes, and these degrade into haem, which releases
iron. The toxicity of haemoglobin is undisputed —
neurotoxicity is observed in vitro' and after intracerebral
injection of haemoglobin in vivo’. Neurons seem to be
more vulnerable to this toxicity than glia'. The toxicity
of haemoglobin is multifactorial but mainly seems to be
mediated by four factors: oxidation, inflammation, nitric
oxide scavenging and oedema.

Oxidation

Haem mediates oxidation: in its ferrous (Fe**) and ferric
(Fe’) states, haem can react with hydrogen perox-
ide (which is released by neutrophils, for example) or
endogenous lipid hydroperoxides (which are formed
by lipoxygenases) to form a highly reactive ferryl
(Fe**) form. Such reactions of ferric haem also form
a globin-based radical’. Ferryl haem and globin-based
radicals react directly with lipids and proteins to form
free radicals, which self-propagate in the presence of
molecular oxygen.

Free radicals lead to destructive modification of
membranes, lipids, proteins and nucleic acids and their
associated machinery, thereby critically altering cellu-
lar and organ function’. Molecular signatures of this
process, including covalently modified proteins® and
oxidized lipids’, have been detected in the cerebrospinal
fluid (CSF) after subarachnoid haemorrhage (SAH). Free
haem is thought to be more toxic than haemoglobin, as its

lipophilicity enables its intercalation into membranes'.
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Haem releases Fe, which drives cell death via Fe-
dependent lipid oxidation — known as ferroptosis'' —
which can be suppressed by the lipid reactive oxygen spe-
cies inhibitor ferrostatin 1, iron chelators and lipophilic
antioxidants.

Inflammation

The pro-inflammatory effects of haemoglobin breakdown
products are mediated in several ways. Methaemoglobin'*
and haem" are ligands of Toll-like receptor 4 (TLR4),
which is expressed by microglia and macrophages;
activation of TLR4 causes these cells to secrete tumour
necrosis factor (TNF), triggering nuclear factor-«xB
(NF-kB) activation, inflammation and necroptosis'*. Haem
can also activate the NLRP3 (NOD-, LRR- and pyrin
domain-containing 3) inflammasome, leading to IL-1p
synthesis'”, and can induce IL-1a production from mixed
glia in culture, which in turn causes neuronal death’®.

Nitric oxide depletion

Nitric oxide is depleted by haemoglobin in a process that
is rapid and irreversible. In this process, reaction of nitric
oxide with oxyferrous haemoglobin forms methaemo-
globin and nitrate'”. Nitric oxide is also consumed by
oxygen radicals after SAH'; for example, nitric oxide can
react with superoxide to form peroxynitrite. Endothelial
nitric oxide synthase that is exposed to peroxynitrite
does not function normally and produces superoxide
instead of nitric oxide'””’; this superoxide causes further
nitric oxide consumption.

Nitric oxide is a vasodilator produced by endothe-
lial cells, neurons and microglia. It regulates cerebral
vascular tone’' and is a potent platelet inhibitor. Several
adverse effects of reduced nitric oxide as a result of
haemoglobin-mediated depletion have been reported.
Evidence suggests that depletion of nitric oxide con-
tributes to microthrombosis™ in cerebral vessels in SAH
in humans and animal models, and is associated with
poor clinical outcomes**". Reduced bioavailability of
nitric oxide lowers the threshold for cortical spreading
depolarization™, an electrical phenomenon observed in
the presence of high potassium and haemoglobin levels”,
which leads to spreading ischaemia and neuronal death.
Nitric oxide bioavailability at the vasculature is also
important in vasospasm; observations of haemoglobin-
induced vasospasm in the acute phase of preclinical
SAH models”* gave rise to the long-held belief that an
absolute cerebral nitric oxide deficiency was the cause,
but evidence that nitric oxide metabolism is phasic after
SAH has changed this view”' . Nitric oxide depletion has
not been studied in intracerebral haemorrhage, despite
evidence that a reduction in perihaematomal blood flow
is delayed* (as would be expected secondary to nitric
oxide depletion) and unresponsive to osmotic therapy”
(suggesting that the reduced blood flow is unrelated
to high intracranial pressure).

Oedema

Several lines of evidence show that cerebral oedema
is induced by haemoglobin and its breakdown prod-
ucts. Intraparenchymal injection of haemoglobin
breakdown products increased the water and sodium
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Fig. 1| Haemoglobin scavenging pathways in humans. Multiple receptor mediated-pathways can prevent the toxicity
of haemoglobin and its breakdown products haem and iron. Red blood cells (RBCs) can be directly phagocytosed
following detection by the CD36 receptor on macrophages (step 1). Free haemoglobin dimers can be captured by
haptoglobin, and the haptoglobin-haemoglobin complex can be taken up by macrophages via CD163 (step 2). CD163 can
be shed from the cell surface after subarachnoid haemorrhage owing to the action of the enzyme disintegrin and
metalloproteinase domain-containing protein 17 (ADAM17), and this process might reduce the efficiency of haemoglobin
scavenging. In the phagolysosome, haemoglobin is then broken down to release haem, which is in turn broken down by
haem oxygenases to generate iron (step 3). Similarly, free extracellular haem can be captured by haemopexin and
transported into macrophages via CD91 (step 4), where it is also broken down to produce free iron (step 3). The resulting
iron is transported from macrophages via the ferroportin 1 (FPN1; also known as SLC40A1) channel (step 5). HRG1,
haem-responsive gene 1 protein homologue (also known as SLC48A1); NADPH-CPR, NADPH-cytochrome P450
reductase; sCD163, soluble CD163.

content in the brains of rats*. After haemoglobin injec- Haemoglobin clearance

tion into the brains of rats, matrix metalloproteinase
9 (MMP-9) was upregulated, resulting in blood-brain
barrier (BBB) disruption’'; acute MMP-9 inhibition
attenuated the consequent cerebral oedema®. For these
reasons, delayed perihaematomal oedema in intracere-
bral haemorrhage is thought to be at least partly caused
by haemoglobin and its breakdown products*. Cerebral
oedema is more marked in intracerebral haemorrhage
than in SAH", possibly because haemoglobin is in a
parenchymal location after intracerebral haemorrhage
and is therefore closer to the BBB. In keeping with this
speculation, delayed global cerebral oedema is less com-
mon after SAH* and is seen in association with diffuse
ischaemia®, suggesting a different pathophysiology.

Several endogenous mechanisms have the potential to
clear the haemoglobin, haem and iron that are released
into the brain following a haemorrhage and RBC lysis
(FIG. 1). These mechanisms are discussed below.

Erythrophagocytosis

Erythrophagocytosis is one mechanism by which abnor-
mal RBCs are cleared. Abnormal RBCs exteriorize phos-
phatidylserine, and evidence suggests that macrophages
recognize phosphatidylserine via CD36, leading to
erythrophagocytosis'>"’. Iron and haem are subse-
quently exported from the macrophages to the extra-
cellular milieu via, for example, ferroportin® and feline
leukaemia virus subgroup C receptor 1 (FLVCR1)*,
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Acute-phase glycoprotein

A protein that is secreted in
large amounts by the liver
during acute systemic
inflammation.
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Fig. 2 | Isoforms and possible structures of haptoglobin
according to genotype. Haptoglobin is encoded by the
HP1 and HP2 alleles. HP1 encodes an al-chain and a
B-chain that are linked by a disulfide bond. The al-chain
has another free cysteine residue (red) that enables
dimerization to form the HP(a1f), dimer (left). This dimer
is the only form of haptoglobin present in homozygotes
for HP1. HP2 encodes a duplicated a-chain called a2 and a
B-chain. The a2-chain has two free cysteines that enable
formation of cyclic polymers of increasing size, HP(a2f)n,
where n3 (right). These cyclic polymers are found in
homozygotes for HP2. In heterozygotes that express

HP1 and HP2, linear polymers form HP(a1p),(a2p)n,

where n>0 (REF%).

respectively. Estimates suggest that 40% of the iron orig-
inating from haemoglobin can be released within 24h of
RBC uptake by macrophages. Although erythrophagocy-
tosis might seem to be an effective clearance mechanism,
macrophages that ingest more than two RBCs undergo
cell death, leading to release of deleterious haem and
iron into the extracellular matrix*. Consequently, the
contribution of erythrophagocytosis to the prevention
of haem-derived toxicity is probably small.

Haptoglobin and CD163

Extravasated RBCs that avoid erythrophagocytosis
undergo spontaneous lysis as a result of, for example,
free radical damage or complement-mediated attack™,
leading to release of haemoglobin. In this situation, the
haemoglobin dimer is immediately and irreversibly
bound by haptoglobin, an acute-phase glycoprotein, in
one of the strongest noncovalent interactions known to
occur naturally™.

Three types of haptoglobin polymers exist (FIG. 2),
generated by combined expression of two alleles: HP1
and HP2. The three polymer types are referred to as
HP1-1, HP1-2 and HP2-2. The functional differences
between the different haptoglobin types are unclear
and controversial (BOX 1). Functional differences
might also differ between the CNS and the periphery
as a result of CNS specialization (BOX 2). Resolving
the controversies around the functional differences is
important because haptoglobin could have potential
as a therapeutic agent, and functional differences have

implications for the selection of haptoglobin types to
be tested in clinical trials.

Haptoglobin is mainly synthesized by the liver and
reticuloendothelial system and is not normally synthe-
sized within the brain. Instead, haptoglobin diffuses into
the CSF from the blood, meaning that higher polymeric
forms of the protein are not present in the CSF in the
healthy state™ and levels of haptoglobin in the brain are
much lower than levels in the blood in the healthy state™".
‘Within each millilitre of intracranial blood, the molar
amount of cell-free haemoglobin produced by haemolysis
is approximately 250-fold greater than the amount that the
haptoglobin present in the same volume is able to bind to.

Current evidence points to two main functions of the
haptoglobin-haemoglobin complex: protection against
redox activity””* and haemoglobin clearance via the
CD163 membrane receptor”. Crystal structure analyses
of the haptoglobin-haemoglobin complex have revealed
reactive iron and pro-oxidative tyrosine residues close
to the haptoglobin-haemoglobin interface®, structural
features that explain the ability of haptoglobin to prevent
oxidative reactions and delay the release of haem. The
binding of haptoglobin by haemoglobin exposes a neo-
epitope on the haptoglobin -chain®' that enables CD163 to
recognize the complex and initiate endocytosis. The affin-
ity of CD163 for the haptoglobin-haemoglobin complex is
tenfold higher than for uncomplexed haemoglobin®”.

Some evidence suggests that astrocytes®’ and oligo-
dendrocytes® express haptoglobin in pathological states.
Given that oligodendrocytes and astrocytes are so abun-
dant, local production of haptoglobin by these cells is
an endogenous mechanism with potential to protect
the brain against extravascular haemoglobin toxicity.
However, this mechanism is clearly not enough, as most
haemoglobin in the CSF after SAH is not bound to hap-
toglobin™. Furthermore, given that haptoglobin protects
haemoglobin from auto-oxidation and that haemoglo-
bin auto-oxidation interferes with haptoglobin binding,
the scarcity of haptoglobin might render haemoglobin
unscavengeable by CD163 and haptoglobin with time®;
the extent to which this occurs requires further study.

One study has suggested that the lack of haptoglobin
in the brain is compounded by saturation of the CD163
uptake system, as haptoglobin-haemoglobin complexes
were detected in the CSF after SAH™. Intrathecal shed-
ding of membrane-bound CD163 was also observed
(FIC. 1), which resulted in high levels of soluble CD163
(sCD163) in the CSF after SAH™ and is likely to exacer-
bate saturation of the uptake system. However, sCD163
might be important in haptoglobin-independent path-
ways that detoxify free haemoglobin under conditions
of severe haemolysis, such as haemorrhage. sCD163
and immunoglobulin G (IgG) can interact with free
haemoglobin, and the sCD163-haemoglobin-IgG
complex undergoes endocytosis into monocytes via the
crystallizable fragment (Fc)-y receptor®.

Haemopexin and CD91

Unscavenged haemoglobin releases haem, which is
sequestered with very high affinity by haemopexin®’.
Haemopexin is expressed by neurons and glia®; one
study has shown that ~90% of all haemopexin in the
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Box 1| Functional differences between haptoglobin types

Many studies have investigated the functional differences between the HP1-1, HP1-2
and HP2-2 types of haptoglobin, which are expressed by homozygotes for the HP1
allele and heterozygotes and homozygotes for the HP2 allele, respectively; these
studies have been reviewed elsewhere'”. Expression levels differ reproducibly by type:
haptoglobin expression is greater with the genotype HP1-1 than expression with the
genotype HP1-2, which is in turn greater than that with the genotype HP2-2 (REF.”*).
Some studies”*** have shown that HP1-1 is associated with better reduction of the
redox potential of haemoglobin than is HP2-2 (REFS***%), but other studies have not
replicated this observation'’**""*%, In complex with haemoglobin, HP2-2 seems to have
a higher binding affinity for CD163 than does HP1-1 (REFS*****). With respect to
CD163-mediated cellular uptake of haptoglobin-haemoglobin complexes, different
studies have indicated that HP1-1 is more effective, that HP2-2 is more effective and
that they are equally effective!’******°, suggesting that there is little or no difference in
this aspect of haptoglobin function. Secretion of anti-inflammatory IL-10 in response to
CD163 binding of the haptoglobin-haemoglobin complex differs according to type:
secretion is several-fold higher with HP1-1 than with HP2-2 (REF.*").

Fenton reaction

A reaction in which Fe?* causes
disproportionation of a
peroxide bond (in hydrogen
peroxide or organic peroxides)
to produce highly reactive
hydroxy! (- OH) and
hydroperoxyl (- OOH) radicals.

Microparticles
Micrometre-sized membrane-
bound vesicles released by a
variety of cell types;
microparticles retain the
molecules associated with, or
embedded in, the original
membranes, and these
molecules retain their function,
thus acting in a paracrine
fashion

brain is produced intrathecally in the healthy state®.
This production in the brain is in sharp contrast to
that of haptoglobin, suggesting that the brain is geared
towards clearing haem more effectively than haemo-
globin. However, CSF levels of haemopexin are tenfold
lower than levels in the circulation, suggesting that
the capacity for haem binding in the brain is relatively
low®. The haem-haemopexin complex binds to CD91
(also known as LRP-1), which is expressed in neurons
and glia™ and is subsequently cleared by endocytosis™
(FIG. 1). In a study of 30 patients with SAH, free haem
was still detectable in the CSF after SAH, indicating
that the haemopexin-CD91 system cannot cope with the
demands imposed on it after SAH.

After endocytosis by any cell type, haem is degraded
by haem oxygenase, resulting in production of equimo-
lar amounts of iron, carbon monoxide and biliverdin
(FIG. 1). Biliverdin is then converted to bilirubin by biliv-
erdin reductase’. Two active isoforms of haem oxygen-
ase exist: haem oxygenase 1, the expression of which is
induced by haem and other forms of oxidative stress,
mostly within glia, macrophages and endothelial cells”,
and haem oxygenase 2, which is constitutively expressed
in most cell types, including neurons™. These enzymes
are catalytically active only inside cells, as they require
the microsomal NADPH-cytochrome P450 reductase
to cleave haem’. Excess iron produced during this reac-
tion is either transported out of cells (for example, via
ferroportin™) or rapidly stored within ferritin — a hetero-
polymeric cage that can store up to 4,500 ferric ions as
ferrihydrite aggregates in its core’ — in a safe but readily
available form””. The reactive nature of noncomplexed
iron means it has the potential to cause intracellular
toxicity while it is shuttled inside cells. When the size
of this so-called cellular labile iron pool™ increases, it
can, for instance, participate in the Fenton reaction” and
activate the NLRP3 inflammasome™. Under conditions
of iron overload, breakdown of ferritin within the lyso-
somes results in intracellular deposition of haemosid-
erin, which is insoluble but might not be redox inert™,
so could be detrimental.

Haemoglobin uptake by macrophages converts
them to a so-called Mhem phenotype, with antioxi-
dative properties and reduced inflammatory cytokine
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expression®"*” but still an undesirable overall profile
that results in increased vascular permeability and
microvascular inflammation®™. Moreover, phagocy-
tosis of iron-laden cell carcasses and debris results
in iron-laden macrophages and microglia, which are
pro-inflammatory***". Hence, although haemoglo-
bin scavenging reduces the inflammatory effects of
haemoglobin, some of these effects still occur.

Haemoglobin in neurological disorders
Extravascular haemoglobin and its breakdown products
have been implicated in the pathophysiology of several
neurological conditions, with evidence ranging from
very strong in some to very weak in others. In the follow-
ing sections, we review the evidence implicating haemo-
globin in several conditions, focusing on conditions that
produce macroscopic extravascular blood, in which the
evidence is most robust. Animal studies are cited where
evidence in humans is lacking or where experimental
intervention has proven causality suggested by human
observational data.

Subarachnoid haemorrhage

Neurological injury after SAH occurs in two stages:
early brain injury (within 72h) and delayed brain injury,
including delayed cerebral ischaemia, which presents
days to weeks after haemorrhage. Early brain injury is
associated with a transient increase in intracranial pres-
sure and a decrease in cerebral blood flow, resulting in
initiation of a toxic cascade that includes global cerebral
ischaemia and cerebral oedema'"***. The presence of
haemoglobin and its breakdown products in the brain
along with the toxic cascade initiated during early brain
injury is thought to have a key role in the development
of delayed brain injury*.

Reported CSF concentrations of haemoglobin after
SAH vary from 3 uM to 250 uM (REFS****~%). Some of this
variation is likely to be due to the time points at which
haemoglobin levels were measured and the specific
species of haemoglobin being measured; the average
of these reported values is ~20 uM. Haem can also be
detected in CSF after SAH; in one study, the concentra-
tion was ~100 pug/ml (REF.). Ferritin levels in the CSF also
increase markedly as early as 1 day after SAH: the upper
limit of the reference range is 12 ng/ml, and the mean
concentration on day 11 after SAH was 1,750 ng/ml
(REFS*#*). In addition, CSF iron levels increase from a
mean of 2.3 ug/dl in controls to 27.9 ug/dl on day 5 after
SAH, with no apparent further increase”.

Haptoglobin levels in human CSF rise rapidly after
SAH, as expected after an injection of blood into the
subarachnoid space, before declining, presumably
owing to clearance of haptoglobin-haemoglobin com-
plexes™””. A subsequent rise in haptoglobin levels has
been observed, accompanied by a parallel rise in hae-
moglobin, suggesting saturation of the CD163-mediated
scavenging pathway’"*’; the precise contribution of
intrathecal haptoglobin synthesis to the haptoglobin
rise remains to be determined. Haptoglobin has been
detected in association with microparticles in the CSF
after SAH, and levels are higher in patients with vaso-
spasm than in patients without”. The precise source
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Box 2 | CNS specialization and haemoglobin scavenging

The anatomical specialization of the brain reduces the first-line defence against the
toxicity of extracellular haemoglobin via haptoglobin and CD163 scavenging for
several reasons, discussed below.

The blood-brain barrier

The blood-brain barrier, although not an absolute barrier’"?, imposes a size restriction
on molecules that can diffuse from the blood into the brain parenchyma?**. Haptoglobin
is mainly produced by the liver and granulocytes’'* and is not normally synthesized
within the intrathecal compartment. For these reasons, the presence of polymeric
forms of haptoglobin (FIC. 2) depends on blood-brain barrier permeability*’.

212

Solute drainage

The brain’s drainage system for interstitial fluid and solutes is size-selective, and
clearance of molecules with a molecular mass>200kDa is limited”**~*"". The size of the
simplest dimeric form of haptoglobin in complex with haemoglobin is below this
threshold (162 kDa), but the highest-order polymer of haptoglobin’*® saturated with
haemoglobin is 1,760 kDa. Drainage of ovalbumin-immunoglobulin G immune
complexes with molecular masses of 500-2,000kDa (REF.***) is severely impeded®’;
therefore, exit of haemoglobin in complex with larger haptoglobin species from the
brain would be restricted.

Immunological privilege

In the uninflamed state, the brain contains few CD163-positive macrophages and no
granulocytes’”'. During inflammation, myelomonocytic entry into the brain occurs but
is delayed and low in magnitude?’””. These limitations could limit the number of CD163
binding sites available to scavenge haptoglobin-haemoglobin complexes** and limit

haptoglobin upregulation in the brain compared with elsewhere.

Cellular traffic

The reticuloendothelial system is responsible for haemoglobin clearance. Although a
route for cellular traffic out of the brain via lymphatic drainage of the cerebrospinal

fluid exists’”*

has been found.

, no high-throughput monocyte or macrophage exit system from the brain

of this microparticle-derived haptoglobin is yet to
be studied.

Haptoglobin genotype has been associated with
outcomes after SAH. Specifically, the HP2 allele has
been associated with an increased risk of cerebral
vasospasm in several observational studies, although
these studies were assessed as being at moderate risk
of bias (Supplementary Table 1)****-'*°. In a prospective
cohort study that included 133 patients, the HP2 allele
was associated with increased cerebral salt wasting after
SAH (OR 4.94,95% CI 1.78-17.43, P=0.01)""". In one
study that included 193 patients with SAH, the HP2
allele was also linked to worse functional outcomes'?,
although other smaller studies have not demonstrated
this link”~'"". A meta-analysis published in 2017 indi-
cated that the HP2 allele confers a small effect on short-
term outcomes but not on long-term outcomes'”,
although the studies included were small, varied in
design and did not include correction for prognos-
tically relevant covariates. For these reasons, the con-
clusion should be viewed with caution until the results
of an ongoing analysis of data from these studies at the
individual patient level are known'”, or until a larger,
well-designed, prospective cohort study is conducted.
In a mouse model of SAH, animals that were homozy-
gous for a murine equivalent of the human HP2 allele
experienced more marked cerebral vasospasm than
wild-type mice that were homozygous for HP1'".
However, the effect of haptoglobin differs between
humans and mice: haptoglobin increases the affinity of

9,62
5

haemoglobin for CD163 in humans but not in mice”
so the mechanism underlying the observed difference in
vasospasm between the transgenic and wild-type mice is
unclear. In humans, haptoglobin facilitates haemoglobin
uptake into cells, so differences in iron retention might
occur if one haptoglobin isoform is better than the other
at scavenging haemoglobin. Investigation of the CD91-
haem-haemopexin scavenging pathway after SAH in
humans has produced surprising results. In one small
prospective cohort study with 30 participants, CSF levels
of haemopexin were elevated to a mean of 133.8 ug/ml in
one-third of patients with SAH; the upper limit among
healthy controls was 32.6 ug/ml. Among the patients
with elevated haemopexin levels, the rate of delayed
cerebral ischaemia was higher and functional outcomes
were poorer than among patients with normal hae-
mopexin levels”’. Given that haemopexin is presumed
to have a neuroprotective effect, these results are unex-
pected, and further understanding of this system and its
role in SAH is required.

A role for haem oxygenase 1 after SAH has been indi-
cated by various studies. In one study, haem oxygenase 1
mRNA expression was increased in cells in human CSE
and this increase correlated with haematoma volume'*.
In small studies, elevated CSF levels of haem oxygen-
ase after SAH in humans have been associated with an
increased incidence of vasospasm®” and unfavourable
functional outcomes”; however, as haem oxygenase 1 is
an intracellular enzyme, these studies are complicated by
the fact that detection of the enzyme might purely reflect
tissue damage. By contrast, a similarly sized study of CSF
from humans after SAH indicated a reduced incidence
of vasospasm among patients with elevated levels of
ferritin and bilirubin, which are products of haem oxy-
genase 1 activity”. In animal models of SAH, haem
oxygenase 1 overexpression in brain tissue protected
against vasospasm'”’ and suppression of haem oxygen-
ase activity increased cerebral vasospasm and neuronal
apoptosis'*®'*®. The conflicting results in humans clearly
demonstrate that the effects of haem oxygenase 1 activity
in humans after SAH need further study.

Intracerebral haemorrhage
Intracerebral haemorrhage leads to primary and sec-
ondary neurological injury. The primary injury results
from a rapid rise in brain volume and intracranial pres-
sure due to haematoma formation. Secondary injury
develops as a result of the physical effects of the initial
haemorrhage, an inflammatory response to the haemat-
oma and the release of blood breakdown products'®.
Perihaematomal oedema is a key component of the
secondary injury; this phenomenon follows a triphasic
pattern that comprises early ionic oedema followed by
early vasogenic oedema and delayed vasogenic oedema.
Delayed vasogenic oedema is thought to be driven by
blood breakdown products®. Evidence from studies in
humans and animals indicates that haemoglobin scav-
enging pathways are active after intracerebral haemor-
rhage and are linked to outcomes.

The haptoglobin-CD163 scavenging system has been
shown to be active after intracerebral haemorrhage.
In a prospective cohort study that had a low risk of bias
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(Supplementary Table 1) and included 94 patients with
intracerebral haemorrhage, the HP2 allele was asso-
ciated with a reduced chance of a favourable outcome
(OR 0.13, P=0.018) after intracerebral haemorrhage
but was not associated with mortality after intracerebral
haemorrhage'"’. Evidence from animal models demon-
strates that haptoglobin is protective after intracerebral
haemorrhage, as induction of hypohaptoglobinaemia
and genetic knockout of haptoglobin in rodent models
results in worse neurological deficits after intracerebral
haemorrhage than in untreated and wild-type animals**'"".

In human brain tissue harvested from around intra-
cerebral haemorrhage haematomas'? and in animal
models of intracerebral haemorrhage'", increased lev-
els of CD163-positive microglia and macrophages have
been detected. In a study of 54 patients with intracere-
bral haemorrhage, serum sCD163 levels above the aver-
age level in the group were associated with increased
haematoma absorption and improved neurological
recovery''. In an animal study, knockout of CD163
in a mouse model of intracerebral haemorrhage led to
early beneficial effects but harmful late effects, indicat-
ing biphasic functions of CD163 in the mouse that are
yet to be fully eludicated'”. In murine neuronal cultures
exposed to haemoglobin and after intracerebral injec-
tion of autologous blood in piglets, neuronal expression
of CD163 was associated with neuronal toxicity, which
was proposed to be related to neuronal uptake of toxic
haemoglobin''®'"". Neuronal CD163 expression has yet
to be confirmed in humans. Nevertheless, the evidence
together indicates that the haptoglobin-CD163 pathway
has an important protective role in intracerebral haem-
orrhage. However, if manipulation of this pathway is
considered as a therapeutic strategy, care must be taken
to ensure that the potentially protective role of CD163-
positive microglia and macrophages is not counteracted
by toxicity caused by iron overload in the brain.

Evidence from animal studies indicates that the
haemopexin-CD91 scavenging pathway provides
neuroprotection after intracerebral haemorrhage. In a
study of a mouse model of intracerebral haemorrhage,
haemopexin and CD91 levels within brain tissue were
elevated, and administration of recombinant CD91
reduced various pathological indices and neurological
deficits''*. In haemoglobin injection and collagenase
injection mouse models of intracerebral haemorrhage,
haemopexin knockout led to greater neuronal damage
and worse outcomes than in mice that expressed hae-
mopexin'*'*’, Further supporting evidence comes from
a study in which intracerebroventricular injection of a
haemopexin-encoding recombinant adeno-associated
viral vector to induce overexpression of haemopexin in a
mouse model of intracerebral haemorrhage resulted in
improved functional outcomes relative to outcomes
in mice that received a control vector'”'.

The role of haem oxygenases in haemoglobin scav-
enging after intracerebral haemorrhage seems to vary
according to the isoform. Upregulation of the inducible
haem oxygenase 1 in the brain, notably in the micro-
glia and astrocytes, has been demonstrated in animal
models of intracerebral haemorrhage'"'*’. In a mouse
model, selective overexpression of haem oxygenase 1 in
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astrocytes reduced mortality and improved short-term
neurological outcomes up to 7 days after injury”**"*’.
Pharmacological induction of haem oxygenase 1 with
cobalt protoporphyrin IX in a mouse model of intra-
cerebral haemorrhage was associated with worse neuro-
logical function in the short term (days 1-3) but improved
neurological function at 28 days'” when compared with
vehicle-treated mice. Conversely, haem oxygenase 1
knockout in a mouse model of intracerebral haemor-
rhage improved neurological function at 24 h after the
insult in comparison with outcomes in wild-type mice,
although this benefit was no longer apparent at 72h
(REF). This evidence suggests that haem oxygenase 1 has
a protective effect after intracerebral haemorrhage, but
the enzyme might have harmful effects in the short term.

Investigation of the effects of haem oxygenase 2 in
intracerebral haemorrhage has been performed in mouse
knockout models, but the findings are conflicting. In the
collagenase injection model of intracerebral haemor-
rhage, haem oxygenase 2 knockout has been associated
with increased neuronal damage'**'**. By contrast, in the
blood injection model, haem oxygenase 2 knockout was
protective, with a weak and variable effect on neurolog-
ical outcome'*>'*, Studies in stroma-free haemoglobin
injection models of intracerebral haemorrhage have
yielded similarly conflicting results: haem oxygenase
2 knockout has been associated with increased'”” and
decreased** neuronal damage. The metabolism of haem
over time might provide an explanation for the different
outcomes in such models.

Traumatic brain injury
Traumatic brain injury (TBI) can be complicated by the
presence of extravascular blood within one or more of
the extradural, subdural, subarachnoid, intraventricular
or intraparenchymal compartments. Blood breakdown
products are thought to lead to secondary brain injury'”;
therefore, haem and haemoglobin scavenging might
have a key role in minimizing this injury after TBI.
The presence of intracranial blood is also a risk factor
for the development of post-traumatic seizures'*, and
the free haemoglobin and reactive oxygen species that
it produces are thought to play an important role'*.
Furthermore, as for aneurysmal SAH, traumatic SAH
can lead to cerebral vasospasm and delayed neuro-
logical deficits, although the clinical manifestation of
vasospasm after traumatic SAH is less severe and the
pathogenesis might be different'*.

The role of haptoglobin after TBI is not well defined.
In humans, haptoglobin levels are elevated in the
serum'’! and the CSF'** after TBI, and the main source
of elevated haptoglobin in TBI is thought to be the
liver'*'. Homozygous expression of the HP1I allele has
been associated with worse neuropsychological out-
comes (assessed with the Verbal Intelligence Quotient
and Finger Tapping Test) at 1 month and 12 months after
TBI in humans relative to outcomes in people with other
HP genotypes, but the association was not observed at
6 months or 10 years after injury'*. In an adult mouse
model of TBI, haptoglobin-knockout mice exhibited
fewer neurological deficits than did wild-type mice, but
lesion volumes did not differ'*. In the same model in
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Coiling

The endovascular placement of
platinum coils in the
aneurysmal sac to decrease
blood flow into the sac and
initiate thrombus formation;
this process seals the
aneurysm from blood flow in
the artery and prevents
re-bleeding,

older adult mice, haptoglobin-knockout mice had larger
lesion volumes but neurological deficits did not differ
from those of wild-type mice'". This evidence indicates
that age-dependent effects of haptoglobin might influ-
ence outcomes after TBI'*". Immunoreactive CD163-
positive cells are elevated in perilesional areas in a rat
TBI model, suggesting that haemoglobin scavenging
mechanisms are upregulated after TBI'*.

Whether haptoglobin influences post-traumatic
seizures is also unclear. One study has been conducted
to investigate the association of haptoglobin genotype
with post-traumatic seizures'*’. This study included only
50 patients but demonstrated no significant association
between haptoglobin genotype and the development
of post-traumatic seizures after TBI. Similarly, little is
known about the role of haptoglobin in vasospasm after
traumatic SAH. Determining whether haptoglobin does
affect these outcomes is an area of interest for future
research.

Animal studies suggest that haem oxygenases are
involved in the response to TBI. Haem oxygenase 1
levels are elevated after TBI in animal models'**~'**. In
an adult mouse model, knockout of haem oxygenase 2
was associated with significantly greater neuronal loss
after TBI than in wild-type mice'”. Haem oxygenase 2
knockout in an immature rat model was associated with
larger lesions at 1 week after injury, but not at 2 weeks,
than in wild-type mice, and a tendency towards worse
neurological recovery'’.

Superficial siderosis

Superficial siderosis is a neurodegenerative condi-
tion characterized by chronic low-grade subarachnoid
bleeding from a wide range of sources, whether micro-
scopic or macroscopic'”'. A human pathological study
has revealed an intense reaction of microglia, astrocytes
and Bergmann glia, and the presence of axonal debris’.
Experimental studies in rabbits have shown that the
glial reaction is related to the RBC fraction of blood,
indicating that haemoglobin is the likely culprit'*. In
addition, pronounced upregulation of haem oxygenase 1
and ferritin as well as iron deposition are seen in superfi-
cial siderosis in humans’ and animals'*>'**. Intracisternal
administration of the haem oxygenase inhibitor tin
protoporphyrin in rabbits decreased iron accumulation
but not the microglial response’*. Whether HP geno-
type and the efficiency of haemoglobin scavenging affect
clinical outcomes in superficial siderosis is unclear but is
the subject of an ongoing study'™".

Other conditions

The conditions discussed above are associated with mac-
roscopic release of blood into the CNS. A more gradual
build-up of extracorpuscular haemoglobin has been
explored as part of the aetiology of several other neuro-
logical conditions. For instance, raised serum levels of
free haemoglobin polypeptides have been demonstrated
in patients with multiple sclerosis and have been shown
to correlate with neurodegeneration’. Elevated haemo-
globin levels have been identified in brain tissue from
humans with Alzheimer disease’, and these levels corre-
lated with amyloid burden'**. This observation raises the

possibility that circulating free haemoglobin enters the
CNS through a leaky BBB to modify disease course.
Some evidence has also linked free haemoglobin to idio-
pathic generalized epilepsy and Parkinson disease, but
the evidence (Supplementary Box 1) is either sparse or
conflicting in all these conditions, and further research
is required.

Haemoglobin as a therapeutic target

Several treatment strategies are intended to clear hae-
moglobin or mitigate its toxic and other deleterious
consequences, and many of these strategies have been
studied (Supplementary Table 2). In this section, we
discuss these strategies, focusing on their application in
SAH and intracerebral haemorrhage, the conditions
in which most evidence has shown haemoglobin to
mediate toxicity.

Physical augmentation of clearance
An extravasated blood clot acts as a static source of large
amounts of extracellular haemoglobin, so its surgical
removal is a rational therapeutic approach to prevent
the harmful consequences of cell-free haemoglobin.
Reduction of the clot burden in SAH via direct surgi-
cal removal has shown promise in a primate model of
SAH, in which removal was associated with reduced
vasospasm'*. However, in this model, the clot was
focally placed in the Sylvian fissure; reproducing com-
plete evacuation in real SAH, in which blood is distrib-
uted more widely, is challenging owing to the anatomy
of the subarachnoid space. Indeed, the rate of clot resolu-
tion in a study of 413 patients with SAH does not seem to
differ between conventional surgery and coiling'”".
Intrathecal thrombolytics have also been used to
clear the blood clot. A meta-analysis of the five avail-
able randomized controlled trials (RCTs) showed that
administration of thrombolytics (tissue plasminogen
activator or urokinase) rather than a placebo or no
treatment was associated with a significant reduction
in angiographic vasospasm, delayed cerebral ischae-
mia, poor outcome and chronic hydrocephalus'**.
However, the analysed data were from generally small
exploratory studies in which limited blinding measures
were used; therefore, the risk of bias was considerable.
Furthermore, in one of the studies, an intrathecal vaso-
dilator was administered with the thrombolytic, which
might have accounted for some of the improvement in
outcome'”. In an RCT that included 60 patients with
SAH, intraventricular thrombolysis with concomitant
low-frequency head-motion therapy after SAH did not
lead to clinical improvements'*”. However, in a small
RCT that included 12 patients with SAH, intrathe-
cal thrombolysis (compared with placebo) worsened
inflammation, an effect that could attenuate the benefits
of rapid clot clearance'®'. A new trial that will include
440 patients has been registered and is designed to
conclusively address the efficacy of intrathecal throm-
bolysis'*”. Recruitment of patients with SAH to a phase
I trial of an alternative approach to clot removal has
begun in the United States; insertion of a closed-loop
lumbar intrathecal filtration device will be used to
remove RBCs in the CSF'**.
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Ventriculostomy

A neurosurgical procedure to
drain a cerebral ventricle,
typically by inserting an
external ventricular drain

into the ventricle and allowing
the CSF to drain into an
external bag

An alternative approach to physical clearance of
haemoglobin is CSF diversion via a ventriculostomy or
lumbar drain to increase CSF drainage and reduce CSF
levels of haemoglobin. Retrospective studies showed that
use of alumbar drain after SAH lowered the incidence of
delayed cerebral ischaemia and improved outcomes'**'*.
In another study of patients with SAH, the incidence of
vasospasm and patient outcomes did not differ whether
lumbar drainage or ventricular drainage was used'*’.
Only one prospective study of CSF diversion via lumbar
drainage in nonhydrocephalic patients with SAH has
been conducted'””. This high-quality RCT, which was
at low risk of bias (Supplementary Table 2), included
210 patients and showed that lumbar drainage (versus
no drainage) reduced the incidence of delayed cere-
bral ischaemia from 35% to 21% but had no effect on
long-term outcomes'®".

The above findings suggest that the effects of CSF
diversion are limited, at least in nonhydrocephalic
patients, as the diverted CSF would have otherwise
drained through endogenous routes. Furthermore, the
use of CSF drainage devices will not have an appreciable
effect on the local tissue concentrations of haemoglo-
bin and its metabolites adjacent to the solid clot, as the
clot continues to release haemoglobin. Nevertheless,
studies conducted to date might have lacked the power
necessary to detect a difference in clinical outcome,
and larger studies might reveal a long-term benefit
of CSF drainage. In one large prospective RCT that
is underway, known as EARLYDRAIN, the effects of
lumbar drainage within 72 h of the ictus will be studied;
recruitment of 300 patients is complete, and the results
are forthcoming'**.

Mechanical evacuation of the clot in intracerebral
haemorrhage is equally as controversial as in SAH. Clot
volume can be similar to that after SAH, but intracere-
bral haemorrhage affects a much smaller surface area
than SAH; in the former, the clot is focal within the
brain parenchyma, whereas in the latter, the blood clot
coats the surface of the cortex. Two large, randomized
clinical trials that included a total of 1,634 patients
with intracerebral haemorrhage showed no benefit of
early surgical evacuation compared with initial medi-
cal treatment'*”'”. Although the primary outcome was
clear, its generalizability is more complex. Patients who
were assigned to initially receive medical treatment were
allowed to cross over to surgery in the following hours
or days if their clinical condition changed, which might
have hampered attempts to demonstrate benefits of sur-
gical clot evacuation because these patients remained in
the initial conservative treatment group in the primary
intention-to-treat analysis. Furthermore, at the time
these trials were designed, most neurosurgeons were of
the opinion that at least some patients with intracere-
bral haemorrhage would benefit from clot removal. As
aresult, randomization for all patients was felt to be eth-
ically unacceptable, so the studies only included patients
for whom the benefit of clot removal was considered by
neurosurgeons to be uncertain; if a neurosurgeon felt
confident that a patient would benefit from clot evacu-
ation, they were not entered into the trial. There is no
practical way to resolve whether these excluded patients
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would benefit from surgery or not. As a result, despite
a lack of objective evidence, many clinicians continue
to feel that a subgroup of patients with superficial,
moderate-sized clots might benefit from clot reduc-
tion. However, whether any benefit of mechanical clot
removal arises from a reduction of intracranial pressure
or a reduction in toxicity mediated by blood products
is unclear. A phase II trial of thrombolysis with recom-
binant tissue-type plasminogen activator administered
through a catheter into the haematoma cavity showed
that the reduction in blood volume reduces oedema'”’.
A phase III trial for which recruitment of 500 patients
has been completed will hopefully clarify whether a
reduction in clot burden improves outcomes'”.

Augmentation of haemoglobin scavenging
Haptoglobin. Given that endogenous haptoglobin is
consumed and depleted after haemorrhage or haemo-
lysis, haptoglobin supplementation is an appealing
treatment strategy*’. A preliminary study of intrathecal
administration (topical at the time of surgery or post-
operatively via a cisternal drain) of haptoglobin as a
treatment for vasospasm was conducted in 27 patients
with SAH in 1979 in Japan, and improvements in vasos-
pasm in many patients suggested some therapeutic
benefits'”*. However, the study design is best described
as an open-label, uncontrolled study, which precludes
any strong conclusions being drawn. A personal com-
munication from a member of the medical team at that
time suggests that the treatment was abandoned after
one patient developed seizures (M. Miyaoka, personal
communication). Furthermore, the haptoglobin used
in this study was derived from pooled blood dona-
tions, and given the low proportion of individuals who
are homozygous for the HPI allele (which evidence
suggests is even lower in Japan, where the blood was
sourced'”"), the patients in the study probably received
large amounts of HP2-2. The haptoglobin phenotype
of patients was not determined; therefore, any patients
included who expressed HP1-1 might not have bene-
fited or might even have been harmed as a result of
immunological rejection. Thus, the role of haptoglo-
bin administration for vasospasm prophylaxis and
improvement of outcome is not known.

One haptoglobin product, which is ~90% HP2-2
(REF.'7), is approved in Japan for clinical use as a thera-
peutic plasma protein for intravenous infusion in
patients with haemoglobinaemia associated with intra-
vascular haemolysis in response to a thermal burn,
blood transfusion and cardiopulmonary bypass. In a
study published in 2017, intraoperative administration
of haptoglobin was associated with a lower risk of acute
kidney injury in patients undergoing cardiovascular
surgery'”. However, there are currently no neurological
indications for treatment with haptoglobin.

The possibility of haptoglobin supplementation as a
treatment for patients with SAH is an avenue for further
research, but many issues remain to be resolved. More
certainty is needed about which haptoglobin type —
HP1-1 or HP2-2 — is most beneficial. The mechanism
by which endogenous haptoglobin improves outcome
is unknown. No clinical haptoglobin preparation is yet
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available, and the optimal concentration and mode of
delivery to the site of the clot need to be worked out. No
point-of-care test to determine haptoglobin phenotype
is available, and the immunogenicity of allogeneic hap-
toglobin infusion, which might affect its efficacy, has not
been systematically studied, although from a safety per-
spective, only 3 of 4,600 clinically overt adverse events
related to blood product transfusion in Japan over an
8-year period were associated with anti-haptoglobin
antibodies'””. The effects of increased protein load in the
CNS as a result of haptoglobin infusion are unknown,
and the risk of increased iron load due to improved
uptake also needs to be determined.

Haemopexin. Unlike haptoglobin, haemopexin is consti-
tutively expressed in the healthy brain, yet its levels in the
CSF are still low compared with its levels in the blood.
Preclinical data (see Intracerebral haemorrhage above)
indicate that intrathecal administration of haemopexin
or selective agonists of haemopexin expression are pos-
sible therapeutic strategies to neutralize haem toxicity
after brain haemorrhage, although no obvious clinical
candidates currently exist.

Transcriptional upregulation of antioxidative responses.
Genes that encode proteins that are essential for hae-
moglobin clearance and redox protection are under the
transcriptional control of signalling pathways that sense
oxidative stress and inflammation (FIG. 3). One of the
main transcriptional regulators of the host response to
haemoglobin is nuclear factor erythroid 2-related factor
2 (NRF2; encoded by the NFE2L2 gene). In the brain,
NRF2 upregulates haptoglobin expression in oligoden-
drocytes** and CD36-mediated phagocytosis of RBCs*.
In animal models of SAH, administration of the NRF2
activator sulforaphane, compared with administration
of vehicle alone, reduced cerebral vasospasm, brain
oedema, BBB leakage, cortical apoptosis and motor
deficits'7*'*. This evidence makes NRF2 a candidate
target for treatment of SAH. Multiple NRF2 activators
have been studied in SAH; one of the most potent and
widely studied is sulforaphane. Practically, sulforaphane
has limited stability at room temperature, but when
complexed with cyclodextrin, its stability is improved,
which makes it suitable for clinical use, and a phase II
clinical trial of this complex in 90 patients with SAH is
currently underway'*'.

Another global transcriptional regulator with anti-
inflammatory and antioxidant properties'*” is peroxi-
some proliferator-activated receptor-y (PPARy; encoded
by the PPARG gene). PPARY inactivates NF-kB and is a
transcriptional activator of the genes that encode NRF2
and other redox-protective proteins, such as catalase'*.
In an animal model of intracerebral haemorrhage,
PPARY activators enhanced haematoma clearance by
increasing microglial phagocytic activity and upregu-
lating CD36 (REF.'*). In a rat model of SAH, the PPARy
agonist rosiglitazone reduced vasospasm and improved
outcomes'*. On the basis of this evidence, a phase II
study (SHRINC) of the related drug pioglitazone has
been started to assess its effect on the rate of haematoma
resolution after intracerebral haemorrhage'.

Some evidence also suggests that co-activation of
NRF2 and PPARy might have additional therapeutic
potential. PPARG contains an NRF2 response element'*
and NFE2L2 contains a PPARy response element'"’, so
expression of each can activate expression of the other'*.

Mitigation of haemoglobin redox toxicity. The iron che-
lator deferiprone, which can cross the BBB, has been
studied as a potential therapeutic agent in disorders
associated with haemoglobin toxicity. In one small dose
escalation study that included 20 patients, an intrave-
nous dose of deferiprone up to 62 mg/kg daily for 3 days
after intracerebral haemorrhage seemed to be safe'**.
However, an RCT of deferiprone at the same intra-
venous dose for 5 days was halted owing to concerns
over acute respiratory distress syndrome'®. A multi-
centre phase III RCT of a lower dose (32 mg/kg daily
for 3 days) in 294 patients is now underway'*’. A previ-
ous study that included 42 patients has suggested that
intravenous deferiprone at 32 mg/kg daily for 3 days
reduces intracerebral haemorrhage oedema compared
with no treatment'”'. This study was well designed and
at relatively low risk of bias for its size (Supplementary
Table 2) but was not sufficiently powered to examine
clinical outcomes, which were similar in both arms at
30 days after intracerebral haemorrhage. The effects of
deferiprone will also be studied in SAH in an RCT that
has been registered'”.

Deferiprone has also been studied in superficial
siderosis. A small (10 patients), single-arm, open-label
study of 30 mg/kg oral deferiprone daily for 90 days sug-
gested a satisfactory safety profile and decreased haemo-
siderin deposition assessed with MRI'”. This study was
followed by a larger and longer observational study of
38 patients, 30 of whom completed the follow-up'*.
After 2 years of deferiprone treatment, 19 patients
reported no disease progression or an improvement
in at least one neurological domain; disease progres-
sion would be expected over this time period. In half of
the 16 patients for whom a complete MRI assessment was
available in this study, a reduction in haemosiderin
was observed over the 2 years. Another single-arm, non-
randomized study of deferiprone in superficial siderosis
is ongoing'”. Although the observations to date are
promising, the nature of such small open-label studies
means they are at high risk of bias.

Several other drugs have potential for reducing hae-
moglobin redox toxicity and have either been investigated
or are under active investigation (BOX 3). Perhaps the most
robustly investigated therapeutic agent for SAH is tirila-
zad, a nonglucocorticoid 21-aminosteroid that inhibits
lipid peroxidation. However, a Cochrane analysis of five
trials of tirilazad, which were assessed as being at low risk
of bias, had high follow-up rates and involved a total of
3,821 patients with SAH, identified no clinical benefit'*.

Modulation of inflammation. Inflammation after
intracerebral haemorrhage or SAH can be modulated
in multiple ways, and many therapeutic avenues are
currently under investigation. Most are not specific
to haemoglobin scavenging, but one potential treat-
ment is IL-1 receptor antagonist (IL1-RA), which
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Fig. 3| Transcriptional regulation of genes involved in haemoglobin scavenging and redox protection. One of the
main transcriptional regulators of genes involved in haemoglobin scavenging and redox protection is nuclear factor
erythroid 2-related factor 2 (NRF2), a redox-sensitive transcription factor that binds to response elements (REs) upstream
of awide range of such genes’”’. a| In physiological conditions, NRF2 is targeted for ubiquitylation by Kelch-like
ECH-associated protein 1 (KEAP1), and transcriptional regulator protein BACH1 can bind to V-maf musculoaponeurotic
fibrosarcoma oncogene homologue (MAF), which enables it to bind to MAF recognition elements (MAREs). BACH1 binds
to asubset of NFR2 REs and suppresses transcription of the downstream genes. b | Under oxidative stress, KEAP1 is
inactivated by oxidation of sulfhydryl (thiol) groups on certain cysteine residues; internal disulfide bridge formation is
depicted as an example, but other reactions between KEAP1 and NRF2 inducers can occur, such as alkylation of the
cysteine thiol groups. Upon KEAP1 inactivation, NRF2 is released. Red blood cell (RBC) lysis leads to haem binding of
BACH1, causing BACH1 to dissociate from MAREs. NRF2 is therefore able to bind to MAF and MARESs, activating
transcription of protective genes, such as those that encode haem oxygenase 1 (HO1), ferritin heavy and light chains,
haem-responsive gene 1 protein homologue (HRG1; also known as SLC48A1) and ferroportin 1 (FPN1; also known as
SLC40A1). c| During inflammation, release of IL-6 leads to phosphorylation of signal transducer and activator of
transcription 3 (STAT3) and CCAAT/enhancer-binding protein-f (C/EBPB), which bind to IL-6 REs that activate transcription
of downstream genes involved in haemoglobin scavenging, including those that encode haptoglobin (HP), CD163 and
haemopexin (HPX). NRF2 is upregulated in response to inflammation and cerebral insults”** and can bind to MAREs that
activate transcription of the same genes. d | Anti-inflammatory molecules, such as IL-10 and glucocorticoids (GCs),
upregulate transcription of the CD163 gene. Question marks indicate uncertain elements of the pathway. GR,
glucocorticoid receptor; GRE, glucocorticoid response element; ERK, extracellular-signal-regulated kinase; MAPK,
mitogen-activated protein kinase.
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Box 3 | Drugs with potential for reducing haemoglobin redox toxicity

Minocycline

Minocycline is an antibiotic but is also an iron chelator and antioxidant. Extensive safety
data are available for this drug, and small clinical studies to determine its effects after
intracerebral haemorrhage and subarachnoid haemorrhage (SAH) are ongoing?* "

Selenium and paracetamol

Trials of selenium?”” and paracetamol’”* to reduce oxidative stress after SAH were
registered >10 years ago, but the status of these trials is unclear, and no results have been
published to date.

Hydrogen-rich saline

Exogenous hydrogen supplementation with intraperitoneal administration of hydrogen-
rich saline in a rat model of SAH reduced oxidative stress and inflammatory markers,
whereas physiological saline did not’*’; on this basis, an early clinical trial of orally
administered hydrogen-rich water versus regular water after SAH is underway**°.

NXY-059

NXY-059 is a free radical scavenger that has been tested in a commercially sponsored
randomized controlled trial involving 603 patients with intracerebral haemorrhage. The
results were reported as a safety study and concluded that NXY-059 is safe”*’, but no
reductions in deaths or poor outcomes were noted and no further progress has been
made.

Ferrostatin 1, liproxstatin and zileuton

Ferrostatin 1 was identified in 2012 as a specific inhibitor of ferroptosis** and inhibits
neuronal death as a result of haemoglobin and free Fe?* (REF.*%). In a mouse model of
intracerebral haemorrhage, ferrostatin 1 treatment was associated with reduced lesion
volumes and improvements in neurological function’”’. These findings have been
replicated with the ferroptosis inhibitors liproxstatin 1 and zileuton?*". Their effects are
thought to result predominantly from free radical trapping but also lipoxygenase
inhibition”**. Owing to the relative novelty of these agents, no human studies have been
conducted. Zileuton is a good candidate for a clinical study, as it is currently used as
maintenance therapy for asthma.

Necrostatin 1

Necrostatin 1 (NEC-1) is a necroptosis inhibitor. After intraventricular administration in
an animal model of intracerebral haemorrhage, NEC-1 reduced haematoma volume, cell
death and oedema, and improved neurobehavioural outcomes”**.

specifically reduces haem-induced neuronal death
in organotypic slice cultures'®. A dose-finding study in
25 patients with SAH demonstrated brain penetration
with therapeutic levels of IL1-RA and good safety’”.
A further single-blinded, open-label study that included
136 patients with SAH has demonstrated that IL1-RA
reduces inflammatory markers'*, and the drug is cur-
rently being trialled in a definitive RCT aiming to recruit
1,000 patients with SAH'”.

Increasing nitric oxide bioavailability. Nitric oxide
donors could be beneficial after intracerebral haem-
orrhage and SAH, as they could mitigate the adverse
effects of nitric oxide scavenging by haemoglobin.
Sodium nitroprusside and glyceryl trinitrate are the
nitric oxide donors that have been studied most, but
both have profound vasodilatory effects and induce
hypotension, which is not tolerable after SAH because
cerebral perfusion could be compromised. Sodium
nitrite is currently the only clinical option; a study of
this drug in 18 patients with SAH showed that it is
safe and produced adequate therapeutic levels*”, but
a clinical trial that was subsequently started has been
terminated for unknown reasons®'. After intracere-
bral haemorrhage, more-aggressive blood pressure
management is reccommended; glyceryl trinitrate has

been trialled in this context, albeit for the purpose
of blood pressure management’”. Regardless, this
treatment did not improve patient outcomes.

Future directions

A large body of preclinical work has investigated dif-
ferent approaches to ameliorating the secondary brain
injury caused by extracellular haemoglobin. Despite
promising early results for several agents, few have
undergone the further preclinical evaluation required
before translation to human studies. A handful of agents
have been tested in small clinical studies, but few of these
studies have been sufficiently powered to conclusively
assess clinical benefits to patients with intracerebral
haemorrhage or SAH. Therefore, the need for further
research in this area is pressing.

To address this need, the Haemoglobin After
Intracranial Haemorrhage (HATCH) consortium held
a meeting to arrive at a consensus opinion regarding the
immediate priorities for research in intracranial haemo-
lysis that will deliver clinical benefits. The HATCH
consortium was formed by invitation of all groups who
had published studies of haptoglobin in patients with
intracranial haemorrhage and includes groups from the
United States, Japan and Europe. Four main research
priorities were identified, discussed below.

Improved understanding of mechanisms

The first priority identified was a need for improved
basic scientific understanding of the mechanisms of
haemoglobin toxicity and its clearance in the brain.
Although the basic structures of many of the pathways
involved have been described, little is known about the
details of their control, their interrelationships and
their functional relevance. Examples of aspects that
need to be studied are genetic control of expression
of haemoglobin scavengers, the kinetics of haemo-
globin and its scavengers within the brain, and the
relationship between haemoglobin scavenging and
inflammation. Specific clinical-grade therapeutics,
such as haptoglobin, are needed for preclinical and
phase I and phase IT human studies. Research might
reveal that multiple levels in the haemoglobin and
haem scavenging pathways need to be targeted.
In order to study these basic mechanisms and evalu-
ate new therapeutics, current preclinical models need
improvement. These models need to recapitulate the
clearance pathways that are relevant in humans and
exhibit consistent functional outcomes that equate to
clinical scenarios. Such models will need to be cross-
validated between laboratories.

Prospective studies

Research into basic mechanisms will need to be com-
plemented by large, multicentre, prospective observa-
tional cohort studies of intracranial haemorrhage that
examine the impact of functionally distinct genetic
variants of elements of the haemoglobin clearance
pathways on clinical outcomes while controlling
for covariates that affect prognosis and for ances-
tral background. Large studies of genetic predispo-
sition to aneurysm formation and the occurrence of
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intracerebral haemorrhage have been conducted, but
only small, underpowered genetic association studies
have been used to assess the clinical outcomes of SAH
and intracerebral haemorrhage.

Disease-specific outcome measures

The success of prospective studies relies on the devel-
opment of robust disease-specific outcome measures.
Outcomes after SAH and intracerebral haemorrhage
can be thought of in simple terms as being influenced
by a combination of primary brain injury and secondary
brain injury mediated through extracellular haemoglo-
bin. Current scales for assessing brain injury, such as
the modified Rankin scale and the Glasgow Outcome
Scale, might be well suited to capture the initial cata-
strophic injury that results from shearing and a surge in
intracranial pressure after very large bleeds, but sensi-
tive measures of long-term cognitive and psychosocial
functioning are needed. Such outcome measures are
also essential for the success of any future clinical trials
of therapeutics.

Point-of-care genotyping

The success of clinical trials might also depend on appro-
priate risk stratification. Effective stratification might
require the development of rapid point-of-care tests for
genetic determinants of outcome, such as haptoglobin
genotype. These tests might also be of wider clinical benefit
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Conclusions

Following intracranial haemorrhage, RBCs lyse and
release their contents, initiating a cascade of events that
results in secondary injury. Extracellular haemoglobin
has been identified as a major early mediator of these
events. Multiple endogenous mechanisms can miti-
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In the article titled “Haptoglobin Genotype and Outcome
after Subarachnoid Haemorrhage: New Insights from a
Meta-Analysis” [1], there were errors that have been cor-
rected in the revised version shown below.

(i) The Results section has been updated.
(ii) Table 3 has been corrected.

(iii) Figures 2 and 3 have been corrected.

Abstract

Haptoglobin (Hp) is a plasma protein involved in clearing
extracellular haemoglobin and regulating inflammation; it
exists in two genetic variants (Hpl and Hp2). In a meta-
analysis of six published studies, we confirm that Hp
genotype affects short-term outcome (cerebral vasospasm
and/or delayed cerebral ischemia) after subarachnoid
haemorrhage (SAH) but not long-term outcome (Glasgow
Outcome Score and modified Rankin Scale between one
and three months). A closer examination of the heterozy-
gous group revealed that the short-term outcome of Hp2-1
individuals clustered with that of Hpl-1 and not with that
of Hp2-2, suggesting that the presence of one Hpl allele
was sufficient to confer protection. Since the presence of
the Hp dimer is the only common feature between Hpl-
1 and Hp2-1 individuals, the absence of this Hp moiety
is most likely to underlie vasospasm in Hp2-2 individuals.

These results have implications for prognosis after SAH
and will inform further research into Hp-based mecha-
nism of action and treatment.

1. Introduction

Haptoglobin (Hp) is an acute phase protein that binds to
extracellular haemoglobin (Hb) with very high affinity. The
resulting Hp-Hb complex is scavenged via CD163 expressed
by cells of myeloid lineage [1]. There are two Hp alleles, Hp1
and Hp2. Hp2 is a longer protein which arose during an
intragenic duplication event affecting exons 3 and 4 in the
Hpl1 gene. Recent data suggests that this happened at some
point very early in human evolution, followed by recurring
exonic deletions to reestablish modern Hpl [2]. Individuals
can express one of three Hp genotypes: Hp1-1, Hp2-1, and
Hp2-2. The alpha chain of Hp has one cysteine residue in
Hp1 but two cysteine residues in Hp2. These cysteine resi-
dues can form intermolecular disulphide bonds to give rise
to Hp molecules of different sizes [3]. Hpl-1 homozygotes
only form Hp dimers and Hp2-2 homozygotes only form
higher-order Hp polymers, while Hp2-1 heterozygous indi-
viduals form both Hp dimer and higher-order Hp polymers.
In Hp2-2 homozygotes, polymers are cyclic (i.e., Hp(a2f)n
where n = 3 and above). In Hp2-1 heterozygotes, linear poly-
mers form since polymer growth is arrested by Hp1 at both
ends (i.e., Hp(a1p)2(a28)n where n = 0 and above) [4].
Aneurysmal subarachnoid haemorrhage (aSAH) carries
substantial morbidity and mortality. A common and serious
complication of aSAH is that of cerebral vasospasm (CV).
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TaBLE 1: Reported differences between Hp types, relevant to SAH.
Function No difference between Hp types Difference between Hp types

Hp expression

(1) Ultrafiltration assay of
uncomplexed Hb [46]
(2) Mass spectrometry [24]

Haemoglobin binding:
capacity per Hp monomer

Serum Hpl-1 is higher than Hp2-2, with Hp2-1
intermediate, in many populations tested, including
European (Belgian [37-39], Iceland [40]), East Asian
(Japanese [41], Koreans [42]), and African (Black
Zimbabweans [43], Gabonese [44], Papuans [45]).

(1) Surface plasmon resonance [47]

Haemoglobin binding: affinity
Hp-Hp interaction [48]

(1) Reduction in low-density

Inhibition of Hb-mediated

oxidation potential [48]

(3) Reduction in Hb autooxidation [17]

Interaction with CD163: affinity

Interaction with CD163:
uptake of Hp-Hb complexes

Effects on inflammation

lipoprotein oxidation [24]
(2) Reduction in Hb intrinsic redox

Plasma half-life of Hp-Hb complexes
after injection in guinea pigs [24]

(2) Surface plasmon resonance [24]
(3) Spectrophotometric signal of

(1) Hp1-1 is better than Hp2-2 at inhibiting protein
and lipid oxidation [49].

(2) Hpl-1 is better than Hp2-2 at inhibiting oxidation
of linolenic acid and low-density lipoprotein [46].

(3) Hp1-1 is better than Hp2-2 at inhibiting lipid
peroxidation [47].

(1) Hp2-2 is better than Hpl-1, by surface plasmon
resonance and binding of radioiodinated Hp-Hb
complexes in vitro [1].

(2) Hp2-2 is better than Hp1-1, by binding of
radioiodinated Hp-Hb complexes in vitro [50].

(1) Hp2-2 is better than Hp1-1, by measurement
of free Hb in humans [51].

(2) Hp1-1 is better than Hp2-2, by uptake of
radioiodinated Hp-Hb complexes in human
cells in vitro [50].

Binding of Hp1-1-Hb complexes to CD163 results

in secretion of the anti-inflammatory cytokine

IL-10 [19, 20].

Prolonged or pronounced vasoconstriction of major cerebral
blood vessels can lead to delayed cerebral ischemia (DCI),
which occurs in up to 30% of individuals who survive aSAH,
manifesting as new focal neurological signs and/or deteriora-
tion in level of consciousness. Together, CV and DCI con-
tribute to short-term outcome, by increasing short-term
morbidity, hospital stay, and costs [5]. Longer-term outcome
and functional status after aSAH are typically assessed using
the modified Rankin Scale (mRS) or the Glasgow Outcome
Scale (GOS).

Hp alleles profoundly affect outcome after intracranial
haemorrhage, such as aSAH; Hp2 confers a poorer prognosis,
with odds ratios of up to 4 being reported [6]. The underlying
mechanism remains to be established. There are three
potential biological mechanisms to explain this phenome-
non: difference in Hp expression, Hp function, and Hp-Hb
complex size. There is agreement that serum Hp expression
is highest in Hp1-1 individuals, intermediate in Hp2-1, and
lowest in Hp2-2 individuals (Table 1). With respect to
functional aspects of Hp relevant to SAH, these include
affinity of Hp binding to Hb, Hb binding capacity of Hp, pro-
tection from Hb’s redox toxicity, affinity to CD163, CD163-
mediated uptake, and effects on inflammation (Table 1).
There is a lack of agreement as to whether Hpl and Hp2

differ with respect to some of these aspects, and in which
direction, as reviewed in Table 1. The third potential mecha-
nism relates to the fact that the dimer produced by Hpl-1
and Hp2-1 individuals is smaller than other higher-order
polymers produced by Hp2-2 individuals. This may be
important since solute drainage from the brain along the
glymphatic pathway has a size selectivity [7]. Drainage of
Hp-Hb complexes from the brain to the circulation may be
important since CD163 binding sites are reduced and satu-
rated in the brain [8, 9].

The outcome of Hp2-1 individuals, when compared to
that of Hp1-1 and Hp2-2, is likely to shed light on the mech-
anism underlying the prognostic effect of Hp. Differences in
function between Hp types are likely to result in a dose-
dependent effect between genotypes, while a predominant
effect of the Hp dimer is likely to result in similar outcomes
in Hp2-1 and Hp1-1 individuals, but different from Hp2-2
individuals. So far, small sample sizes have precluded mean-
ingful comparison of the outcome of the heterozygous versus
homozygous genotypes. We hypothesised that Hp2-2 indi-
viduals are at greater risk of poor short- and long-term out-
comes after aSAH. A meta-analysis of published studies
was performed with the following objectives: (1) to confirm
the effect of Hp genotype on outcome after aSAH and (2)
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Record identified through Medline search
using keywords “subarachnoid
haemorrhage” OR “subarachnoid
hemorrhage” AND “haptoglobin” (performed December
2016)
(n=18)

|

Abstrats reviewed for eligibility
according to criteria: (1) institutional
approval (2) diagnosis of aSAH (3)
documentation of CV, DCI, mRS and /or
GOS (4) Hp genotyping or phenotyping
(n=18)

|

Full papers reviewed for eligibility
according to above criteria including
contacting authors for additional
information as required
(n=6)

l

Studies included in meta-analysis
(n=6)

Appendix A

Records excluded as did not provide data
on outcome after aSAH in humans
(n=12)

Figure 1: Flow diagram of studies selected for inclusion. If additional information was required, the authors were contacted by email.

to compare the outcome of Hp2-1 individuals with that of
Hpl-1 and Hp2-2 individuals and so provide mechanistic
insight. In summary, an unfavourable effect of the Hp2-2
genotype on short-term outcome was confirmed. The out-
come of Hp2-1 individuals clustered with that of Hp1-1, sug-
gesting that the presence of one Hp1 allele was sufficient to
confer protection. Mechanistically, this is in keeping with
the hypothesis that the Hp dimer is essential, possibly due
to its small size.

2. Materials and Methods

Meta-analysis was conducted in accordance with the
PRISMA [10] (Supplementary Table 1 available online at
https://doi.org/10.1155/2017/6747940) and Cochrane Col-
laboration guidelines. Data from six studies were included
in the meta-analysis (see Figure 1 for search criteria and
Table 2 for summary of studies included; all studies were
observational) [6, 8, 11-14]. For each individual study, bias
was assessed using the Newcastle-Ottawa Scale for quality

assessment of nonrandomised studies [15]. This assessment
is based on 3 domains (selection, comparability, and out-
come) and allows a study to be scored between 0 and 8.
Authors BG, DB, and IG independently scored each study;
if there was disagreement between scores, an average was
taken. All studies included in this analysis scored 5 and were
therefore considered to be at low risk of bias (Supplementary
Table 2). Although all studies were assessed to be at low risk
of bias, the scoring system highlighted the inclusion of higher
Fisher grade patients, limited intrastudy controls, and short
duration of follow-up as potential sources of bias. Tests
for funnel plot asymmetry were not performed as the
meta-analysis only included 6 studies, in keeping with rec-
ommendations from the Cochrane Collaboration. Short-
and long-term outcomes were derived from the six studies
and analysed separately. Short-term outcome was defined
as CV and/or DCI during the inpatient period, as determined
by any means, including cerebral angiography, transcranial
Doppler ultrasonography, and clinical or radiological evi-
dence of DCI. If both CV and DCI values were available, then
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TasLE 3: Short and long-term outcome after aSAH.
Comparison groups N total Odds ratio for poor outcome 7 » _Eleterogeneity X
Group A Group B Group A+B Group A/B Chi Df I
Short-term outcome
Hp2-2 Hpl-1 192 (132 +60) 2.37 (112, 5.04) 2.26 0.02* 393 3 24%
Hp2-1 Hpl-1 228 (168 + 60) 1.53 (0.74, 3.14) 1.16 0.25 592 4 32%
Hp2-2 Hp2-1 300 (132 +168) 1.90 (1.11, 3.25) 2.34 0.02* 1.79 4 0%
Hp2-2 Hpl-1 & Hp2-1 360 (132 +228) 2.07 (1.26, 3.41) 287  0.004" 1.77 4 0%
Hp2-1 & Hp2-2 Hpl-1 360 (300 + 60) 1.96 (0.99, 3.86) 1.94 0.05 511 4 22%
Long-term outcome
Hp2-2 Hpl-1 216 (155+61) 1.61 (0.81, 3.16) 1.37 0.17 4.96 2 60%
Hp2-1 Hpl-1 266 (205 +61) 1.28 (0.65, 2.51) 0.72 0.47 3.58 2 44%
Hp2-2 Hp2-1 360 (155 +205) 1.34 (0.85, 2.10) 127 0.20 0.55 2 0%
Hp2-2 Hpl-1 & Hp2-1 421 (155 +266) 1.37 (0.89, 2.10) 1.44 0.15 1.55 2 0%
Hp2-1 & Hp2-2 Hpl-1 421 (360 +61) 1.41 (0.75, 2.65) 1.06 0.29 4.26 2 53%

*p <0.05; Z: test for overall effect.

DCI data was used in preference due to greater clinical rele-
vance. Both DCI and CV are features occurring in the
initial period after SAH, which have a well-demonstrated
impact on short-term morbidity, inpatient stay duration,
and economic costs, justifying their joint qualification as
short-term outcome. Data for short-term outcome was avail-
able from five studies (Borsody et al. [11], Galea et al. [8],
Ohnishi et al. [14], Leclerc et al. [12], and Murthy et al.
[13]) and was classified as either present or absent. Long-
term outcome was defined as dichotomized mRS or GOS,
between one and three months after aSAH. mRS and GOS
scores of 0-2 and 4-5, respectively, were considered as
favourable outcome, with the rest of the scores being unfa-
vourable. Data for long-term outcome was available from
three studies at one month (Murthy et al. [13]) or three
months (Ohnishi et al. [14], Kantor et al. [6]). Meta-
analysis was conducted in Review Manager (RevMan)
v5.3.3. The Mantel-Haenszel (M-H) method for calculating
the weighted pooled odds ratio in a fixed effects model was
used. Significance was accepted to be present at p < 0.05.

3. Results

553 aSAH patients were included; short-term and long-term
outcome data were available for 360 and 421 patients, respec-
tively. Results are presented in Table 3; forest plots are pre-
sented in Figures 2 and 3. The Hp2-2 genotype imparted a
worse short-term prognosis compared to Hpl-1 (OR=2.37,
95% CI=1.12-5.04, p = 0.02). The significance of this rela-
tionship was increased by including Hp2-1 with Hp1-1 cases
(OR=2.07, 95% CI=1.26-3.41, p=0.004) and decreased
by including Hp2-1 with Hp2-2 cases (OR=1.96, 95%
CI=0.99-3.86, p=0.05), suggesting that the outcome of
Hp2-1 patients more closely resembled that of Hpl-1
patients. In support of this explanation, the short-term out-
come of Hp2-1 patients was significantly different from that
of Hp2-2 patients (OR=1.90, 95% CI=1.11-3.25, p = 0.02),
but not that of Hpl-1 patients (OR=1.53, 95% CI=0.74—

3.14, p=0.25). No effect of Hp genotype on long-term out-
come was observed.

4. Discussion

Hp can protect against Hb toxicity in a number of ways.
First, Hp lowers the redox potential of Hb by binding it.
This is achieved by stabilizing ferryl iron [16] and globin-
based amino acid radicals [16, 17], sites within or close to
the interface between Hp and Hb [18], preventing these
reactive entities from participating in redox reactions. Sec-
ond, Hp targets Hb for degradation, since Hb-Hp is recog-
nized and cleared by CD163 [1]. Third, Hp induces an
anti-inflammatory response (e.g., interleukin-10 secretion
[19, 20]), which serves to balance Hb or heme-induced
proinflammatory effects (e.g., tumour necrosis factor [21, 22]
and interleukin-1 [23] secretion). There is controversy as
to whether some of these functions differ between Hp
types (Table 1). It is important to note that Hp binding
to Hb does not affect its capacity to scavenge nitric oxide
[24, 25]. Hence, any nitric oxide-mediated mechanistic
basis for differences in vasospasm between Hp genotypes
is likely linked to clearance of Hb.

A study of experimental SAH in mice clearly demon-
strated differences between Hpl and Hp2 [26]. Mice only
express Hpl, but mice genetically engineered to express
Hp2 in place of Hpl had a poorer outcome after SAH, com-
pared to Hpl wild-type mice [26]. However, this study did
not examine Hp2-1 mice. This meta-analysis has confirmed
that the Hp2-2 genotype confers a worse short-term outcome
versus the Hp1-1 genotype in humans. Moreover, the short-
term outcome of Hp2-1 patients clusters with that of Hp1-1
patients, suggesting that the presence of one Hp1 allele is suf-
ficient to confer protection over Hp2.

The findings in the Hp2-1 heterozygous individuals have
mechanistic implications. Functional mechanisms such as
lowering Hb redox potential, CD163 uptake, or anti-
inflammatory effects would be expected to result in dose-
dependent differences in outcome between the three
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Hp2-2 versus 1-1

Hp2-2 Hp1-1 Weight Odds Ratio 0Odds ratio

Study or subgroup Events Total Events Total M-H, fixed, 95% CI M-H, fixed, 95% CI

Borsody et al. 8 11 1 9 32%  21.33[1.81,251.26]

Galea et al. 0 1 0 4 Not estimable

Leclerc et al. 10 24 3 11 253%  1.90[0.40,9.02] It

Murthy et al. 14 47 5 29 458%  2.04[0.65,6.42] T

Ohnishi et al. 15 49 2 7 256% 1.10 [0.19, 6.34] e

Total (95% CI) 132 60 100.0%  2.37 [1.12,5.04] -

Total events 47 11

Heterogeneity: Chi’ = 3.93, df = 3 (P = 0.27); I” = 24% r T T )

Test for overall effect: Z =2.26 (P = 0.02) 0.01 0.1 1 10 100
Hp 1-1 worse Hp 2-2 worse

Hp2-1 versus 1-1 Hp 2-1 Hp 1-1 ioht Odds ratio 0Odds ratio

Study or Subgroup Events Total Events Total ' OB M.H, fixed, 95% CI M-H, fixed, 95% CI

Borsody et al. 7 12 1 9 3.8%  11.20[1.04,120.36] >

Galea et al. 6 21 0 4 46%  3.77[0.18,80.65] —

Leclerc et al. 9 39 3 11 28.6% 0.80 [0.17, 3.66] —_—

Murthy et al. 14 57 5 29 397%  1.56(0.50,4.87] —

Ohnishi et al. 5 39 2 7 235%  0.37[0.06,243] — T

Total (95% CI) 168 60  100.0%  1.53[0.74,3.14] -

Total events 41 11

Heterogeneity: Chi’ = 5.92, df = 4 (P = 0.21); I = 32% r T T )

Test for overall effect: Z = 1.16 (P = 0.25) 0.01 0.1 1 10 100
Hp 1-1 worse Hp 2-1 worse

Hp2-2 versus 2-1 Hp 2-2 Hp 2-1 ioht Odds ratio 0Odds ratio

Study or subgroup Events Total Events Total ' OB  M.H, fixed, 95% CI M-H, fixed, 95% CI

Borsody et al. 8 11 7 12 94%  1.90[0.33,11.01]

Galea et al. 0 1 6 21 42%  0.79[0.03,22.19]

Leclerc et al. 10 24 9 39 20.6% 2.3810.79, 7.16] -

Murthy et al. 14 47 14 57 458%  1.30(055,3.11] ——

Ohnishi et al. 15 49 5 39 199%  3.00(0.98,9.18] —a—

Total (95% CI) 132 168 100.0%  1.90[1.11,3.25] >

Total events 47 41

Heterogeneity: Chi = 1.79, df = 4 (P = 0.77); I = 0% ] . . ,

Test for overall effect: Z =2.34 (P =0.02) 0.01 0.1 1 10 100
Hp 2-1 worse Hp 2-2 worse

Hp2-2 versus 1-1 &2-1 Hp 2-2 Hp 1-1&2-1 oo 0dds ratio 0dds ratio

Study or Subgroup Events Total Events Total ' &' M-H, fixed, 95% CI M-H, fixed, 95% CI

Borsody et al. 8 11 8 21 7.1% 4.33 [0.88, 21.30] R

Galea et al. 0 1 6 25 3.3% 1.00 [0.04, 27.70]

Leclerc et al. 10 24 12 50  21.4% 2.26 [0.80, 6.39] T

Murthy et al. 14 47 19 86  445%  1.50(0.67,3.35] —_a—

Ohnishi et al. 15 49 7 46 23.7%  246(0.90,6.74] T

Total (95% CI) 132 228 100.0%  2.07 [1.26,3.41] L 2

Total events 47 52

Heterogeneity: Chi® = 1.77, df = 4 (P = 0.78); I = 0% 001 o1 1 10 100

Test for overall effect: Z =2.87 (P =0.004) Hp 1-1 & 2-1 worse Hp 2-2 worse

Hp2-1 &2-2versus 1-1 - Hp 2.1 &2-2 Hp1-1 Weight Odds ratio Odds ratio

Study or subgroup Events Total Events Total 800 M-H, fixed, 95% CI M-H, fixed, 95% CI

Borsody et al. 15 23 1 9 3.8%  15.00 [1.58,142.17] D

Galea et al. 6 22 0 4 45%  3.55[0.17,75.58)

Leclerc et al. 19 63 3 11 27.0%  115[0.28,4.82] —_—

Murthy et al. 28 104 5 29 432%  1.77[0.61,5.09] —

Ohnishi et al. 20 88 2 7 216%  0.74[0.13,4.08] —_—

Total (95% CI) 300 60 100.0%  1.96[0.99,3.86] [

Total events 88 52

Heterogeneity: Chi® = 5.11, df = 4 (P = 0.28); I = 22% 0.01 o1 1 1 00

Test for overall effect: Z =1.94 (P =0.05) Hp 1-1 worse Hp 2-1 & 2-2 worse

FIGURE 2: Forest plots for short-term outcome data. Short-term outcome was defined as CV and/or DCI during the inpatient period, as
determined by any means, including cerebral angiography, transcranial Doppler ultrasonography, and clinical or radiological evidence
of DCL.

genotypes. However, the short-term outcome of Hp2-1 was  dimer, which therefore appears to be important in conferring
similar to that of Hpl-1. The common feature amongst  protection. It is possible that the small size of the dimer facil-
Hpl-1 and Hp2-1 individuals is the presence of the Hp  itates drainage of the Hp-Hb complexes from the brain.
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Hp2-2 versus 1-1 Hp 2-2 Hp 1-1 Weight Odds ratio Odds ratio

Study or subgroup Events Total Events Total M-H, fixed, 95% CI M-H, fixed, 95% CI

Kantor et al. 23 59 3 25 18.8% 4.69 [1.26, 17.45] -

Murphy et al. 14 47 8 29 50.9% 1.11 [0.40, 3.11]

Ohnishi et al. 0 4 4 7 303%  052[0.10,2.57] - 1

Total (95% CI) 155 61 100.0% 1.61[0.81,3.16] -

Total events 57 11

Heterogeneity: Chi® = 4.96, df = 2 (P = 0.08); I* = 60% r T T )

Test for overall effect: Z = 1.37 (P = 0.17) 0.01 0.1 1 10 100
Hp 1-1 worse Hp 2-2 worse

Hp2-1 versus 1-1 Hp2-1 Hp1-1 Weight 0Odds ratio Odds ratio

Study or subgroup Events Total Events Total M-H, fixed, 95% CI M-H, fixed, 95% CI

Kantor et al. 31 109 3 25 22.6%  2.91[0.81,10.44]

Murphy etal. 16 57 8 29 493%  1.02(0.38,2.78]

Ohnishi et al. 43 4 7 281%  0.42[0.08,2.15]

Total (95% CI) 205 61 100.0%  1.28[0.65,2.51]

Total events 61 15

Heterogeneity: Chi” = 3.58, df = 2 (P = 0.17); I = 44% r T T T )

Test for overall effect: Z =0.72 (P = 0.47) 0.01 0.1 1 10 100
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Hp2-2 versus 2-1 Hp2-2 Hp2-1 Weight 0Odds ratio 0dds ratio
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Kantor et al. 23 59 31 109 40.7% 1.61[0.82, 3.14] T

Murphy etal. 14 47 16 57 311%  1.09[0.46,2.55] ——

Ohnishi et al. 20 19 14 39 282%  1.23[0.52,2.93] ——

Total (95% CI) 155 205 100.0%  1.34[0.85,2.10] b 4

Total events 57 61
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Hp2-2 versus 1-1 & 2-1 Hp2-2 Hp 1-1 &2-1 Weight Odds ratio Odds ratio

Study or subgroup Events Total Events Total M-H, fixed, 95% CI M-H, fixed, 95% CI

Kantor et al. 23 59 34 134 35.6% 1.88 [0.98, 3.61] —-—

Murphy etal. 4 47 24 86 335%  110[0.50,2.40] —
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Total events 57 76
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Hp2-1&2-2versus 1-1  Hp2-1&2-2 Hp 1-1 Weight 0dds ratio 0dds ratio

Study or subgroup Events Total Events Total M-H, fixed, 95% CI M-H, fixed, 95% CI

Kantor et al. 54 168 3 25 20.9% 3.47[1.00, 12.11]

Murphy et al. 30 104 8 29 524%  1.06[0.42,2.67]

Ohnishi et al. 34 88 4 7 268%  0.47[0.10,2.24] ——T

Total (95% CI) 360 61  100.0%  1.41[0.75,2.65] -

Total events 118 15
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FiGURE 3: Forest plots for long-term outcome data. Long-term outcome was defined as dichotomized mRS or GOS between one and three

months after aSAH.

Although several studies have shown upregulation of CD163
after intracerebral haemorrhage [27-30], CD163 binding
sites are limiting after SAH since free Hp-Hb complexes per-
sist in the cerebrospinal fluid [8, 9], possibly compounded by
soluble CD163 shedding [8]. For this reason, drainage of Hp-
Hb complexes out of the brain via the glymphatic pathway
[7] may be important. There is evidence for a size selectivity
in the glymphatic pathway [7] so that molecules with a
molecular weight above 200kDa have reduced clearance.

The size of the Hp dimer in complex with Hb would be below
this threshold (180 kDa), while Hb in complex with Hp poly-
mers of increasing valency would have higher molecular
weights. The small size of the Hp dimer also enables it to
enter the brain across the blood-brain barrier while higher-
order polymers find it more difficult [31]. Hence, amongst
all the Hp forms, the Hp dimer would be able to recycle into
and out of the brain with greatest ease, clearing Hb from the
brain in the process. In keeping with this explanation, a
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decrease in serum Hp occurs after aSAH, most marked in
individuals with the highest blood-brain barrier disruption
[8]. These speculations need to be addressed by experimental
work to prove that Hpl-1-Hb complex size impacts on
outcome by altering drainage of Hb out of the brain. It
is still possible that Hpl/Hp2 differences in lowering Hb
redox potential, CD163-mediated Hp-Hb uptake, or anti-
inflammatory action could affect outcome in a manner which
is not dose dependent.

The findings of this meta-analysis are important for
prognostication in the clinical setting, since the Hp2-2 status
clearly reflects a group of individuals who may benefit from
closer monitoring within a specialist neurointensive care
unit. Hp genotype did not affect long-term outcome in this
meta-analysis, despite a clear relationship with short-term
outcome. This may be due to several reasons. CV may not
be related to long-term outcome and this remains controver-
sial [32]. Due to their relatively crude nature, the GOS and
mRS scales may not be sufficiently sensitive to detect differ-
ences. Recently, two groups have demonstrated upregulation
of neuronal CD163 expression after intracranial haemor-
rhage in nonhuman models [30, 33, 34]—if this finding is
confirmed in humans, neurons in Hp1 individuals may accu-
mulate more intracellular heme/iron, which is toxic [35]. It is
possible that the short-term beneficial effects of Hpl-1 on
vasospasm are balanced by the long-term deleterious effects
of Hp1-1 on neuronal iron accumulation, so that long-term
outcome is unaffected overall.

This study has a number of limitations. Long-term out-
come combined one- and three-month outcomes; however,
a sensitivity analysis excluding the one-month study did
not change the finding that Hp genotype did not affect the
long-term outcome. Short-term outcome was defined as CV
and/or DCI, and these phenomena might not necessarily be
equivalent [36]; however, a sensitivity analysis excluding
CV showed that DCI-only outcome of Hp2-1 patients more
closely resembled that of Hp1-1 patients: Hp1-1 and Hp2-1
versus Hp2-2 (p=002, OR (CI)=1.9 (1.12-3.22)) and
Hpl-1 versus Hp2-1 and Hp2-2 (p=083, OR (CI)=1.08
(0.55-2.14)). We also noted that the majority of participants
across all studies had high Fisher grade aSAH, so generaliz-
ability of the findings here to other patients with aSAH needs
to be approached with caution. Although there was no evi-
dence of significant heterogeneity (Table 3), prognostic fac-
tors may still have been distributed asymmetrically amongst
studies and/or genotype groups; therefore, an individual
patient level data analysis is warranted to weigh up Hp geno-
type against other prognostic covariates, in determining out-
come after aSAH.

5. Conclusions

In conclusion, this study confirms the unfavourable effect of
the Hp2 allele on short-term outcome after aSAH. It
advances the field by showing that the presence of one Hpl
allele is sufficient to counter the unfavourable effect of Hp2.
This suggests that the Hp dimer is the structural determinant
of the association of the Hp polymorphism with outcome
after SAH. Therapies aimed at augmenting Hp may work

Oxidative Medicine and Cellular Longevity

best if designed to mainly deliver Hpl, rather than elevate
Hp nonspecifically, in Hp2-1 and Hp2-2 individuals. Exper-
imental studies are needed to prove this hypothesis.
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Abstract

Objective

To perform an individual patient-level data (IPLD) analysis and to determine the relationship
between haptoglobin (HP) genotype and outcomes after aneurysmal subarachnoid hemor-
rhage (aSAH).

Methods

The primary outcome was favorable outcome on the modified Rankin Scale or Glasgow
Outcome Scale up to 12 months after ictus. The secondary outcomes were occurrence of
delayed ischemic neurologic deficit, radiologic infarction, angiographic vasospasm, and trans-
cranial Doppler evidence of vasospasm. World Federation of Neurological Surgeons (WFNS)
scale, Fisher grade, age, and aneurysmal treatment modality were covariates for both primary
and secondary outcomes. As preplanned, a 2-stage IPLD analysis was conducted, followed by
these sensitivity analyses: (1) unadjusted; (2) exclusion of unpublished studies; (3) all per-
mutations of HP genotypes; (4) sliding dichotomy; (S) ordinal regression; (6) 1-stage analysis;
(7) exclusion of studies not in Hardy-Weinberg equilibrium (HWE); (8) inclusion of studies
without the essential covariates; (9) inclusion of additional covariates; and (10) including only
covariates significant in univariate analysis.

Results

Eleven studies (S published, 6 unpublished) totaling 939 patients were included. Overall, the
study population was in HWE. Follow-up times were 1, 3, and 6 months for 355, 516, and 438
patients. HP genotype was not associated with any primary or secondary outcome. No trends
were observed. When taken through the same analysis, higher age and WENS scale were
associated with an unfavorable outcome as expected.

Conclusion
This comprehensive IPLD analysis, carefully controlling for covariates, refutes previous studies
showing that HP1-1 associates with better outcome after aSAH.
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aSAH = aneurysmal subarachnoid hemorrhage; CI = confidence interval; DCI = delayed cerebral ischemia; GOS = Glasgow
Outcome Scale; Hb = hemoglobin; Hp = haptoglobin; HP = haptoglobin gene; HWE = Hardy-Weinberg equilibrium; IPLD =
individual patient-level data; mRS = modified Rankin Scale; OR = odds ratio; PRISMA-IPD = Preferred Reporting Items for
Systematic Reviews and Meta-Analyses-Individual Participant Data; SAH = subarachnoid hemorrhage; TCD = transcranial

Doppler; WENS = World Federation of Neurological Surgeons.

Aneurysmal subarachnoid hemorrhage (aSAH) survivors ex-
perience significant morbidity." The strongest predictor of
long-term outcome is the World Federation of Neurological
Surgeons (WFNS) grade,z but it explained only 12% of the
variance in outcome as determined by the Glasgow Outcome
Scale (GOS)? in the largest study of outcome prediction in
aSAH.* Some studies have suggested that haptoglobin
(HP) genotype may also influence outcome,*™ but results
are conﬂicting.m A recent meta-analysis found that the
HP2 allele was associated with a worse short-term but not
long-term outcome.'’ This meta-analysis had limitations,
including small study sizes, heterogeneity in outcome
classification, and inability to control for covariates. The
relative contribution of HP genotype to outcome after
aSAH in a large cohort, relative to the WFNS and other
covariates, remains unknown.

In humans, there are 2 HP alleles, HP1 and HP2, and an
individual can be 1 of 3 genotypes: HP1-1, HP2-1, and HP2-2.
The main potential mechanism of the HP effect is through the
function of its protein (Hp) as a scavenger of extracellular
hemoglobin (Hb)."® Because the Hp-Hb scavenging system is
active in the CNS after aSAH,'” there is a strong biological
rationale to hypothesize that HP genetic variation influences
aSAH outcome. We therefore conducted an individual
patient—level data (IPLD) analysis of all identified published
and unpublished studies to investigate the relationship be-
tween HP genotype and outcome after aSAH.

Methods

The IPLD analysis was conducted in accordance with
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses-Individual Participant Data (PRISMA-IPD)
guiclelines.13 To ensure rigor, we enrolled early pro-
fessional statistical input, publicly deposited a protocol de-
fining a priori the outcomes and analytic strategy in June
2017,'* and included all published and unpublished studies
identified before analysis. All individual studies had approval
from the respective institutions, and the overall IPLD anal-
ysis had institutional ethics approval from the University of
Southampton.

Search strategy

Published studies were identified by PubMed and Web of
Science searches conducted in January 2017 with the key
words  subarachnoid  hemorrhage or  subarachnoid
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hemorrhage and haptoglobin, including reference lists within
publications. Abstracts were screened and then full articles
were reviewed for eligibility according to the inclusion/
exclusion criteria. Two study investigators (B.G. and L.G.)
conducted the search. Unpublished studies were identified
with the same search terms in Google and via the professional
network of the authors in 3 continents (United Kingdom,
United States, and Japan).

Inclusion/exclusion criteria

Published and unpublished studies were eligible for inclusion,
and there were no restrictions on study design. Inclusion
criteria consisted of (1) confirmed aSAH at age >18 years; (2)
HP genotype or phenotype available; (3) all essential cova-
riates available (see below); (4) data available and contractual
agreement reached by March 31, 2017; and (S) primary
outcome measures available at 1 month (+2 weeks) and/or 3
months (+1.5 months) and/or 6 months (4.5-12 months) of
aSAH. If >1 outcome was available within each of these time
frames, the one closest to 1, 3, or 6 months was used. The only
exclusion criterion was non-aSAH.

Data collection and management

The lead authors of all published and unpublished studies
identified with the search strategy were contacted verbally or
by e-mail and were invited to join the study. IPLD for patients
meeting the inclusion/exclusion criteria was requested in
spreadsheet format and was stored on a secure server at the
University of Southampton, UK. The type of data requested
has been published* (additional Methods available from
Eprints, eprints.soton.ac.uk/426525/). Data were collated
according to study center and encoded with study and patient
identifiers to blind the statistical team.

Quality control

Studies were assessed for risk of bias with the Newcastle-
Ottawa Scale. The data underwent a number of quality con-
trol checks. Automated screens were conducted to identify
nonsensical values (e.g., out-of-range modified Rankin Scale
[mRS] and GOS scores, impossible age) and to check internal
consistency (e.g, mRS and GOS scores). Data descriptives
were used to compare with the expected norm and thereby
identify potential errors. Hardy-Weinberg equilibrium
(HWE) was assessed as a marker for case missingness. Manual
data checks were performed by 4 authors (B.G., D.O.B, D.R,
and 1.G.) independently. If any inconsistency or missing data
were identified or if further clarification was required, the
individual study lead was contacted.
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Primary outcome

The per-protocol primary outcome was the mRS" or GOS
score,” dichotomized into favorable and unfavorable. This
outcome was selected because it was deemed to be the most
clinically relevant outcome and was the most consistently
recorded among the studies analyzed. If both mRS and GOS
scores were available for the same dataset, the mRS score was
used. The GOS score was dichotomized into favorable (GOS
score 4-5 [good recovery or moderate disability]) or un-
favorable (GOS score 1-3 [severe disability, vegetative state,
or death]). The mRS score was dichotomized into favorable
(mRS score 0-2 [good recovery, no significant disability,
slight disability]) or unfavorable (mRS score 3-6 [moderate
disability, moderately severe disability, severe disability, or
death]).

Secondary outcomes

The secondary outcomes were delayed cerebral ischemia
(DCI), radiologic infarction, angiographic evidence of vaso-
spasm, and transcranial Doppler (TCD) evidence of vaso-
spasm, defined as velocity >200 cm/s. The secondary
outcomes could have been at any time during admission for
aneurysm rupture. If a secondary outcome variable was not
collected in a specific study, that study was not included in the
meta-analysis of that secondary outcome.

Covariates

A minimum set of essential covariates was identified a priori to
minimize sample size attrition while retaining the strongest
known predictors of outcome after aSAH.'® These essential
covariates were used for both primary and secondary out-
comes: (1) age; (2) Fisher grade, dichotomized into grades 1
+2and 3 + 4; (3) admission WENS or Hunt and Hess grade
dichotomized into good (grades 1-3) and poor (grades 4-5);
and (4) treatment, categorized into endovascular and surgical.
Aneurysms treated conservatively were excluded due to small
numbers. If both WENS and Hunt and Hess grades were
available, the WFNS grade was used. For the primary out-
come, follow-up time was used as a covariate using longitu-
dinal modeling. During the analysis, subsequent to
publication of the protocol, it became apparent that some of
these essential covariates resulted in highly sparse cells, es-
pecially in small studies. Because WENS grade is by far the
most influential predictor among the minimum essential
covariates,* studies in which WENS grade could not be in-
cluded as a covariate were excluded from the analysis. For
both primary and secondary outcomes when possible,
allowing for sample size and data availability (table
e-lavailable from Eprints, eprints.soton.ac.uk/426525/), ad-
ditional covariates were used and prioritized in the following
order: diabetes mellitus, hypertension, race, and aneurysm
site. If additional covariates were used, the same covariates
were used in all studies.

Data analysis
The primary analytic strategy was a 2-stage IPLD study de-
sign; we also planned a secondary Il-stage IPLD analysis
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because it is thought that both designs have their individual
strengths.'” The primary study statistician (D.R.) mainly
conducted the statistical analysis , and a second statistician in
the team (T.H.) confirmed the results. The statisticians were
blinded to the identification of the studies and patients
throughout the analysis. HWE was assessed for all studies
included. Two primary comparisons were planned: a binary
comparison of HP2-2 vs HP2-1 and HPI-1 (because the
previous meta-analysis showed that HP2-1 is similar to HP1-1
with respect to outcome) and a multicategorical comparison
of HP1-1 vs HP2-1 vs HP2-2. The primary 2-stage IPLD
analysis was performed for the primary and all secondary
outcomes as follows. In the first stage, the analysis was con-
ducted for each individual study to estimate the association of
outcome with Hp, adjusting for the baseline covariates and
time point. Given the binary nature of primary outcomes
measured at time points of 1-, 3-, and 6-month follow-up
(with studies having 1, 2, or 3 of these time points), gener-
alized estimating equation models with logit link were
implemented to account for the correlation between different
time points within the same subject for each individual study.
The interaction between time point and HP was also checked.
Binary logistic regression models were used for all the sec-
ondary outcomes because they were associated with only 1
time point. Odds ratios (ORs) and 95% confidence intervals
(CIs) from each individual study were estimated from the
above models. Cases with missing data were excluded; that is,
data were not imputed. In the second stage, ORs from the
individual studies were combined by the use of random-effects
meta-analysis. Results are reported as ORs with their 95% Cls
and corresponding p values. Heterogeneity was assessed with
the Higgins and Thompson I? statistic and Cochrane Q test,
and publication bias (small-study effects) was examined with
funnel plots and the Egger test. All hypotheses were tested at
a nominal significance level of 0.05; that is, the probability of
atype I error (a) was 5%. SAS (version 9.4, SAS Institute, Inc,
Cary, NC) and STATA (version 14, StataCorp, College
Station, TX) were used for all the analyses.

To assess the robustness of results from the above primary
analysis, extensive sensitivity and/or subgroup analyses were
conducted. We first replicated the analysis using the 1-stage
approach with random-effect logistic regression modeling for
all outcomes including site as random effect. Next, several
subgroup analyses were performed, including exclusion of
those studies not in HWE or at high risk of bias, inclusion of
studies that do not have all the essential covariates, exclusion
of essential covariates, and inclusion of additional covariates
as defined above. We also coded GOS or mRS scores in 2
other ways. In the above analysis, we used the traditional
approach of dichotomizing of GOS and mRS scores into 2
categories, namely favorable and unfavorable (i, GOS
scores 1-3 vs 4-3; mRS scores 0-2 vs 3-6), to render sta-
tistical analysis and interpretation of results more straight-
forward and identical to most other published studies.
However, this approach poses disadvantages: it discards
valuable information of the full ordinal nature of outcome
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measures and ignores initial prognostic risk of patients.

Hence, 2 alternative approaches were used as part of a sensi-
tivity analysis for the primary outcome. First, in the sliding
dichotomy method, the cutoff point for binarization of GOS
and mRS scores is differentiated by the predicted baseline
prognosis risk.'®*! Instead of defining good or bad outcome
for all patients using a single dichotomization point, the
sliding dichotomy approach customizes the definition of good
outcome according to the baseline prognosis risk of each
patient (additional Methods available from Eprints, eprints.
soton.ac.uk/426525/). Second, the proportional odds model
(also referred to as shift analysis or ordinal logistic regression)
was used to analyze the ordinal outcomes. This method is
sensitive for detecting a shift of the entire ordinal outcome
distribution and estimates a common OR for each of the
possible cutoff points of the outcome scale. The common OR
is formally valid if the ORs for each cut point are the same (the
proportional odds assumption).
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Data availability

Anonymized aggregate data will be shared after formal request
to the corresponding author in accordance with the Univer-
sity of Southampton’s data-sharing policies and contracts with
the coauthors and their institutions.

Results

Study inclusion

A PRISMA-IPD flow diagram details how studies were identified
(figure 1). Of 18 published studies identified in the literature
search, S were eligible for inclusion in the meta-analysis®***
(table e-2 available from Eprints, eprints.soton.ac.uk/426525/).
A further 6 unpublished studies were identified through the
Haemoglobin after Intracranial Haemorrhage (HATCH) Con-
sortium (www.southampton.ac.uk/hatch). The lead authors of
these 11 eligible studies were invited to join the study, and all
provided IPLD. The study characteristics of published and

Figure 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses-Individual Patient Data (IPD) flow diagram

PubMed and Web of Science search
using key words “subarachnoid
haemorrhage” OR “subarachnoid
hemorrhage” AND “haptoglobin”
(conducted January 2017)

Studies identified through
HATCH consortium and the
networks of individual
members
(n=6)

(n=18)

|

‘ Studies after duplicates removed

(n=24)

Excluded (n = 13):
+ No outcome/haptoglobin

Screened for eligibility status (5)
(n=24) « Animal study (5)

+ Nonaneurysmal (2)
* Meta-analysis (1)

IPD sought
(n=11)

Studies with IPD provided
(n=11)
Participants with data

| :
(n=1,029) .

Participants excluded (n = 274):
Conservative treatment (21)
Nonaneurysmal (54)

No haptoglobin status (18)
Lack of minimum set of
covariates (184)

Studies included in primary analysis
(n=11)
Participants included in primary analysis
(n=755)
Participants contributing to any analysis
(n=939)

[ Data analysis ] [ Available data ] [Obtaining data] [ Eligibility ] [Screening] [ldentiﬁcation]
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unpublished studies are summarized in table 1. For blinding
purposes, each study was allocated a study identifier and is re-
ferred to by this identifier throughout the article. Across the 11
studies, 939 patients had IPLD available. Published studies were
assessed for risk of bias and attained a score of 5 (of a total of 9
maximum points) with the Newcastle-Ottawa Scale.

Demographics

Table 1 summarizes the demographics of the 11 studies included
in the meta-analysis. Only 1 study (study I) was significantly out
of HWE (p = 0.018). Overall, the IPLD was in HWE (p = 0.663).

Primary outcome

Eight studies (A-G and I), with a total sample size of 755,
were included in the primary outcome analysis due to data
availability (table e-1 available from Eprints, eprints.soton.ac.
uk/426525/). Age, Fisher grade, WFNS grade, treatment, and
hypertension were controlled for in all studies except studies
B and G, in which inclusion of Fisher grade resulted in highly
sparse cells. Follow-up times were as follows: 1, 3, and 6
months for 355, 516, and 438 patients (table 1 for individual
studies). Using the 2-stage approach, we identified no asso-
ciation between HP genotype and unfavorable outcome when
comparing HP2-2 vs HP2-1 and HP1-1 (OR 0.977, 95% CI
0.672-1.421, p = 0.905) (figure 2A). When taken through the
same multivariate analysis, higher age (OR 1.0, 95% CI
1.02-1.08) and WENS grade (OR 8.4, 95% CI 4.4-15.9) were
associated with an unfavorable outcome. Higher Fisher grade
was associated with poor outcome (OR 2.6, 95% CI 1.3-5.3),
and a trend for hypertension was seen (OR 1.5, 95% CI
0.9-2.4) in univariate analysis only. Treatment was not sig-
nificant (table e-3 available from Eprints, eprints.soton.ac.uk/
426525/). No significant association was identified in sub-
group analysis of HP2-2 vs HP1-1, HP2-1 vs HP1-1, HP2-2 vs
HP2-1, and HP2-2 and 2-1 vs HP1-1 (table 2 and figure e-1
available from Eprints, eprints.soton.ac.uk/426525/).

Because not all patients were included in the primary outcome
analysis due to data availability, we assessed selection bias in
these patients (i.e., only those included in this analysis). With
respect to HP genotype, patients were overall in HWE (p=
0.671). Compared to a typical hospital population,”® patients
in the primary outcome analysis of this IPLD had similar
WENS grades (grades 4-S, 27.3% vs 24.7%, p = 0.143),
similar age (median $4.9 vs SS years), lower coiling rate
compared to clipping (55.8% vs 81.4%, p < 0.001), and
a higher incidence of DCI (37.2% vs 21.7%, p < 0.001).
Compared to a typical randomized controlled trial pop-
ulation,** patients in the primary outcome analysis of this
IPLD had similar WENS grades (grades 4-S, 27.3% vs 22.9%,
p=0.05), lower Fisher grade (grades 3-4, 77.3% vs 84.2%, p =
0.001), higher age (mean 54.7 vs S0 years, p < 0.001), lower
coiling rate compared to clipping (55.8% vs 66.9%, p < 0.001),
higher incidence of DCI (37.2% vs 16%, p < 0.001), and
similar favorable dichotomized mRS score at 6 months (74%
vs 71.7%, p = 0.353).
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Secondary outcomes

The preplanned secondary outcomes were DCI, radiologic
infarction, angiographic vasospasm, and TCD evidence of
vasospasm. All analyses were conducted comparing HP2-2 vs
HP2-1 and HP1-1, HP2-2 vs HP1-1, HP2-1 vs HP1-1, HP2-2
vs HP2-1, and HP2-2 and 2-1 vs HP1-1. Only results for HP2-
2 vs HP2-1 and HP1-1 are detailed in the text below; the other
comparisons are summarized in table 2 (and their forest plot
data, figures e-2—e-$S available from Eprints, eprints.soton.ac.
uk/426525/).

Six studies (A-C, D, G, and I, with a total sample size of 497,
were included in the secondary outcome analysis for DCIL.
Age, Fisher grade, WENS grade, treatment, and hypertension
were controlled for in all studies except studies B, C, and G.
Fisher grade was not controlled for in studies B, C, and G due
to highly sparse cells. Using the 2-stage approach, we identi-
fied no association between HP genotype and DCI when
comparing HP2-2 vs HP2-1 and HP1-1 (OR 1.171, 95% CI
0.735-1.867, p = 0.507) or other permutations of HP sub-
groups (figure 3A and table 2).

Five studies (A-D and G), with a total sample size of 308,
were included in the secondary outcome analysis for radio-
logic infarction. Age, Fisher grade, WENS grade, treatment,
hypertension, and aneurysm location were controlled for in all
studies except studies B and C. Fisher grade was not con-
trolled in studies B and C due to highly sparse cells. Using the
2-stage approach, we identified no association between HP
genotype and radiologic infarction when comparing HP2-2 vs
HP2-1 and HP1-1 (OR 1.255, 95% CI 0.632-2.490, p=
0.516) (figure 3B and table 2).

Five studies (B-D, F, and I), with a total sample size of 431,
were included in the secondary outcome analysis for the
presence of angiographic evidence of vasospasm. Age, Fisher
grade, WENS grade, treatment, and hypertension were con-
trolled for in all studies. Using the 2-stage approach, we
identified no association between HP genotype and angio-
graphic evidence of vasospasm when comparing HP2-2 vs
HP2-1 and HPI-1 (OR 1.130, 95% CI 0.498-2.564, p=
0.771) (figure 3C and table 2).

Five studies (D-G and I), with a total sample size of 465, were
included in the secondary outcome analysis for the presence
of TCD evidence of vasospasm. Age, Fisher grade, WENS
grade, treatment, and hypertension were controlled for in all
studies except study G. Fisher grade and treatment were not
controlled in study G due to highly sparse cells. Using the
2-stage approach, we identified no association between HP
genotype and TCD evidence of vasospasm when comparing
HP2-2 vs HP2-1 and HP1-1 (OR 0.895, 95% CI 0.557-1.439,
p = 0.648) (figure 3D and table 2).

Sensitivity analyses
There were 2 main potential reasons to explain the discrep-
ancy between the results here and the data from individual
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Figure 2 Forest plots for 2-stage individual patient-level data analysis for primary outcome (dichotomized modified Rankin

Scale score in HP2-2 vs HP2-1 and HP1-1)

A Study ID OR (95% CI) Weight (%)
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Study E —— 1.11(0.45,2.72) 17.28
Study F ——— 0.67(0.26, 1.73) 15.76
Study G 1.77 (0.34,9.28) 5.10
Study | —— 0.99(0.45, 2.18) 2278
Overall (I =0.0%, p =0.760) ﬁ> 0.98 (0.67, 1.42) 100.00
T T T
0.085 1.000 11.800
B study D OR(95%Cl)  Weight (%)
Study B —4—.—) 1.88(0.71,5.01)  23.10
Study C - 1.15(0.36,3.64) 16.61
Study F _ 0.69(0.27,1.80) 2431
Study | —_— 0.99(0.45,2.18) 3598
Overall (12 = 0.0%, p = 0.546) <> 1.08(0.68,1.73)  100.00
T - T
0.199 1.000 5.010
c Study ID OR (95% Cl) Weight (%)
Study A _—, 0.48(0.12,1.96)  4.89
Study B —_—————— 1.27(0.58, 2.79) 15.78
Study C —_— 0.80(0.34, 1.88) 13.39
Study D 1.20(0.24, 5.91) 3.83
Study E ——— 0.91(0.41, 2.00) 15.72
Study F ——— 0.73(0.35, 1.49) 19.00
Study G 2.24(0.42,11.96) 3.49
Study | —p—— 1.55(0.82, 2.94) 23.90
Overall (12 =0.0%, p = 0.638) <> 1.04(0.76,1.42)  100.00
An odds ratio (OR) >1 denotes a higher
r r probability of poor outcome. (A) Adjusted
for covariates, (B) same as A butincluding
0.0836 1.0000 12.0000 published studies only, and (C) un-
adjusted for covariates. Cl = confidence
OR (95% CI) interval; HP = haptoglobin; ID = identifier.

published studies. The first was publication bias; here, we
included all studies, and unpublished studies are more likely
to be negative. The second was controlling for covariates,
because most published studies did not control well for
covariates. We proceeded to investigate the relative

Neurology.org/N

Copyright «

contribution of these 2 possibilities by repeating the primary
analyses for primary (figure 2B) and secondary (figure 4)
outcomes using data from published studies alone. We also re-
peated the primary (ie, 2-stage IPLD) analyses without
adjusting for covariates for both primary (figure 2C) and
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Table 2 Summary of the 2-stage IPLD analysis results for all primary and secondary outcomes adjusted for covariates

Outcome Analysis OR (95% Cl) p Value
Primary HP2-2 vs HP2-1 and HP1-1 0.997 (0.672-1.421) 0.905
HP2-2 vs HP1-1 0.752 (0.429-1.321) 0.322
HP2-1 vs HP1-1 0.814 (0.470-1.410) 0.462
HP2-2 vs HP2-1 1.021 (0.684-1.524) 0.921
HP2-2 and 2-1 vs HP1-1 0.776 (0.461-1.305) 0.339
Secondary
DcCl HP2-2 vs HP2-1 and HP1-1 1.171(0.735-1.867) 0.507
HP2-2 vs HP1-1 0.878 (0.437-1.762) 0.713
HP2-1 vs HP1-1 0.735 (0.393-1.376) 0.336
HP2-2 vs HP2-1 1.187 (0.707-1.993) 0.517
HP2-2 and 2-1 vs HP1-1 0.851 (0.476-1.523) 0.587
Radiologic infarction HP2-2 vs HP2-1 and HP1-1 1.255 (0.632-2.490) 0.516
HP2-2 vs HP1-1 0.868 (0.314-2.402) 0.785
HP2-1 vs HP1-1 0.536 (0.218-1.319) 0.174
HP2-2 vs HP2-1 1.369 (0.662-2.832) 0.397
HP2-2 and 2-1 vs HP1-1 0.611 (0.259-1.441) 0.260
Angiographic vasospasm HP2-2 vs HP2-1 and HP1-1 1.130 (0.498-2.564) 0.771
HP2-2 vs HP1-1 0.942 (0.445-1.993) 0.877
HP2-1 vs HP1-1 0.862 (0.285-2.602) 0.792
HP2-2 vs HP2-1 1.184 (0.422-3.321) 0.749
HP2-2 and 2-1 vs HP1-1 1.015 (0.484-2.127) 0.969
TCD evidence of vasospasm HP2-2 vs HP2-1 and HP1-1 0.895 (0.557-1.439) 0.648
HP2-2 vs HP1-1 0.962 (0.496-1.867) 0.909
HP2-1 vs HP1-1 1.048 (0.566-1.940) 0.881
HP2-2 vs HP2-1 0.882 (0.534-1.456) 0.662
HP2-2 and 2-1 vs HP1-1 0.980 (0.550-1.746) 0.945

Abbreviations: Cl = confidence interval; HP = haptoglobin; IPLD = individual patient-level data; OR = odds ratio; TCD = transcranial Doppler.

An OR >1 denotes a higher probability of poor outcome.

secondary (figure S) outcomes. None of these analyses showed
a significant difference or a trend suggesting an association.

A number of other sensitivity analyses were conducted to
evaluate the robustness of the results. These were as fol-
lows: (1) exclusion of studies in which patients included in
the primary analysis were not in HWE; (2) inclusion of
additional covariates; (3) inclusion of studies that did not
have all the essential covariates; (4) sliding dichotomy
analysis; (S) ordinal regression; (6) 1-stage analysis; (7)
unpublished studies only; and (8) including only covariates
significant in univariate analysis. For all, the results
remained consistent (figures e-6-e-11 and tables e-4-e-6
available from Eprints, eprints.soton.ac.uk/426525/).

Neurology | Volume 92, Number 18 | April 30, 2019
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There were no trends suggesting an association between
HP genotype and primary or secondary outcomes in any of
these analyses.

Heterogeneity and publication bias

In all analyses, there was little evidence for heterogeneity
(I” range 0%-35.8%, Cochrane Q tests were not significant,
p > 0.05) except for angiographic vasospasm (figure 3C and
figure e-10C available from Eprints, eprints.soton.ac.uk/
426525/). There was no indication of publication bias from
funnel plots (Egger regression test, p > 0.0S for all the tests)
for any analyses (figures e-12-e-36 available from Eprints,
eprints.soton‘ac.uk/426525/).
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Figure 3 Forest plots for 2-stage individual patient-level data analysis for secondary outcomes adjusted for covariates
(HP2-2 vs HP2-1 and HP1-1)

A Study ID OR (95% Cl) Weight (%)
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Study F _o—_ 0.78(0.26,2.27)  20.83
Study | —t—- 0.45(0.18,1.12) 23.18
Overall (12 =63.1%, p = 0.028) <> 1.13(0.50,2.56)  100.00
D 0.1’21 1.000 &2‘60
Study ID OR (95% Cl) Weight (%)
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Study E 0.71(0.26,2.00) 21.32
Study F 0.67(0.27,1.66)  27.37
Study G [ 4,52 (0.24, 85.95)  2.59
Study | 1.08(0.52,2.22) 43.39
Overall (I? = 0.0%, p=0.735) 0.90(0.56,1.44)  100.00 An odds ratio (OR) >1 denotes a higher proba-
bility of poor outcome. (A) Delayed cerebral is-
chemia, (B) radiologic infarction, (C)
. . angiographic evidence_of vasospasm, and (D)
OR (95% CI) identifier.
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Figure 4 Forest plots for secondary outcomes, adjusted for covariates, published studies only (HP2-2 vs HP2-1 and HP1-1)
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0.159 1.000 6.290 Cl = confidence interval; HP = haptoglobin; ID
OR (95% CI) = identifier.
Discussion largest published study in the IPLD (study 1),"* which had an

As is normal in IPLD methodology, study size was driven by
data availability rather than by a predetermined sample size.

Prestudy power, by which we mean a power calculation using

estimates from prior studies, was performed on data from the
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effect size of an OR of 1.8 for comparing HP2-2 vs HP2-1 and
HP1-1 on the primary outcome. A logistic regression of the

binary response variable (mRS score) on the binary in-
dependent variable (HP2-2 vs HP2-1 and HPI-1) with
a sample size of 755 subjects (of whom 69% were HP2-1 and
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Figure 5 Forest plots for secondary outcomes, unadjusted for covariates (HP2-2 vs HP2-1 and HP1-1)
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Study | 0.62(0.28,1.39) 21.64
Study J — e 2,00 (0.32, 12.33) 7.20
Study K , 1.33(0.17,10.74) 5.70
Overall (12 =35.4%, p = 0.158) :> 1.33(0.78,2.27) 100.00
0.0811 1.0000 12.3000
D Study ID OR (95% Cl) Weight (%)
Study A — 0.61(0.06,6.55) 2.74
Study D — 0.77(0.13,4.47) 4.98
Study E ; 0.70(0.28,1.78) 17.84
Study F 0.96 (0.47,1.95) 30.75
Study G — 3.40(0.26, 44.76) 2.34
Study H —_— 0.40 (0.04,3.84) 3.02
Study | 0.78(0.41,1.48) 38.34
Overall (12 =0.0%, p = 0.925) 0.82(0.55,1.22) 100.00
An odds ratio (OR) >1 denotes a higher probability of
poor outcome. (A) Delayed cerebral ischemia, (B) ra-
. ! r diologic infarction, (C) angiographic evidence of vaso-
0.0223 1.0000 44.8000 spasm, and (D) transcranial Doppler evidence of
vasospasm. Cl = confidence interval; HP = haptoglobin;
OR (95% CI) ID = identifier.
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HP1-1 and 31% were HP2-2) achieved 94% power at a 0.050
significance level to detect a small to medium effect size of an
OR of 1.8 with a 2-sided Wald test. Even with the conservative
estimate of an OR of 1.6 (10% reduction of OR = 1.8), power
was 79% at a 0.050 significance level to detect the association.
Therefore, this study has conclusively proven that HP2-2 is
not associated with a poor long-term outcome as defined by
the mRS score, down to a minimum OR of 1.6.

Although the reason could simply be that there is no differ-
ence in the relative protective effects of different HP geno-
types, there are several possible explanations of how a clinical
effect could have been missed. First, the mRS and GOS may
be insufficiently sensitive outcome measures to detect subtle
yet important outcome variation in patients after aSAH, in-
cluding cognitive impairment, anxiety, and return to work.>>*®
Subarachnoid hemorrhage (SAH)-specific outcome measures
covering these more subtle outcomes such as the SAH outcome
tool,?’ may be more sensitive in detecting an association between
HP genotype and functional outcome. Another possible reason
is that the early brain injury takes longer to settle and expose the
final residual permanent deficit influenced by HP genotype. In
this study, outcomes were analyzed 2 weeks to 1 year after aSAH;
however, improvements have been demonstrated beyond this
time. For example, mRS score has been shown to improve in
19% of patients between 12 and 36 months after aSAH.>® Hence,
future studies should consider longer follow-up periods.

The negative result for all secondary outcomes is not con-
sistent with the recent meta-analysis that provided evidence
that the HP2 allele was associated with worse short-term
outcome, including DCI and vasospasm‘11 The previous
meta-analysis had a number of limitations that may underlie
this discrepancy. First, the meta-analysis used a composite
definition of short-term outcome grouping DCI or cerebral
vasospasm by any definition into 1 binary outcome measure.
In comparison, the IPLD analysis here used specific defi-
nitions of cerebral vasospasm and DCI, which were analyzed
separately. Second, the meta-analysis did not control for
covariates known to affect outcome after aSAH, the inclusion
of which in the IPLD analysis may explain the different result.
The effect sizes observed for the secondary outcomes, besides
not achieving statistical significance or showing trends, were
extremely small. Taken together, this demonstrates that there
is no meaningful, clinically significant difference in these
outcomes between HP genotypes.

Although this IPLD analysis included a number of un-
published studies, which may have contributed significantly to
the negative result, a sensitivity analysis of published studies
only was still negative. It has previously been noted that in-
corporation of unpublished studies does not significantly

change the results of most meta—a.nalyses.29

The binding of Hp to Hb is thought to confer protection via
a number of mechanisms, including limiting the oxidative
damage potential of Hb,* facilitating its clearance via the
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CD163 membrane receptor on macrophages/ rnicroglia,31
and generating an anti-inflammatory response.*> The lack of
a clear effect of HP genotype on outcome after aSAH in
humans contrasts with observations in animal models.
Transgenic mice expressing a murine equivalent of human
HP2 experienced more vasospasm and functional deficit after
experimentally induced SAH compared to wild-type mice.*®
However, there are important biological differences between
mice and humans. The influence of Hp on the affinity of
CD163 to Hb is markedly different,** and CD163 shedding
occurs in humans,'? not mice.>® These differences suggest
that the Hb scavenging system is sufficiently different between
the 2 species such that extrapolation of the detrimental effect
of HP2 observed in this mouse model to humans should be
done with extreme caution.

The basic unit of Hp protein is an Hp monomer consisting of
1 a and 1 B subunit. The HP1 allele codes for an a subunit
(called a;) with 1 cysteine residue that enables dimerization of
the Hp monomer by formation of a disulfide bond. The HP2
allele codes for an a, subunit that contains an extra cysteine
residue compared to a; and is therefore able to make multiple
disulfide bonds, resulting in several polymers of increasing
size in HP2-1 heterozygotes and HP2-2 homozygotes."
Whether there is a functional difference between the proteins
expressed by different HP genotypes is controversial and very
much depends on which characteristic of Hp one considers. It
is well established that Hp expression is influenced by geno-
type: HP1-1 > HP1-2 > HP2-2.>¢ Some investigators have
demonstrated that the Hp1-1 dimer is more effective than the
Hp2-2 polymer in reducing the oxidative potential of Hb,*’~*
although other reports suggest that there is no difference.**~**
Binding affinity to CD163 appears to be higher for Hb in
complex with Hp2-2 polymer compared to Hp1-1 dimer.>"**
However, studies looking at the uptake of Hb-Hp complexes
by CD163-expressing cells are less clear, with some reporting
no difference® and others indicating an increased binding
affinity of both Hpl-1 dimer* and Hp2-2 polymer,44
depending on the experimental conditions. Differences may
extend to inflammatory effects because binding of Hp1-1-Hb
complexes to CDI163 results in secretion of the anti-
inflammatory cytokine interleukin-10°>* at levels several-
fold higher compared to Hp2-2-Hb complexes.* It is also
plausible that differences may be unrelated to Hb scavenging.
For example, the HP1-1 genotype appears to decrease en-
dothelial progenitor cell cluster formation.*® HP2 has also
been associated with poorer clinical outcome in people with
diabetes mellitus, ischemic heart disease, and infections,>®
suggesting that it may influence outcome after aSAH in
individuals with these comorbidities.

HP genotype may not influence outcome after aSAH, even if
there are differences between HP genotypes in Hb scavenging
efficiency. Recently, CD163 expression by neurons has been
demonstrated in animal models of cerebral hemorrhage.*”
Because Hb is normally predominantly taken up in the CNS
by microglia, it has been proposed that this increased neuronal
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CD163 expression may lead to increased neuronal toxicity
through uptake of Hb.** It is therefore possible that any po-
tential protective effect conferred by different HP genotypes
may be mitigated by increased neuronal toxicity. To date,
CD163 expression by human neurons in situ remains to be
demonstrated.

This IPLD analysis provides the most robust evidence to date
examining the relationship between HP genotype and out-
come after aSAH and has a number of strengths. First, this
study has the largest sample size to date,"” although still
smaller than usual for genetic studies. Second, the study
population was in HWE, excluding significant case missingness
or technical problems with genotype/phenotype ascertainment.
Third, a number of covariates known to affect outcome after
aSAH that have not been consistently controlled for in previous
studies were included in the analysis: age, WENS grade, Fisher
grade, and treatment.”>* Fourth, this study includes a large
number of unpublished studies identified through a network of
investigators worldwide. Fifth, it uses IPLD. Sixth, all analyses
were preplanned; the protocol was published before the analysis
was started; and the statisticians were blinded to the identities of
the study and HP genotypes (deidentification of the studies was
performed at the end, table e-7 available from Eprints, eprints.
soton.ac.uk/426525/). Finally, a comprehensive array of statis-
tical approaches was used.

There are several limitations. First, there was minor but sig-
nificant evidence of selection bias when patients in this study
were compared with both a hospital aSAH population23 and
a typical aSAH randomized controlled study,** favoring
patients with a lower coiling rate compared to clipping and
a higher incidence of DCL Second, this study was retro-
spective, and despite the collection of IPLD, the available data
limited the choice and number of covariates that could be
used. It does not control for other covariates known to be
important in predicting outcome after aSAH, including need
for CSF diversion and preoperative rebleeding,z3 because of
a lack of data availability. In addition, although we have
controlled for follow-up time, the duration varied significantly
between studies. Future studies could examine Hp subunit
expression because the Hp a; chain band intensity may be
prognostic in HP2-1 individuals.>
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Abstract

Background and purpose: Nuclear factor erythroid 2-related factor 2 (NRF2; encoded
by the NFE2L2 gene) has been implicated in outcome following aneurysmal subarachnoid
haemorrhage (aSAH) through its activity as a regulator of inflammation, oxidative injury
and blood breakdown product clearance. The aim of this study was to identify whether
genetic variation in NFE2L2 is associated with clinical outcome following aSAH.
Methods: Ten tagging single nucleotide polymorphisms (SNPs) in NFE2L2 were genotyped
and tested for association with dichotomized clinical outcome, assessed by the modified
Rankin scale, in both a discovery and a validation cohort. In silico functional analysis was
performed using a range of bioinformatic tools.

Results: One SNP, rs10183914, was significantly associated with outcome following aSAH
in both the discovery (n = 1007) and validation cohorts (n = 466). The risk of poor outcome
was estimated to be 1.33-fold (95% confidence interval 1.12-1.58) higher in individuals
with the T allele of rs10183914 (p, ., analysis = 0-001). In silico functional analysis identified
rs10183914 as a potentially regulatory variant with effects on transcription factor binding
in addition to alternative splicing with the T allele, associated with a significant reduction
in the NFE2L2 intron excision ratio (;oSQTL =1.3x107).

Conclusions: The NFE2L2 SNP, rs10183914, is significantly associated with outcome
following aSAH. This is consistent with a clinically relevant pathophysiological role for
oxidative and inflammatory brain injury due to blood and its breakdown products in aSAH.
Furthermore, our findings support NRF2 as a potential therapeutic target following aSAH
and other forms of intracranial haemorrhage.
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INTRODUCTION

Aneurysmal subarachnoid haemorrhage (aSAH) is a devastating
form of stroke associated with significant morbidity and mortality
[1]. It has worse outcomes and occurs in younger people compared
with other forms of stroke, meaning aSAH results in the greatest
socioeconomic burden of all stroke types [2].

The initial surge in intracranial pressure caused by aneurysm
rupture instigates early brain injury [3]. The toxic cascades initiated
in this early brain injury, together with blood and its breakdown
products, which are gradually released into the cerebrospinal fluid
(CSF) as the clot lyses, lead to delayed brain injury characterized
by cerebral vasospasm, inflammation, oxidative injury and cortical
spreading depression [4-7]. Oxidative injury is thought to play a key
role in the pathophysiology of neurological injury following aSAH
[8]. There is significant evidence of oxidative stress within human
CSF following aSAH, with a higher oxidative burden associated with
complications and worse outcomes [9-11].

Nuclear factor erythroid 2-related factor 2 (NRF2) has been
demonstrated in humans and animals to play an important role in oxi-
dative and neurological injury following aSAH. NRF2, encoded by the
NFE2L2 gene in humans, is a transcription factor which responds to
oxidative stress by upregulating multiple antioxidants including glu-
tathione S-transferase and peroxiredoxin [12]. It also regulates tran-
scription of blood breakdown product scavenging molecules such as
heme oxygenase-1 (HO-1) [12] and haptoglobin (Hp) [13]. NRF2 has
also been shown to have anti-inflammatory properties [14]. It is ac-
tivated following aSAH in response to oxidative stress and by blood
breakdown products released into the CSF following haemorrhage
[5]. Consequently, NRF2 plays a potentially pivotal role in protection
from neurological injury and outcome following aSAH, not only by
upregulating antioxidants and dampening inflammation but also by
promoting the clearance of blood breakdown products which drive
the oxidative and inflammatory response to aSAH [15, 16].

Nrf2 has been implicated in the pathophysiology of aSAH in mul-
tiple animal studies. Nrf2 is upregulated in the cerebral vasculature
and cortex following experimental subarachnoid haemorrhage (SAH)
in rodents [17, 18]. Nrf2 knockout mice exposed to experimental
SAH have increased brain injury and neurological deficits compared
to wild-type mice [19]. Numerous studies have demonstrated that
pharmacological upregulation of Nrf2 is associated with reduced ox-
idative and neurological injury, with improved outcomes in rodent
SAH models [20, 21]. Sulforaphane is a pharmacological upregulator
of Nrf2 activity, which in rodent SAH models reduces neurological
injury, cerebral vasospasm and inflammatory cytokines [18, 22].

NFE2L2 is a highly polymorphic gene for which genetic variation
has been associated with human disease risk including in respiratory,
gastrointestinal and haematological conditions [23]. In neurologi-
cal disease, genetic variation in NFE2L2 has been associated with
Parkinson's disease and amyotrophic lateral sclerosis incidence and
age of onset [24, 25]. In the context of human aSAH, genetic varia-
tion in NFE2L2 has not been specifically studied.

Given its pivotal role in both oxidative and inflammatory injury
and its association with the pathophysiology of a wide spectrum
of diseases, we hypothesized that genetic variation in NFE2L2 in-
fluences outcome following aSAH. The aims of this study were to
investigate whether genetic variation within NFE2L2 is associated
with outcome following aSAH and to validate the findings in an ex-
ternal cohort.

METHODS

This was an NFE2L2 candidate gene study to test for an association
between single nucleotide polymorphisms (SNPs) and outcome fol-
lowing aSAH in a discovery and a validation cohort.

This study had both national (REC 19/SC/0485) and local (ERGO
49253) ethical approval. Patients, or next of kin if patients lacked
capacity, gave written informed consent. The study is reported ac-
cording to the STREGA recommendations [26].

Discovery analysis
Subjects

DNA and phenotype information were obtained from patients with
aSAH recruited to the Genetics and Observational Subarachnoid
Haemorrhage (GOSH) study. The GOSH study recruited patients
from 22 neurosurgical centres in the United Kingdom between
2011 and 2014, and was designed to study the genetic charac-
teristics of aSAH, the details of which have previously been re-
ported [27]. All individuals with available DNA, confirmed aSAH
and suitable data on clinical outcome were eligible for inclusion
in this study.

Outcomes and covariates

The primary outcome was the dichotomized modified Rankin
scale (mRS) score at follow-up. An mRS score of 0-1 was defined
as good outcome and an mRS score of 2-6 as poor outcome. This
high threshold for good outcome was prespecified in view of the
known long follow-up periods (up to 8 years) and consequently good
outcomes in this cohort [28, 29]. The following prespecified covari-
ates were included in the analysis: World Federation of Neurological
Surgeons (WFNS) grade; Fisher grade [30]; treatment (conservative,
endovascular, surgical); time to follow-up; sex; and age. All covari-
ates were tested as categorical apart from age and time to follow-up,
which were treated as continuous variables. Multilevel categorical
data were converted to a set of binary dummy variables for analy-
sis. Missing covariate data were imputed using a method of polyto-
mous regression for multilevel categorical data and predictive mean
matching for continuous data [31].
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SNP selection and genotyping

Tagging SNPs within and surrounding the NFE2L2 gene were
identified using a linkage-disequilibrium-based mapping approach
[25] to efficiently capture as much common variation as possible.
Eight tagging SNPs were identified from HapMap data (release
28) [32] including regions 5 kb downstream to 10 kb upstream
of NFE2L2 (minor allele frequency >5%, r? =0.9). A further two
tagging SNPs were identified from the upstream regulatory re-
gion (see Table 1 for details of tagging SNPs). These SNPs were
genotyped by Kompetitive Allele-Specific PCR (KASP) at LGC
Genomics.

Quality control

Candidate SNPs were excluded if the genotyping rate was <90% for
the cohort, minor allele frequency was <0.05 or there was signifi-
cant deviation from Hardy-Weinberg equilibrium (p <0.0001).

Association analysis

Individual SNPs were tested for association with dichotomized out-
come under an additive model with logistic regression controlling
for all covariates. Haplotypes including all 10 SNPs and a frequency
>0.01 were tested for association using the same logistic regression
model. As this was an exploratory analysis, correction for multiple
testing was not performed.

Validation analysis

The SNPs and haplotypes associated with outcome (p<0.05)
were assessed for replication in an independent cohort of Dutch
aSAH patients who were recruited from the University Medical
Centre Utrecht, The Netherlands. mRS scores for all individuals
were determined at 3 months after aSAH. DNA was extracted
from blood and genotyped on either lllumina GSA or CNV370-
duo platforms. Additional SNPs were imputed on the Michigan
Imputation Server. Further details about the genotyping and
their quality control have been published elsewhere [33]. Array
genotype data underwent quality control including exclusion of
individuals with >10% missingness; SNPs were excluded if minor
allele frequency was <0.05, there was extreme deviation from
the Hardy-Weinberg equilibrium (p <0.0001) or the SNP call rate
was <90%.

In the validation cohort an mRS score of 0-2 was defined as
good outcome and an mRS score of 3-6 as poor outcome. This was
a different threshold from that used in the discovery cohort in view
of the fact that follow-up in this cohort was at 3 months. This is a
more common assessment time in aSAH studies and, consequently,

the threshold for good outcome most often employed in aSAH
studies was applied. This approach ensured comparable numbers
of patients with poor outcome in the discovery and validation co-
horts for statistical analysis. To explore the effect of these mRS
score thresholds, the primary analysis was repeated using the
same threshold as that used in the validation cohort (see sensitiv-
ity analysis).

The same logistic regression model was used to validate the as-
sociation between significant SNPs and haplotypes with outcome
following aSAH. Age, sex and WFNS grade were included as covari-
ates in the model. All individuals were followed up at the same time
point and, consequently, follow-up time was not required as a co-
variate in the model. Fisher grade and treatment status were not
available for this dataset. The Bonferroni method for multiple cor-
rections was applied based on the number of SNPs and haplotypes
tested in the replication cohort.

The final effect size for statistically significant validated SNPs
was identified by a fixed effects meta-analysis of summary statistics
from the discovery and validation cohorts.

Functional analysis

Genetic variants which replicated in the validation cohort un-
derwent in silico functional analysis to assess their biological rel-
evance. The RegulomeDB probability score was used to assess
the likelihood of any variant being regulatory [34]. UCSC Genome
Browser [35-37] and HaploReg (version 4.1) [38] were used to
annotate against the 15-state chromatin model [39] to identify
whether relevant variants and their proxies (r?>0.85) had signifi-
cant chromatin interactions. GTEx (version 8) [40] was used to
assess whether variants or their proxies (r?>0.85) were associ-
ated with gene expression levels (eQTL) and/or alternative splic-
ing (sQTL).

Sensitivity analyses

The primary analysis was also repeated in the GOSH cohort using
mRS score 0-2 to define good outcome, the same dichotomization
threshold as used in the validation cohort. As Fisher grade and treat-
ment status were not available in the validation cohort, the primary
analysis was repeated in the GOSH cohort excluding these covariates.

All analyses were performed in STATA (StataCorp. 2011. Stata
Statistical Software: Release 16. College Station, TX: StataCorp LP)
and PLINK versions 1.07 and 1.9.

Data availability

Study data will be available from the authors subject to institutional
agreements and ethical approvals.
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RESULTS Association analysis
Discovery cohort Multivariable logistic regression identified two candidate SNPs

A total of 1202 patients with aSAH were identified from the GOSH
dataset, of whom 116 individuals were excluded due to missing out-
come data. Of the remaining 1086 samples, 17 (1.6%), 57 (5.2%),
10 (0.9%) and 18 (1.7%) were missing WFNS grade, Fisher grade,
treatment status and time to follow-up, respectively, and were
imputed. Genetic data were available on 1078 patients, of whom
1069 passed quality control thresholds. After dichotomization on
mRS score, 68% of patients (n = 732) were defined as having a good
outcome (mRSscore 0-1) and 32% (n = 337) had a poor outcome
(mRS score 2-6). The mean (range) follow-up time was 24.7 (0-96)
months (Figure S1). See Figure 1 for flow chart of sample inclusion
and Table 2 for demographics of included patients.

significantly associated with outcome following aSAH and adjusting
forknown prognostically relevant covariates (age, Fisher grade, time
to follow-up, sex, treatment and WFNS grade): the rs10183914 T
allele was associated with poor outcome with an odds ratio (OR) of
1.27 (95% confidence interval [CI] 1.04-1.55; p = 0.021, n = 1007)
and the rs6433657 A allele was associated with poor outcome with
an OR of 1.24 (95% CI 1.02-1.50; p = 0.034, n = 1002 [Table 3 and
Tables S1-S3]). Two haplotypes were associated with outcome using
the same multivariable analysis to adjust for covariates (Table S4).
Of these two haplotypes the haplotype containing the rs10183914
T and rs6433657 A risk alleles was associated with an increased
risk of poor outcome (OR 1.39), whereas the haplotype containing

TABLE 1 Tagging single nucleotide polymorphisms included in analysis

Chromosome SNP Base pair Location Major allele  Minor allele Minor allele frequency
2 rs13035806 177,227,094 Intergenic G A 0.18
2 rs2706110 177,227,434 Intergenic C T 0.20
2 rs10183914 177,232,938 Intronic C T 0.34
2 rs6726395 177,238,501 Intronic G A 0.45
2 rs10930781 177,249,904 Intronic G A 0.09
2 rs1806649 177,253,424 Intronic C T 0.23
2 rs2364723 177,261,818 Intronic G C 0.31
2 rs6706649 177,265,343 Upstream C T 0.13
2 rs35652124 177,265,345 Upstream T C 0.31
2 rs6433657 177,269,949 Intergenic G A 0.45

Note: Base pair is reported in reference to hg38. Minor allele frequency is
(GOSH) study cohort.
Abbreviation: SNP, single nucleotide polymorphism.

reported for the Genetics and Observational Subarachnoid Haemorrhage

FIGURE 1 Flow chart for Genetics
and Observational Subarachnoid data identified i

Haemorrhage (GOSH) study sample n=1

Individuals with aSAH and clinical

n GOSH dataset
202

inclusion. aSAH, aneurysmal subarachnoid

Missing outcome data

haemorrhage

n=116

n=1

Outcome data available

086

Missing genetic data

n=17

n=1

Genetic data available

069

n=1

Passing quality control

069
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TABLE 2 Demographics of patients included from discovery and
validation cohort

Discovery: Validation:

Cohort GOSH cohort Utrecht cohort
Sample size 1069 466
Mean (range) age, years 53.6 (19-92) 57.3(23-92)
WEFNS grade, n (%)

1 602 (56) 216 (46)

2 237 (22) 126 (27)

3 53 (5) 23(5)

4 104 (10) 57(12)

5 73(7) 44(9)
Fisher grade, n (%)

1 83 (8) Not available

2 321 (30)

3 241(23)

4 424 (40)
Mean (range) time to 24.7 (0-96) 3

follow-up, months

Treatment, n (%)

Conservative 9(1) Not available

Endovascular 846 (79)

Surgical 214 (20)
Sex, n (%)

Female 754 (71) 339 (73)

Male 315(29) 127 (27)
Outcome, n (%)

mRS score O 354 (33) 5(1)

mRS score 1 378 (35) 25 (5)

mRS score 2 158 (15) 318 (68)

mRS score 3 85 (8) 19 (4)

mRS score 4 36 (3) 32(7)

mRS score 5 15 (1) 30 (6)

mRS score 6 43 (4) 37 (8)

Good outcome® 732 (68) 348 (75)

Poor outcome 337(32) 118 (25)

Note: Good outcome was defined as mRS score 0-1 and mRS score

0-2 in the discovery and validation cohorts, respectively. Discovery
demographics are reported following imputation.

Abbreviations: GOSH, Genetics and Observational Subarachnoid
Haemorrhage; mRS, modified Rankin scale; WFNS, World Federation of
Neurological Surgeons.

the rs10183914 C and rs6433657 G alleles was protective, with a
reduced risk of poor outcome (OR 0.59).

Validation analysis
A total of 466 patients were identified from the University Medical

Centre Utrecht dataset, all of whom passed quality control param-
eters (see Table 2 for demographics). In all, 348 patients (75%) had a

good outcome (MRS score 0-2) and 118 (25%) a poor outcome (MRS
score 3-6).

The two statistically significant associated SNPs (rs10183914
and rs6433657) were tested for replication in the Utrecht cohort
using a logistic regression model controlling for age, sex and WFNS
grade. Using Bonferroni correction (corrected p value <0.025), the
rs10183914 T allele replicated with a statistically significant associa-
tion with outcome in the Utrecht cohort (p = 0.019). The rs6433657
A allele did not replicate in the Utrecht cohort (p = 0.693) (Table 3).
In a fixed-effects meta-analysis of the discovery and validation co-
horts the odds of a poor outcome were estimated to be 1.33 times
higher per copy of the risk T allele (95% CI 1.12-1.58; p = 0.001),
with no evidence of heterogeneity (1> = 0%; Figure 2).

The two significant haplotypes were also tested for validation in
the Utrecht cohort using the same multivariable logistic regression
model. Neither of the haplotypes replicated in the Utrecht dataset.

Functional analysis

rs10183914 has a RegulomeDB probability score of 0.609, suggest-
ing this is a putative regulatory variant with evidence of transcrip-
tion and enhancer activity in brain tissue. Interrogation of HaploReg
epigenomic information highlighted a cluster of enhancers, defined
by the 15-state chromatin model [39], within the brain, associated
with two SNPs (rs13001694 and rs36030784) in strong linkage
disequilibrium with rs10183914 (r2>0.85, D' = 0.95; Figure 3).
HaploReg and RegulomeDB also identified that rs10183914 al-
ters regulatory motifs for transcription factors Foxcl, CEBPB
and PBX2. rs10183914 is also associated with significant splicing
quantitative trait loci changes in brain cortex, with the T allele as-
sociated with a significantly reduced NFE2L2 intron excision ratio
(p = 1.3x107) as analysed by LeafCutter [41] (Figure 3). Finally,
rs10183914 is associated with significantly altered expression of
NFE2L2 using eQTL analysis, for example, in cultured fibroblasts,
although not in brain tissue [40].

Sensitivity analyses

When an mRS score of 0-2 was used to define good outcome in
the GOSH study cohort, only 17% of individuals were classified as
having poor outcome. Using this definition the rs10183914 T allele
had an OR of poor outcome of 1.27 (95% ClI 0.98-1.62; p = 0.076,
n=1007) and the rs6433657 A allele had an OR of poor outcome of
1.24 (95% C1 0.85-1.40; p = 0.480, n = 1002). A fixed-effects meta-
analysis of rs10183914 in the discovery and validation cohorts iden-
tified a highly significant estimated OR of 1.34 (95% Cl 1.09-1.64;
p = 0.005). Exclusion of Fisher grade and treatment status as covari-
ates had minimal effect on the significance of the relationship be-
tween genotype and outcome in the GOSH study cohort (excluding
Fisher grade: rs10183914, p = 0.029; rs6433657, p = 0.046; exclud-
ing treatment status: rs10183914, p = 0.017; rs6433657, p = 0.043).
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DISCUSSION

In this NFE2L2 candidate gene study we identified and externally
validated the novel finding that the rs10183914 T allele is associated
with poor clinical outcome following aSAH in humans (OR 1.33; 95%
Cl1.12-1.58).

NRF2 has been proposed to play an integral role in neurologi-
cal injury and outcome following aSAH by promoting clearance of
blood and its breakdown products and protecting against oxidative
and inflammatory injury [15, 16]. At present, however, there is only
rodent data supporting a role for Nrf2 in SAH [19, 20]. By identify-
ing genetic variation within NFE2L2 associated with outcome, this

study demonstrates the relevance of NRF2 to functional outcome in
humans following aSAH. This is consistent with a clinically relevant
pathophysiological role for oxidative and inflammatory brain injury
due to blood and its breakdown products following aSAH in humans.
It also highlights NRF2 as a strong potential therapeutic target to
mitigate the devastating consequences of this condition. At present
there is an ongoing clinical trial to assess the impact of sulforaphane,
a NRF2 stabilizer, in aSAH [42].

In this study the presence of the rs10183914 T allele was asso-
ciated with poor outcome following aSAH (OR 1.33; 95% CI 1.12-
1.58). The functional effect of the intronic rs10183914 is, however,
unknown. The alternate T allele has been associated with later age

TABLE 3 Multivariable logistic regression of significant single nucleotide polymorphisms for the Genetics and Observational

Subarachnoid Haemorrhage (GOSH) and Utrecht study cohorts.

GOSH cohort Utrecht cohort

Number of Number of
SNP Base pair Minor allele samples OR (95% CI) p value samples OR (95% Cl) p value
rs10183914 177,232,938 T 1007 1.27 (1.04-1.55)  0.021* 466 1.5(1.07-2.10) 0.019°
rs6433657 177,269,949 A 1002 1.24(1.02-1.50)  0.034° 466 1.07 (0.77-1.48)  0.693

Note: ORs are reported with respect to the minor allele. Base pair reported in reference to hg38. Genotypes for rs10183914 in the GOSH cohort: CC
451, CT 418, TT 138; Utrecht cohort: CC 177, CT 211, TT 78; for rs6433657 in the GOSH cohort: GG 327, AG 455, AA 220; Utrecht cohort: GG 121,

AG 223, AA122.

Abbreviations: OR, odds ratio; SNP, single-nucleotide polymorphism.
Signifies <0.05. In the validation cohort.

bRepresents significance following Bonferroni correction (<0.025).
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FIGURE 2 Forest plot displaying summary results for rs10183914 in the Genetics and Observational Subarachnoid Haemorrhage (GOSH)

study (discovery) and Utrecht (validation) cohorts
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FIGURE 3 Insilico functional analysis showing relevant SNPs. (a) 15-state chromatin model in relevant tissue (http://genome.ucsc.edu).

(b) NFE2L2 splicing QTL analysis for rs10183914 (http://gtexportal.org).

of onset in Parkinson's disease, although the effect of the genetic
variant is unknown, with no change in expression of NFE2L2 in
human olfactory neurosphere-derived cell lines [25]. In silico func-
tional analysis links both rs10183914 and SNPs in strong linkage
disequilibrium, rs13001694 and rs36030784, to gene regulation,
suggesting a significant functional role for this variant. Splicing QTL
analysis identified that rs10183914 significantly alters the intron-
excision ratio of NFE2L2 specifically in brain tissue (p = 1.3x107),
not only supporting a functional effect of the variant but also
highlighting it specifically in neural tissue. Splicing significantly
contributes to transcriptome and subsequent proteome diversity
[43] and the risk rs10183914 T allele is associated with a reduced
intron-excision ratio, leading to lower transcription diversity in the
brain and potentially a longer protein, which is likely to be dysfunc-
tional. rs10183914 also significantly influences expression of NRF2
although not specifically in brain tissue. Further in vitro analysis is
required to characterize the functional effect of this variant and
inform future studies.

The findings of this study also have implications for other hae-
morrhagic stroke conditions such as intracerebral haemorrhage,
where Nrf2 activity has also been shown to be neuroprotective in
rodent models [44]. As genetic variation influences outcome after
aSAH in humans this may translate to other conditions, such as in-
tracerebral haemorrhage, where NRF2 may also be a promising ther-
apeutic target to improve outcome, building on the body of animal
evidence available [45].

In this study, only 10 tagging SNPs were genotyped, all of which
are common, with a minor allele frequency >0.05. Despite this
small number of variants, a significant association with outcome
following aSAH was identified. Future studies including a wider
range of common and rare genetic variants may identify stronger

relationships to outcome, further supporting an integral role for
NFE2L2 in aSAH recovery.

This finding adds to the growing body of evidence that genetic
variation plays an important role in outcome following aSAH [46, 47]
and supports the ongoing effort to perform a genome-wide associa-
tion study of outcome following aSAH [48].

A strength of this study is the long-term follow-up duration in
the GOSH cohort, ranging from O to 96 months. This suggests that
the effect of NRF2 on outcome is not simply an acute phenom-
enon but persists in the long term. The wide range of follow-up
in the GOSH dataset is complemented by the fixed shorter-term
follow-up time in the Utrecht dataset (3 months), both of which
identify a significant association between rs10183914 and out-
come, supporting the significance of this variant in both the short
and long term.

The difference in follow-up duration between the two cohorts,
however, results in a higher proportion of individuals with mRS score
0-1in the GOSH study cohort (Table 2) due to longer recovery time
before outcome assessment. For this reason, we prespecified differ-
ent mRS dichotomization thresholds for good versus poor outcome
in the discovery (GOSH; mRS 0-1 vs. 2-6), and validation (Utrecht;
mRS 0-2 vs. 3-6) cohorts. Both these dichotomization thresholds
are used in the literature in the context of outcome following aSAH
[27, 49]. An mRS score of 0-2 is more commonly used to define good
outcome in studies with follow-up at 3-6 months (as in the Utrecht
cohort), whereas the mRS score 0-1 dichotomy has been applied to
longer-term follow-up cohorts such as that of the GOSH study. The
differing dichotomies were used in this study to ensure equivalent
proportions of good/poor outcome individuals in the two cohorts
and to allow robust statistical analysis (Table 2). A sensitivity analysis
was performed using mRS scores of 0-2 to define good outcome in
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the GOSH study cohort and showed the same direction of effect
(OR 1.24 compared to 1.27), with a suggestive p value of 0.076,
and meta-analysis of the discovery and validation cohorts remained
highly significant (OR 1.34, 95% Cl 1.09-1.64; p = 0.005), supporting
the findings of the primary analysis.

Fisher grade and treatment status were missing in the Utrecht
cohort, preventing their inclusion in the multivariable model for the
validation cohort. However, this is very unlikely to have influenced
the significance of the results. Firstly, Fisher grade and treatment
status have minimal influence on outcome, explaining only 0.65%
and 1.3% of outcome variation, respectively, in the largest predic-
tive modelling study to date [50] and 4.6% and 0.4% variation in
outcome, respectively, in the GOSH dataset. Secondly, exclusion
of Fisher grade and treatment status from the GOSH analysis only
had a minimal impact on the significance of rs10183914, suggest-
ing that their inclusion would be unlikely to influence the results.
In this study only the original Fisher grade [30] was available; the
updated modified Fisher grade [51] has been shown to be more
predictive of outcome [52] and should be used in future studies
when available.

In conclusion, in this study we identify and validate the NFE2L2
SNP rs10183914 as associated with outcome in humans following
aSAH and provide in silico functional evidence of the potential func-
tional effect of this variant. This provides insight into the pathophys-
iological mechanisms of injury following aSAH and emphasizes the
importance of oxidative stress. The data presented here further sup-
port NRF2 as a therapeutic target following aSAH and have implica-
tions for the management of other haemorrhagic stroke conditions.
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Abstract

Aneurysmal subarachnoid haemorrhage (aSAH) results in persistent clinical deficits which prevent survivors from return-
ing to normal daily functioning. Only a small fraction of the variation in clinical outcome following aSAH is explained by
known clinical, demographic and imaging variables; meaning additional unknown factors must play a key role in clinical
outcome. There is a growing body of evidence that genetic variation is important in determining outcome following aSAH.
Understanding genetic determinants of outcome will help to improve prognostic modelling, stratify patients in clinical trials
and target novel strategies to treat this devastating disease. This protocol details a two-stage genome-wide association study
to identify susceptibility loci for clinical outcome after aSAH using individual patient-level data from multiple international
cohorts. Clinical outcome will be assessed using the modified Rankin Scale or Glasgow Outcome Scale at 1-24 months. The
stage 1 discovery will involve meta-analysis of individual-level genotypes from different cohorts, controlling for key covari-
ates. Based on statistical significance, supplemented by biological relevance, top single nucleotide polymorphisms will be
selected for replication at stage 2. The study has national and local ethical approval. The results of this study will be rapidly
communicated to clinicians, researchers and patients through open-access publication(s), presentation(s) at international
conferences and via our patient and public network.

Keywords Subarachnoid haemorrhage - Stroke - Outcome assessment - Health care - Genetics - Medical

Introduction

Aneurysmal subarachnoid haemorrhage (aSAH) has a severe
socioeconomic burden [1] as it affects people of young age
and survivors suffer persisting physical, cognitive, auditory
and psychosocial morbidity [2], leading to unemployment
[3]. It is a striking clinical observation that individuals with
similar bleeds, clinical characteristics and comorbidities
experience widely different outcomes. Dozens of model-
ling studies, including the most recent enrolling over 10,000
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patients [4], have consistently found that only up to a third
of the variance in clinical outcome can be explained using
a combination of demographic, clinical and imaging char-
acteristics. Consequently, unknown additional factors play
a key role in clinical outcome.

The mechanism of neurological injury following aSAH
can be divided into an early brain injury (EBI) occurring
within 72 h of ictus and a delayed brain injury occurring in
the subsequent days to weeks after haemorrhage [5]. EBI is
caused by a rapid rise in intracranial pressure and concomi-
tant fall in cerebral blood flow at the time of haemorrhage
[6]. Toxic cascades initiated by EBI and the presence of
blood and its breakdown products within the cerebrospi-
nal fluid are thought to lead to delayed brain injury, char-
acterised by a range of pathological processes including
cerebral vasospasm, inflammation, oxidative damage and
cortical spreading depression [7-9]. However, the relative
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significance of each of these pathological pathways is cur-
rently unknown, impairing the development of pharmaco-
logical and therapeutic strategies to prevent or reduce neu-
rological injury.

Previous studies have indicated that clinical outcome
may be influenced by the genetic background of individual
patients [10]. For example, we have shown that haptoglobin
genotype influences clinical outcome [11] and others have
implicated endothelial nitric oxide synthase [12], apolipo-
protein E [13], brain-derived neurotrophic factor [14] and
genes associated with fibrinolysis [15] and inflammation
[16]. An automated search of the literature using GLAD4U,
a PubMed gene retrieval and prioritisation tool, identified
324 genes associated with aSAH outcome [17, 18]. These
genes were derived from candidate gene studies that rely
on a priori knowledge of the genes to make the link with
clinical outcome. However, as our understanding of the
molecular mechanisms underlying outcome after aSAH is
incomplete, these targeted approaches may overlook sig-
nificant genes and are unlikely to deliver novel findings. A
systematic genome-wide analysis will overcome this limita-
tion. While there have been several genome-wide associa-
tion studies (GWAS) comparing patients with and without
aneurysms, or comparing patients with ruptured versus
unruptured aneurysms, a GWAS of clinical outcome after
aSAH has never been performed to date [19, 20]. This is
primarily because of the logistic difficulties associated with
collecting clinical outcome in a large number of patients
when aSAH has a relatively low incidence of around 6 per
100,000 person-years [21]. In order to address the challenge
of adequate case ascertainment, one method is to perform
an individual patient level data analysis of retrospective data
from multiple collaborators [22].

A greater understanding of the genetic variants associ-
ated with outcome following aSAH will provide valuable
insight into the pathophysiological mechanisms of outcome
after aSAH highlighting the pathways which underlie neu-
rological injury, with the potential to improve patient care.
Moreover, genetic variants could be used to improve cur-
rent prognostic models identifying patients at risk of dete-
rioration who may benefit from increased observation, early
intervention or access to rehabilitation [23]. Improved prog-
nostication will also allow patients and carers to scale their
expectations and forward plan their work and personal life.
Additionally, knowledge of genetic variants associated with
clinical outcome could be used to adjust for patient hetero-
geneity in aSAH clinical trials allowing for patient stratifi-
cation and decreasing required sample sizes [24]. Finally,
genome-wide analysis of genetic variation associated with
outcome may highlight genes and pathways that were pre-
viously not considered pharmaceutical targets to improve
outcome. This will allow drug target analysis for the devel-
opment of novel and/or repositioning of known therapies

@ Springer

to mitigate the devastating consequences of this condition
[25]. New treatments are desperately needed in aSAH as at
present there is only a single drug (nimodipine) to improve
outcome, the effect of which is modest [26, 27].

In this study protocol, we detail the methodology for
the first GWAS of clinical outcome following aSAH. Our
primary aim is to identify genetic variants which influence
clinical outcome, irrespective of whether this is via a direct
or indirect path. Consequently, genetic variants associated
with outcome identified in this study may not directly influ-
ence outcome but rather mediate their effect through the
pathological processes of EBI and delayed brain injury. We
estimate the study power and describe the statistical meth-
ods, including quality control and adjustment for necessary
covariates. This study will entail a major international col-
laboration to identify genes associated with clinical outcome
following aSAH. This study will have three main impacts:
(1) the development of improved prognostic models for
aSAH outcome; (2) the identification of novel therapeutic
targets; and (3) the building of the foundations of knowledge
needed for future studies on clinical outcome after aSAH.

Materials and Methods

This study will be reported in accordance with the
“STrengthening the REporting of Genetic Association
studies” (STREGA) statement [28]. This study was initially
conceived in 2019, with patient recruitment commencing in
January 2021. The authorship includes a statistician (DR)
who has advised on study design and analysis.

Study Design

International two-stage multi-centre individual patient-level
data GWAS. Case-only analysis comparing good and poor
outcome aSAH individuals.

Case Ascertainment Sources

Cases for inclusion in this study are being identified from
two sources:

Haemoglobin after intracranial haemorrhage (HATCH)
consortium

The HATCH consortium is an international consortium with
a focus on outcome following brain haemorrhage, including
members from Asia, the Americas and Europe. The consor-
tium is identifying adult aSAH patients by contacting inves-
tigators worldwide, identified through clinical trial registries
and PubMed searches.
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A trial registry search was performed (Table 1) using
search conditions: “subarachnoid h(a)emorrhage” AND
registration of trial in the last 10 years. The principal inves-
tigators were emailed in their native language, inviting them
to participate in the study. In January 2019, 498 studies were
identified, which were manually screened for relevance to
biosample and/or genetic data availability, resulting in 148
contacts who were emailed. This search will be repeated
prior to commencing the stage 2 validation analysis (see
below) to ensure all available cases are identified.

In collaboration with the International Stroke Genetics
Consortium (ISGC), further study sites are being identified
through peer networks and presentations at ISGC work-
shops. In addition, an international campaign, including
online advertisements and multiple oral and poster presen-
tations at several international workshops and conferences,
has also been commenced.

The UK Biobank

The UK Biobank is an ongoing population-based cohort
study that aims to improve the prevention, diagnosis and
treatment of a wide range of diseases. Extensive genetic and
clinical data have been collected on around half a million
participants across the UK that were aged between 40 and
69 at the time of recruitment from 2006 to 2010. The design,
data collection and processing are described in detail else-
where [29]. The UK Biobank includes a substantial cohort
of aSAH patients with follow-up data. The UK Biobank has
approved this project proposal under application ID 49305.

Inclusion/Exclusion Criteria
HATCH dataset

Adult (> 18 years) aSAH cases with aneurysmal cause of
bleed confirmed by any angiographic method and genome-
wide genotype information available will be eligible for
inclusion. Individuals will be excluded if no aneurysm can
be identified or if a non-aneurysmal cause for subarachnoid
haemorrhage, including vascular malformation and trauma,
is present.

UK Biobank dataset

aSAH cases will be identified from the UK Biobank using
the following data fields (Supplementary Table 1):

e ICD-9 (data field 41271) and ICD-10 (data field 41270)
codes from hospital inpatient data

e Read code information from primary care data (data field
42040)

e Self-reported medical conditions (data field 20002)
reported at baseline or subsequent assessment centre
visits

Cases identified from the UK Biobank will be cross-
checked against the algorithmically generated subarachnoid
haemorrhage diagnosis (data field 42012) and first occur-
rence database for ICD-10 code 160 (data field 131360).
Genotyped aSAH cases will be included if they have out-
come data available subsequent to the date of diagnosis.
Cases will be excluded if there is evidence that subarachnoid
haemorrhage is secondary to non-aneurysmal pathologies
such as vascular malformation or trauma. Non-aneurysmal
causes for subarachnoid haemorrhage will be identified
using ICD-9 and ICD-10 codes indicative of non-aneurysmal
SAH from hospital inpatient and primary care data (Supple-
mentary Table 1) and individuals with such a code will be
excluded regardless of the time interval between diagnosis
of subarachnoid haemorrhage and potential non-aneurysmal
cause. With respect to traumatic event codes, cases will only
be excluded if the date of these events indicates that trauma
occurred within 30 days before or after the diagnosis of
subarachnoid haemorrhage.

Primary Outcomes and Covariates
1. HATCH dataset

The primary outcome will be dichotomised clinical out-
come (assessed at 1-24 months), based on the modified
Rankin Scale (mRS) [30-32] or Glasgow Outcome Scale
(GOS) [33, 34], which correlate highly with each other (Rg
= —0.90, p <0.001, manuscript under review). Outcome will
be dichotomised into favourable (mRS=0-2, GOS=4-5) and

Table 1 Table of trial registries

. e N Trial registry
searched to identify cases for

Website

inclusion in the study

ClinicalTrials.gov

European Clinical Trials Database

WHO International Clinical Trials Registry Platform

http://apps.who.int/trialsearch/

https://clinicaltrials.gov/

https://www.clinicaltrialsregister.eu/ctr-search/
search

International Standard Registered Clinical/Social Study  http://www.isrctn.com/

Number (ISRCTN) registry
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unfavourable (mRS=3-6, GOS=1-3), enabling both scales
to be used [4]. If both mRS and GOS data are available
from a single study only, the variable with the greatest data
availability will be used, i.e. mixed mRS or GOS data from
individual study sites will not be used.

2. UK Biobank dataset

The primary outcomes will be employment status (data
field 6142) and cognition, as measured by reaction time
(data field 20023) following aSAH. These measures have
been chosen as they have been shown to detect differences
in outcome between aSAH cases and controls within the UK
Biobank cohort [35].

Employment status will be dichotomised into good and
poor outcome with poor outcome defined as “unable to work
because of sickness or disability” or “unemployed”. Reac-
tion times will be ranked and then dichotomised so that the
lower scoring poor outcome group is equivalent, in terms
of percentage of the total UK Biobank aSAH cohort, to the
poor outcome group in the HATCH dataset. Cognitive out-
come and mRS after aSAH are highly correlated [36].

Essential Covariates

The primary aim is not to explain maximum variance as is
conventionally done in predictive modelling but to detect
associations between genetic variation and outcome. We
have limited covariates to confounding variables since this
is essential in establishing causality; confounding variables
are defined by a forward path linking the variable to both
exposure and outcome. Directed acyclic graph theory has
been used to rationalise the choice of covariates. Age and
genetic ancestry [37, 38] are the only known variables satis-
fying this definition and will be included as essential covari-
ates (Fig. 1A).

Population stratification will be assessed by principal
component analysis, using reference populations from the
1000 Genomes Project [39], and the top five genetic ancestry
eigenvectors will be used as covariates.

Additional Covariates

In addition to age and genetic ancestry, a number of vari-
ables have been shown to predict outcome following aSAH.
These predictors include baseline characteristics such as the
World Federation of Neurological Surgeons (WENS) score
[4] and features of the patient’s clinical course, for example,
aneurysm treatment modality [40], rebleed and delayed cer-
ebral ischemia (DCI) [41]. As these variables are expected
to influence outcome but not an individual’s genetic profile,
they are not considered as confounding variables (Fig. 1B).
However, one or more of these variables may mediate a
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Fig. 1 A Directed acyclic graph (DAG) demonstrating confounding
covariate interaction with exposure (SNP) and outcome — primary
analysis. B DAG demonstrating both confounding and selected non-
confounding covariates — predictive modelling in cases with avail-
able data, for genetic variants confirmed in A. C Pathway diagram
demonstrating possible mediation of a gene => outcome effect by
WENS, rebleed or DCI, for genetic variants confirmed in A. SNP,
single nucleotide polymorphism; WFNS, World Federation of Neu-
rological Surgeons; aSAH, aneurysmal subarachnoid haemorrhage;
DCI, delayed cerebral ischemia

proportion of the effect of genetic variation on outcome,
and hence can be viewed as “mechanistic” variables linking
gene to outcome. This is more likely for mechanistic vari-
ables with proven links to outcome such as DCI and aneu-
rysm rebleed, both of which also happen to have a proposed
genetic component [10, 19]. By focussing on the gene =>
outcome pathway irrespective of mediating variables, this
study will detect the genes that matter as potential biological
targets for new treatments. In addition, this approach has the
added advantage of maximising sample size since it is not
dependent on the availability of additional covariates.

As an exploratory endpoint where data availability
allows, regression-based mediation analysis will be used
to explore whether potential mechanistic variables (WFNS
score or Hunt and Hess (H&H) grade, aneurysm rebleed
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and presence of DCI) mediate any proportion of the genetic
effect on outcome following aSAH, for genetic variants con-
firmed in the primary analysis (Fig. 1C). If data availability
allows, an attempt will be made to construct a predictive
model to explain maximum variance in outcome, including
the covariates: genetic variants confirmed in the primary
analysis, age, genetic ancestry, time since aSAH, WFNS
score or H&H grade, treatment modality categorised as
conservative, endovascular and surgical, aneurysm rebleed
and presence of DCI (Fig. 1B). This will be performed as a
sensitivity analysis as data is not available for all samples.

In this study, clinical outcome in the HATCH cohort is
assessed over a 1- to 24-month time period. This range is
broad to maximise patient inclusion in the study. The UK
Biobank time to follow-up after aSAH is also broad (1 to
662 months). We have not restricted the time period over
which outcome can be assessed in the UK Biobank as we
have shown that cognitive and employment outcomes dif-
fer between cases and controls over this time period [35],
allowing maximum patient inclusion in the study. Outcome
is expected to be associated with time since aSAH (Fig. 1B)
[42]. Hence, time to follow-up will be included as an addi-
tional covariate in a sensitivity analysis of significant genetic
variants identified in the primary analysis. We will also con-
duct a sensitivity analysis including only individuals with
follow-up at 3 to 6 months.

In the UK Biobank WENS is not available, so the length
of stay will be used instead since this has a strong associa-
tion with WENS [43]. As length of stay data has high miss-
ingness (around 40%) and as it is a surrogate of the strongest
predictor of clinical outcome [4], it will be imputed using
a method of mean imputation to allow for inclusion in the
analysis. As the UK Biobank cohort uses cognitive perfor-
mance and employment as surrogate measures of outcome,
the additional covariates Townsend deprivation score [44]
(data field 189) and education status dichotomised into indi-
viduals holding a college or university degree at the time of
initial assessment in the UK Biobank or not (data field 6138)
will be included in a sensitivity analysis. For the reaction
time analysis, the presence of medications known to influ-
ence reaction time in the UK Biobank [45] will also be used.

Genotype Quality Control

Where possible, single nucleotide polymorphism (SNP) data
will be sought from collaborators with genotype calls rela-
tive to the positive strand. Datasets that are not genotyped
on the positive strand will be identified and flipped to the
positive strand using SNPFLIP. Genome-wide genotype
data will be subjected to standard quality control methods.
Patients with gender mismatch, individual missingness
>10%, heterozygosity rates +3 standard deviations from the
samples’ heterozygosity rate mean and cryptic relatedness

(proportional identity by descent > 0.1875) will be excluded.
SNPs with extreme deviation from Hardy-Weinberg equi-
librium, minor allele frequency (MAF) of <1% and SNP
call rate <90% will be excluded. In preparation for imputa-
tion and to resolve any residual strand issues, SNPs will be
excluded if they are absent from the haplotype reference
consortium (HRC), their alleles disagree with HRC, their
MAF difter by greater than 0.2 versus HRC or they are pal-
indromic and have MAF greater than 0.4.

Imputation

In the HATCH dataset, imputation will be needed since the
genetic data has been obtained on different platforms; it will
also increase the density of coverage to enable fine mapping
around significant loci. If data has already been imputed by
the contributing study teams, this imputation will be used;
otherwise, imputation will be performed using the Sanger
Imputation Service [46]. Haplotypes will be pre-phased
using EAGLE2 [47] into the Haplotype Reference Consor-
tium (r1.1) [46] and imputed using the positional Burrows-
Wheeler transform [48]. Imputed genotypes will be quality
controlled by excluding SNPs with a posterior genotype
probability less than 0.8, a MAF less than 5%, greater than
10% missing genotypes within the cohort or extreme devia-
tion from Hardy-Weinberg equilibrium (p<1x10710).

For datasets already quality controlled and imputed by
the contributing team, the above metrics will be reapplied
to ensure harmonisation with the exception of heterozygo-
sity which relies on standard deviation of the mean and will
therefore be manually reviewed, and imputation quality for
which we will report the threshold for each imputed dataset.

Data Analysis

The GWAS will be performed in two stages: discovery and
validation (Fig. 2).

Stage 1: Discovery

In the first stage, available cohorts from the HATCH con-
sortium will be analysed separately. Genetic variants
will be tested for association using multivariable logistic
regression analyses with dichotomised clinical outcome as
dependent, genetic variant as predictor, and including the
essential covariates specified for the analysis, as detailed
above. Residual population stratification will be monitored
using lambda from QQ plots and corrected if required. Fixed
effects inverse variance weighted meta-analysis of the indi-
vidual studies will be performed to determine the overall sig-
nificance and effect size of individual genetic variants in the
HATCH consortium. Finally, heterogeneity between cohorts
will be examined using Cochrane’s Q and I statistics.
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The UK Biobank will be considered a single study site
and undergo the same multivariable logistic regression anal-
ysis as the HATCH dataset. Within the UK Biobank dataset,
dichotomised employment status and reaction time outcomes
will be considered as separate analyses. Significant findings
within the HATCH dataset will be cross-validated in the UK
Biobank cohort. As cognitive and traditional (mRS/GOS)
outcome measures are correlated after SAH [36], a meta-
analysis of summary statistics from both HATCH and UK
Biobank datasets will also be performed as the final output
of the stage 1 discovery analysis.

To explore the functional relevance of regions
associated with clinical outcome, FUMA [49] will be used
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to determine if the risk SNPs and their proxies (r220.6,
within 1Mb and nominally significant) are located within
putative functional elements such as active histone marks
or transcription factor binding motifs. Additionally,
FUMA will be used to annotate these SNPs with respect
to evidence of regulatory function using Regulome DB
scores [50], combined annotation-dependent depletion
scores [51] and gene expression using eQTL analysis
[52]. Furthermore, genes functionally related to the risk
SNPs will be explored as drug targets using individual
gene and network-based approaches. Finally, phenome-
wide association study techniques will be used to identify
SNPs with pleiotropic effects.
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Stage 2: Validation

Genetic variants with the greatest significance in stage 1 will
be identified for replication in the stage 2 validation analy-
sis. Variants from stage 1 will be selected for stage 2 based
on statistical significance, with all variants with p<1x10™*
considered for replication. The top variants, as ranked by
p-value, will be included in the validation study. In addition,
to maximise the identification of replicable variants in stage
2 [53], variants from stage 1 with p<1><10’4 and evidence
of biological/functional relevance will also be included in
the validation study. The validation study will use the same
multivariable logistic regression analysis as stage 1. Only
variants that replicate in the validation study will be con-
sidered to be truly associated with outcome with the final
significance and effect size determined by a fixed effects
meta-analysis of stages 1 and 2.

Sensitivity Analyses

In order to account for time since aSAH, it will be included
as an additional covariate with significant genetic variants
from the primary analysis retested, incorporating this vari-
able to ensure an independent genetic effect (Fig. 1B). In
addition, a further sensitivity analysis will be performed,
including only individuals with follow-up at 3 to 6 months.

As the UK Biobank cohort uses employment and cogni-
tion as surrogate measures of outcome, a sensitivity analysis
including the additional covariates described above will be
performed to ensure independent genetic effect. Finally, the
UK Biobank cohort will be excluded to ensure no change to
the significance of the results.

Mediation Analyses

Regression-based mediation analysis will be used to explore
whether potential mechanistic variables (WFNS score or
H&H grade, aneurysm rebleed and presence of DCI) mediate
any proportion of the genetic effect on outcome following
aSAH, for genetic variants confirmed in the primary analysis.

Sample Size and Power Calculation

A recent study demonstrated that in high Fisher grade
(III-1V) individuals, the haptoglobin 2-2 genotype was
associated with good clinical outcome (mRS 0-1) follow-
ing aSAH with an odds ratio of 2.6 (95% confidence interval
1.4-4.9) [11]. Based on this finding, we aim to power this
study to detect common genetic variation with an effect size
of >1.4, the lower end of the 95% confidence interval. After
aSAH, 30% are expected to have an unfavourable outcome
[54].

At present, approximately 2500 retrospective samples
have been identified for inclusion in the stage 1 (discov-
ery) analysis. See www.southampton.ac.uk/hatch/studies/
gwas.page for a live tally of sample number and study sites.
Recruitment is ongoing for the stage 2 (validation) study
with multiple international collaborators. The co-authors of
this study have either provided data for stage 1 or are provid-
ing samples or data for the stage 2 analysis.

Based on the current stage 1 discovery analysis sample
size of 2500, according to the above event rate and assuming
an additive model, the stage 1 analysis will have 80% power
to detect common SNPs (MAF=0.4) with an effect size of
1.48 and rare SNPs (MAF=0.1) with an effect size of 1.86
at a genome-wide level of significance (Fig. 3A). In the final
meta-analysis combining stage 1 and stage 2, a sample size
of 5000 is predicted, which using the same assumptions will
have 80% power to detect common SNPs (MAF=0.4) with
an effect size of 1.33 and rare SNPs (MAF=0.1) with an
effect size of 1.56 at a genome-wide level of significance
(Fig. 3B).

Limitations

This study does not include individuals who died prior to
hospital admission. In addition, it is possible that recruit-
ment is biased towards better outcome individuals as poor
prognosis individuals who die in the first few days after
aSAH are less likely to be recruited. We will assess this
bias by comparing the proportion of good/poor outcome
patients in this study with that in contemporary observa-
tional studies of outcome and case fatality [55]. Even if
such a bias is identified, it will not be a significant limita-
tion to this study as the ultimate aim is to identify patho-
physiological mechanisms which can act as therapeutic
targets to improve outcome. After aSAH, the time window
over which individuals deteriorate following a bleed is rel-
atively long (days to weeks) and during this time patients
usually remain in hospital. This means that there is a win-
dow of opportunity to administer treatments to prevent
deterioration and poor outcome following haemorrhage.
Unfortunately, individuals who die prior to admission or
in the first few days after aSAH are unlikely to benefit from
such interventions. This means that although our study
population may be biased away from individuals who die
in the first few days after aSAH, it includes the individuals
who realistically will benefit from the output of this study.

The UK Biobank has different outcome measures (cogni-
tion and employment) than the HATCH datasets that employ
the mRS or GOS. This limits the comparability of the UK
Biobank and HATCH datasets. To address this limitation,
we have separated the UK Biobank and HATCH datasets,
and the UK Biobank will be used to cross-validate findings
from the HATCH datasets. This allows significant findings
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in the HATCH data to be further validated using outcome
metrics more sensitive to the nuances of outcome and more
relevant to patients than mRS/GOS. We also combine the
UK Biobank and HATCH datasets to maximise study power.
Within the UK Biobank, only 2% of individuals have psy-
chomotor reaction time and/or employment status recorded
both before and after aSAH. Nevertheless, a detailed analysis
of employment and cognition in the UK Biobank has shown
that psychomotor reaction time and employment are signifi-
cantly impaired compared to matched controls and therefore
constitute valid outcome measures [35].

Patients and Public Involvement

‘We have worked with the Wessex Subarachnoid Haemorrhage
Support Group and participants from previous research
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studies of patients with aSAH to prioritise research questions
important to them and their carers since 2012, holding regular
meetings and workshops. The group identified maximising
use of samples obtained from prior studies as an important
principle and understanding mechanisms of poor outcome to
develop new treatments as a priority.

Ethics

For this study, national (REC 19 SC 0485) and local
(ERGO 49253) ethical approvals are already in place.

Dissemination

The output of this discovery study will be published in rel-
evant open-access peer-reviewed journals to ensure rapid

137



Appendix A

138

Translational Stroke Research

dissemination to the target audience. All contributors to
the study will be co-authors on manuscripts alphabetised
between first and senior authors. Results of the study will
also be presented at national and international stroke and
aSAH meetings. In addition, through our links with the Wes-
sex SAH support group, we will promote the output of this
study to patients and the public along with presentation of
results on the HATCH, local hospital and university web-
sites, and social media.
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Abstract

Candidate gene studies have identified genetic variants associated with clinical outcomes following aneurysmal subarach-
noid haemorrhage (aSAH), but no genome-wide association studies have been performed to date. Here we report the results
of the discovery phase of a two-stage genome-wide meta-analysis of outcome after aSAH. We identified 157 independent
loci harbouring 756 genetic variants associated with outcome after aSAH (p < 1 x 10™*), which require validation. A single
variant (rs12949158), in SPNS2, achieved genome-wide significance (p =4.29 x 10~%) implicating sphingosine-1-phosphate
signalling in outcome after aSAH. A large multicentre international effort to recruit samples for validation is required and
ongoing. Validation of these findings will provide significant insight into the pathophysiology of outcomes after aSAH with
potential implications for treatment.
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Introduction

Aneurysmal subarachnoid haemorrhage (aSAH) is a devas-
tating form of stroke with the worst outcomes and highest
socioeconomic burden of any stroke type [1]. The pathophys-
iology of neurological injury following aSAH is incompletely
understood. The mechanism is thought to be multifactorial
with the initial surge in intracranial pressure following haem-
orrhage combined with the presence of blood breakdown
products in the cerebrospinal fluid leading to a pattern of
injury characterised by inflammation, cerebral vasospasm,
microthrombosis, oxidative injury and cortical spreading
depression [2—4]. Despite multiple clinical trials, nimodipine
is the only therapeutic agent to improve outcomes [5]. It is
our incomplete understanding of the mechanisms underlying
neurological injury that is, at least in part, responsible for the
lack of therapeutic innovation to improve outcomes.

The best outcome prediction model after aSAH, utilis-
ing clinical, demographic and imaging characteristics only
explains up to 31% of the variation in outcome following
aSAH [6]. Consequently, a large proportion of variation in
outcome following aSAH is unexplained. There is a growing
body of evidence from candidate gene studies that genetic
background accounts for a proportion of this unexplained
variation [7, 8]. However, no genome-wide analysis has been
performed. Such a study would have the potential to provide
valuable insights into the mechanisms underlying neurologi-
cal injury following aSAH by identifying, as yet unstudied,
genes associated with outcome and thus novel targets for
therapeutic intervention.

In 2018, the HATCH consortium highlighted the need to
better understand the pathophysiological mechanisms under-
lying outcome and proposed a large multicentre genetic
analysis of outcome following aSAH [2]. The HATCH con-
sortium has developed this proposal into an international
collaboration to undertake a two-stage (discovery and vali-
dation) genome-wide association (GWA) study of outcome
following aSAH, the protocol for which was published in
this journal [9].

The aim of this manuscript is to (1) report the completion
of the discovery stage of the study including preliminary
results and (2) raise awareness of the study to recruit further
samples for the validation stage.

@ Springer

Methods

This is a two-stage (discovery and validation) GWA meta-
analysis of outcome following aSAH. The results of the dis-
covery analysis are reported in this manuscript. All analyses
were performed according to the published protocol [9]. The
study has both national ethical (REC 19 SC 0485) and insti-
tutional (ERGO 49253) approval.

For the discovery analysis, individuals were identified
from (1) six studies from the HATCH consortium network
and (2) the UK Biobank, a major biomedical database with
extensive genetic and clinical data, previously described in
detail[10] (application number 49305).

In the HATCH dataset, the primary outcome was the
modified Rankin Scale (mRS) [11, 12] or Glasgow Outcome
Scale (GOS) [13, 14] dichotomised into good (mRS 0-2,
GOS 4-5) and poor (mRS 3-6, GOS 1-3) outcomes in the
first two years following aSAH. The mRS and/or GOS are
not available in the UK Biobank and, therefore, a measure of
cognitive performance, psychomotor reaction time, was used
since cognition is highly correlated with mRS/GOS follow-
ing aSAH [15] and reaction time is significantly slower in
aSAH cases compared to controls in the UK Biobank [16].
Reaction times were ranked from fastest to slowest and then
the UK Biobank was dichotomised into good (faster) and
poor (slower) outcomes, generating an equivalent proportion
of good outcome individuals to the HATCH dataset.

Genotype information from eligible patients underwent
quality control and imputation as required (see protocol
for details [9]). Within individual cohorts, genetic variants
were tested for association with dichotomised outcome using
multivariable logistic regression under an additive model,
controlling for confounding variables (age and genetic
ancestry). A fixed effects meta-analysis was performed to
determine each genetic variant’s overall effect size and sig-
nificance. The meta-analysis was performed on all datasets
and repeated in the HATCH dataset alone (i.e. excluding the
UK Biobank given its alternative outcome metric). Inde-
pendent loci were identified for validation using a clumping
procedure to group single nucleotide polymorphisms (SNPs)
in linkage disequilibrium (LD) (R*>0.2) and within 250 kb
of each other. Index SNPs with suggestive significance
(p<1x107%) were selected for validation. The threshold for
genome-wide significance was p <5x 1078 and all analyses
were performed using PLINK, STATA (StataCorp. 2011.
Stata Statistical Software: Release 16. College Station, TX:
StataCorp LP), WANNOVAR [17] and FUMA [18].
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Table 1 Demographics and outcome data for included samples
divided by dataset. If both mRS and GOS were available for a single
study, the scale with greater data availability was used. If data avail-

ability was equal for mRS and GOS then mRS was used as it is the
preferred outcome scale in stroke research. WFNS, World Federation
of Neurological Surgeons; SD: standard deviation; ms: millisecond

HATCH dataset UK Biobank
Dataset 1 2 3 4 5 6 7
Origin GOSH, UK Utrecht, Nether-  Geneva, Switzer- Hallym, South Pittsburgh, USA  Geisinger, USA UK Biobank
lands land Korea
Selected publica- Bakker etal — Bakker et al Bakker et al Hong et al Kim et al Lietal www.ukbiobank.
tion detailing ac.uk/enable-
dataset your-research/
about-our-data/
genetic-data
Sample size (n) 817 470 63 89 180 66 804
Age
Mean (+SD)  54.4 (+12.4) 572 (+12.9) 53.6 (+13.0) 58.7 (x11.6) 54.9 (£11.1) 577 (£132)  47.6(x11.5)
Sex
Male (n, %) 230 (28.2%) 129 (27.4%) 15 (23.8%) 32 (36.0%) 55 (30.6%) 21 (31.8%) 336 (41.8%)
Female (n, %) 587 (71.8%) 341 (72.6%) 48 (76.2%) 57 (64.0%) 125 (69.4% 45 (68.2%) 468 (58.2%)
WENS grade Hunt and Hess
(n, %)
1 473 (57.9%) 216 (46.0%) 39 (61.9%) 48 (53.9%) 27 (15.0%) 30 (45.5%) -
2 171 20.9%) 127 (27.0%) 7(11.1%) 1 (1.1%) 56 (31.1%) 12 (18.2%) -
3 36 (4.4%) 23 (4.9%) 5(7.9%) 10 (11.2%) 61 (33.9%) 4(6.1%) -
4 88 (10.8%) 57 (12.1%) 5(7.9%) 20 (22.5%) 23 (12.8%) 8 (12.1%) -
5 42 (5.1%) 44 (9.4%) 7(11.1%) 10 (11.2%) 13 (7.2%) 12 (18.2%) -
Missing 7 (0.9%) 3 (0.6%) - - - - 804 (100.0%)
Time to follow-up (months)
Mean (+SD) 9.4 (+6.8) 3.0(x0) 6.5 (£2.5) 56(x1.2) 6.0 (£2.2) 3.0(x0) 129.3 (£ 122.1)
Missing (1, %) 89 (10.9%) - - - - -
Outcome
mRS
0 (n, %) 260 (31.8%) 5 (1.1%) 6(9.5%) 0(0.0%) 43 (23.9%) 5(7.6%) -
1 (n, %) 300 (36.9%) 26 (5.5%) 19 (30.2%) 48 (53.9%) 64 (35.6%) 22 (33.3%) -
2 (n, %) 134 (16.5%) 319 (67.9%) 18 (28.6%) 9 (10.1%) 27 (15.0%) 18 (27.3%) -
3 (n, %) 59 (7.2%) 20 (4.3%) 12 (19.0%) 15 (16.9%) 9 (5.0%) 6(9.1%) -
4 (n, %) 24 (2.9%) 33 (7.0%) 1 (1.6%) 7(7.9%) 3 (1.7%) 4(6.1%) -
5(n, %) 11 (1.4%) 30 (6.4%) 0(0.0%) 3 (3.4%) 5(2.8%) 12 (18.2%) -
6 (n, %) 0(0.0%) 37 (7.9%) 7(11.1%) 7 (7.9%) 29 (16.1%) 0 -
Missing (n, %) 29 (3.6%) - - - - - -
GOS
1 (n, %) 31 (3.8%) 37 (7.9%) - 7 (1.9%) 29 (16.1%) - -
2(n, %) 0 (0.0%) 1(0.2%) - 2(2.2%) 0 (0.0%) - -
3(n, %) 33 (4.1%) 62 (13.2%) - 11 (12.4%) 10 (5.6%) - -
4 (n, %) 124 (15.2%) 123 (26.2%) - 13 (14.6%) 42 (23.3%) - -
5 (n, %) 629 (77.3%) 247 (52.6%) - 56 (62.9%) 99 (55.0%) - -
Missing (n, %) - - - - - _ _
Reaction time (ms)
Mean (+SD) - - - - - - 587.2 (+138.3)
Missing - - - - - - -
Metric defin- GOS mRS mRS mRS mRS mRS Reaction time
ingout come
Good (m, %) 753 (92.5%) 350 (74.0%) 43 (68.3%) 57 (64.0%) 134 (74.4%) 45 (68.1%) 653 (81.2%)
Poor (n, %) 64 (7.9%) 120 (26.0%) 20 (31.7%) 32 (36.0%) 46 (25.6%) 21 (31.8%) 151 (18.8%)
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Results

A total of 2489 samples were used for the discovery analysis
following quality control. These samples were drawn from
six datasets from the HATCH consortium [19-22] (n= 1685
patients) and 804 individuals from the UK Biobank. After
dichotomisation of mRS/GOS within the HATCH consor-
tium data, 1382 (82.0%) patients were classified as good out-
come and 303 (18.0%) as poor outcome. Based on reaction
times in the UK Biobank, 653 (81.2%) individuals were clas-
sified as good outcome and 151 (18.8%) as poor outcome.
Table 1 details the demographics and other characteristics
of the included datasets.

Analysis of samples from the HATCH consortium
(n=1685) identified 403 SNPs associated with clinical out-
come (p < 1x10™*) within 97 independent loci after LD-based
SNP clumping (Fig. 1A and Supplementary Table 1A and B).
No genetic variants reached genome-wide significance.

Including all seven datasets (n=2489) 85 independent
loci were identified from 406 SNPs, associated with clini-
cal outcome (p<1x107%) (Fig. 1B and Supplementary
Table 2A and B). A single variant, rs12949158, reached
genome-wide significance (p=4.29 x 107%). rs12949158
is located on chromosome 17 in an intronic region of the
sphingolipid transporter 2 (SPNS2) gene, which codes for
the major transporter of sphingosine-1-phosphate (S1P)
(Supplementary Table 2A). The rs12949158 SNP was
only genotyped in two datasets [UK Biobank (n=744) and
Korean datasets (n=289)] (Fig. 1C). Arrays used in the other
datasets did not include rs12949158 or any other SNPs with
sufficient LD to allow reliable imputation. The rs12949158
alternate A allele was associated with an increased risk of
poor outcome with an odds ratio of 2.15 (95% confidence
interval 1.63-2.82). The association of rs12949158 with
psychomotor reaction time was specific to aSAH, since in a
previously published UK Biobank control cohort matched to
the same aSAH population[16], this relationship was absent
(p=0.55).

Including both analyses, a total of 157 independent loci
were identified from 756 unique SNPs and these will be
taken forward for validation.

Discussion

In this discovery genome-wide meta-analysis, we identified
157 independent loci from 756 unique SNPs associated with
outcome following aSAH (p < 1 x 10™*) for validation. We
also report that the rs12949158 alternate A allele, located
within the SPNS2 gene, was associated with an increased risk
of poor outcome after aSAH (OR 2.15 95% CI 1.63-2.82)
with genome-wide significance (p=4.29 x 107%). Although
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one possible alternative explanation is that rs12949158 asso-
ciates with psychomotor reaction time independent of aSAH,
this association was not observed in control individuals in
the UK Biobank.

The genome-wide significant rs12949158 finding is not
conclusive and requires validation. Firstly, the rs12949158
genotype was only typed in a subset of the discovery cohort
(n=2833). Secondly, the finding is primarily driven by the
UK Biobank, which uses an outcome measure that is dif-
ferent from the other datasets (psychomotor reaction time).
In the second stage, a customised genotyping array will be
used to directly capture all variants targeted for validation
including rs12949158.

The rs12949158 variant is intronic, located within the
gene SPNS2, a member of the S1P signalling pathway. While
variation in a gene intron does not guarantee that the same
gene is involved, intron-mediated enhancement of gene
expression is increasingly recognised and the intronic vari-
ation is most likely to regulate the closest gene [23]. Moreo-
ver, the SIP signalling pathway is a biologically plausible
candidate to influence outcomes after aSAH since S1P has
been implicated in neurological injury following stroke via
activation of S1P receptors (S1PR) leading to microglial
activation, neuronal death, inflammation and blood—brain
barrier disruption [24, 25]. Specifically, after human aSAH,
S1P was found to be elevated in the cerebrospinal fluid
where its concentration correlated with haemorrhage vol-
ume [26] and worse neurological outcome [26]. A possible
mechanism linking S1P to clinical outcome is provided by
studies showing that S1P induces cerebral vasospasm in
canine basilar artery in vitro and in vivo [27] and in murine
basilar artery in vitro via SIPR3 [28]. This pathway is of
particular interest since S1PR-modulating drugs, already
licensed in other neurological conditions (e.g. fingolimod)
have been shown to be neuroprotective in ischemic stroke
[29] and intracerebral haemorrhage [30] in humans and
could be re-purposed for aSAH if this finding is validated.

The study’s population was biased towards participants
with a good outcome almost certainly because individuals
with a poor prognosis were less likely to be recruited. How-
ever, this study’s aim was to better understand the patho-
physiological mechanisms underlying outcomes in survivors
with a view to developing treatments to improve outcomes.
Individuals dying in the acute phase or early after admission
will unfortunately be unlikely to benefit from such interven-
tions. Hence, while this study was biased towards partici-
pants with a good outcome, these are the individuals most
likely to benefit from the findings.

This discovery study achieved its prespecified sample
size in a timely manner and represents a highly success-
ful international collaboration generating interesting results
to take forward to validation. The total target sample size
including the validation cohort is 5000 [9] which would be
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Fig.1 A Manhattan plot from the meta-analysis that includes
HATCH datasets alone. B Manhattan plot from the meta-analysis
that includes UK Biobank and HATCH datasets. The red dotted line
signifies genome-wide significance (p<5x107%), green dotted line

signifies suggestive significance (p < 1x 10.7%). Manhattan plots gen-
erated using FUMA. C Forest plot for genome-wide significant SNP
1512949158. 1512949158 genotypes in: UK Biobank: AA 252, AG
346, GG 146; Korean dataset: AA 22, AG 42, GG 25
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powered to detect common variation (minor allele frequency
(MAF=0.4) with an effect size of 1.39 and rare variation
(MAF=0.1) with an effect size of 1.66 at genome-wide sig-
nificance. Recruitment is ongoing for validation and inves-
tigators wishing to collaborate using either retrospective or
prospective data can find further information on the study
website. The study has been designed to maximise inclu-
sivity. It is open to any investigator able to provide the fol-
lowing de-identified biosamples or data from patients with
aSAH: genome-wide genotype information (or DNA/cellu-
lar sample for genotyping), mRS/GOS within two years of
haemorrhage, age, sex and evidence of institutional review
board approval. In addition, funding will be provided to
facilitate genotyping where local funding is not already in
place. Where data availability allows we will also explore
whether significant genetic variants mediate the effect of
other factors, known to influence outcome after aSAH such
as clinical and radiological features.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12975-022-01095-4.
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research. Methods: A retrospective analysis of paired mRS
and GOS recordings was conducted using datasets with the
following selection criteria: (1) patients had haemorrhagic
stroke, (2) simultaneous mRS and GOS measurements were
available, and (3) data sharing was possible. The relationship
between mRS and GOS was assessed using correlation analy-
sis. The optimum dichotomisation thresholds for agreement
between the mRS and GOS were identified using Cohen’s
kappa coefficient. Two-way conversion tables between mRS
and GOS were developed based on the highest agreement
between scores. Finally, to identify which direction of conver-
sion (mRS to GOS or vice versa) was better, the Kolmogorov-
Smirnov D statistic was calculated. Results: Using 3474 paired
recordings the mRS and GOS were shown to be highly corre-
lated (o = 0.90, p < 0.0001). The greatest agreement between
the two scoring systems occurred when mRS=0-2 and
GOS=4-5 was used to define good outcome (k=0.83, 95% con-
fidence interval: 0.81—-0.85). Converting from mRS to GOS
was better than the reverse direction as evidenced by a lower
Kolmogorov-Smirnov ~ statistic (D=0.054 compared to
D=0.157). Conclusions: This study demonstrates that the mRS
and GOS are highly correlated, establishes the optimum
dichotomisation threshold for agreement, provides a method
for interconversion and shows that mRS to GOS conversion
is superior to the reverse direction if a choice is available.
Keywords: Stroke—Outcome—Modified Rankin scale—
Glasgow outcome scale

© 2022 The Authors. Published by Elsevier Inc. This is an
open access article under the CC BY license

(http:/ /creativecommons.org/licenses /by /4.0/)

Introduction

The modified Rankin (mRS)"” and Glasgow Outcome
Scales (GOS)” are commonly used clinical outcome assess-
ment tools in neurological research, especially in stroke.
Both scales grade individuals according to functional
recovery with the mRS ranging from 0 (no symptoms) to
6 (death) and the GOS from 1 (death) to 5 (good recovery)
(Fig. 1).

Haemorrhagic stroke, including intracerebral haemor-
rhage (ICH) and aneurysmal subarachnoid haemorrhage
(aSAH), only represents a small fraction of all strokes
(15%). Consequently, observational studies of outcome
following haemorrhagic stroke often rely on pooling data
from multiple centres to increase sample size. As individ-
ual centres may adopt either the mRS or GOS, but rarely
both, researchers commonly encounter the need to inter-
convert the two scales to allow pooled analysis. This inter-
conversion is typically conducted by dichotomising the
individual mRS and GOS scores into “good” and “poor”
outcome and then pooling.

Journal of Stroke and Cerebrovascular Diseases, Vol. 31, No. 12 (December), 2022: 106845 1



Modified Rankin Scale (mRS) 0—No symptoms

1 - No significant disability
2 - Slight disability

3 — Moderate disability

4 — Moderately severe disability
5 — Severe disability

6 — Dead

Glasgow Outcome Scale (GOS) 1-Dead

2 — Vegetative state

3 - Severe disability

4 — Moderate disability

5 — Good recovery

Fig. 1. The modified Rankin Scale (mRS) and Glasgow Outcome Scale (GOS).

A single National Institute of Neurological Disorders
and Stroke (NINDS) workshop reported strong agree-
ment between the mRS and GOS in the context of ischae-
mic stroke® and this is also likely to be the case for
haemorrhagic stroke. There is, however, no evidence base
in the literature guiding interconversion of the two scales.
Specifically, the precise dichotomisation thresholds defin-
ing “good/poor” outcome in the mRS and GOS, which
result in the best agreement between the two scales, has
not been established. This information is essential to facili-
tate rigorous retrospective meta-analyses of individual
patient level data from multiple studies employing both
scales. We set out to address this unmet need, taking
advantage of available datasets and adopting a rigorous
statistical approach. Specifically in the context of haemor-
rhagic stroke our aims were to: (1) assess the correlation
between the mRS and GOS, (2) identify which dichotomisa-
tion thresholds for “good/poor” outcome result in the best
agreement between the two scales, and (3) develop the evi-
dence base to enable conversion between the two scales.

Methods

This study used published data with institutional
approval (ERGO 31523.A1). Patients with haemorrhagic
stroke were identified from three international multi-
centre studies: (1) a retrospective observational analysis of
outcome following aSAH®, (2) CLEAR III, a randomised
controlled trial of thrombolytic therapy for intraventricu-
lar haemorrhage (IVH)®, and (3) MISTIE III, a randomised
controlled trial of minimally invasive surgery with throm-
bolysis for ICH.” All paired mRS and GOS values, col-
lected at the same timepoint, between 1 and 12 months
were eligible for inclusion, meaning individuals could
contribute multiple paired values.

Spearman’s rank correlation coefficient, rho (p), was
used to assess the relationship between scales. Cohen’s
kappa coefficient was used to assess which mRS and GOS
dichotomisation thresholds defining “good/poor” out-
come showed the best agreement. A higher kappa value
indicates stronger agreement. For this analysis, death and
severe disability (GOS=1-3 and mRS=4-6) were excluded
from the definition of “good” outcome because these are
universally regarded as “poor” outcome.

To develop a conversion table between the mRS and
GOS, individual scores were cross-tabulated, and two-

Appendix A

B. GAASTRA ET AL.

way conversions assigned based on the highest agreement
between scores. At this level of agreement, we computed
the probability that an individual’s true score was the
same as the converted score. Finally, to identify which
direction of conversion (mRS to GOS or vice versa) was
better, the Kolmogorov-Smirnov statistic, describing the
maximum vertical distance between empirical cumulative
distribution functions of directly acquired and converted
scores, was calculated. Kuiper, Cramer-von Mises and
Anderson-Darling statistical tests were also performed as
sensitivity analyses to support the findings. A smaller sta-
tistic reflects more similar distributions for all of these
tests.

To test the interconversion methods proposed in this
study we used published data from the INTERACT2
trial.® INTERACT2 was a randomised controlled trial
designed to assess the benefit of intensive blood pressure
lowering compared to guideline-recommended treatment
following spontaneous ICH. The primary outcome was
the proportion of participants with poor outcome, defined
as mRS=3-6, at 90 days. To assess performance of the pro-
posed mRS/GOS interconversion methods we converted
the mRS scores from INTERACT2 to GOS to see if inter-
conversion would influence the primary study outcome.

Statistical analyses were performed in SAS (SAS Insti-
tute) and R (version 4.1.2, R Foundation for Statistical
Computing). Data are available from the authors subject
to institutional agreements and ethical approvals.

Results

A total of 1495 individuals with 3474 paired mRS and
GOS recordings between 1 and 12 months post haemor-
rhagic stroke were identified for inclusion (see Table 1 for
demographics, sample size and number of paired mRS/
GOS values in each study).

The mRS and GOS were strongly correlated (0 = 0.90,
p < 0.001). When analysed individually, all three datasets
showed the same direction and significance of results
(aSAH: p = -0.88, p < 0.001; IVH: p = -0.84, p < 0.001;
ICH: p=-0.82, p < 0.001).

The kappa statistic, commonly used to assess agree-
ment on a nominal scale, was employed to establish the
optimum dichotomisation threshold between the mRS
and GOS. The greatest agreement (highest kappa) was
seen when a dichotomisation threshold of mRS=0-2 and
GOS=4-5 was used to define good outcome (k=0.83,
Table 2).

In order to provide the research community with a tool
to convert from one scale to the other, we cross-tabulated
the mRS and GOS to find the highest levels of agreement,
and based on this, we provide two-way conversion tables
in Table 3. The probability that an individual’s true score
was the same as their converted score is also shown.

When both the mRS and GOS are available from studies
within an individual patient level data meta-analysis, it is
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Table 1. Demographics of patients included in the study. Two individuals were excluded from the study as they were coded as dead
according to the GOS but as severe disability on the mRS. A sensitivity analysis including these individuals made no difference to the
direction and significance of the results. SD: standard deviation, IPLD: individual patient level data.

Study Haptoglobin IPLD? CLEAR III* MISTIE 1II°
Stroke type Aneurysmal subarachnoid Intraventricular Intracerebral
haemorrhage haemorrhage haemorrhage
Sample size 496 499 500
Number of paired mRS and GOS values 1030 968 1476
Age, mean (SD) 54.6 (12.7) 58.6(11.2) 61.2(12.4)
Sex, n (%)
Male 140 (28) 277 (56) 307 (61)
Female 352 (71) 222 (44) 193 (39)
Missing 4(1) - -

important to know whether one conversion direction is
superior to the other. To this end we used the D statistic
in a two sample Kolmogorov-Smirnov test, comparing
the empirical cumulative distribution functions of the
scale before and after conversion. Converting from mRS
to GOS was better than the reverse direction since the
empirical cumulative distribution functions of directly
acquired and converted scores were closer to each other
in the mRS to GOS direction (D=0.054 compared to
D=0.157, Table 4, Fig. 2). The direction of conversion is
further supported by similar results using the Kuiper,
Cramer-von Mises and Anderson Darling tests (Table 4).
As an exemplar, we converted the directly acquired
mRS scores from the INTERACT2 study to GOS using the
proposed conversion methodology (Table 3), and results
are presented in Table 5. The primary outcome in the
INTERACT?2 study was based on the mRS, with poor out-
come defined as mRS=3-6. Using the dichotomisation
threshold agreements from Table 2 this definition of poor

Table 2. Kappa statistics (95% confidence interval) and num-
ber of samples included in analysis (n, %) of agreement
between dichotomised modified Rankin Scale (mRS) and Glas-
gow Qutcome Scale (GOS) at different thresholds to separate
“good” and “poor” outcome. Higher kappa values indicate
better agreement. Death and severe disability (GOS 1—3 and
mRS 4—6) were excluded from the definition of “good” out-
come because these are universally regarded as “poor”
outcome.

GOS
5 4-5

0 0.41 (0.37, 0.45) 0.24 (0.21, 0.27)
n=3041, 87.5% n=2627,75.6%
0-1 0.81 (0.79, 0.84) 0.62 (0.59, 0.65)

mRS n=3291,94.7% n=2995, 86.2%
0-2 0.70 (0.67,0.73) 0.83 (0.81, 0.85)
n=3110, 89.5% n=3230,93.0%

0-3 0.42(0.40, 0.45)
n=2552,73.5%

0.67 (0.65, 0.70)
n=2932, 84.4%

outcome equates to GOS=1-3. When the primary outcome
of the INTERACT2 study was re-analysed using the con-
verted GOS scores, the proportion of participants with
poor outcome was identical to that of the original analysis
using directly acquired mRS scores (Table 5).

Discussion

In this study we show that mRS and GOS are highly
correlated following haemorrhagic stroke and provide the
evidence base to allow interconversion of the two scales.
Moreover, we test the interconversion methodology in an
external dataset, with excellent results.

Table 3. Conversion table between mRS and GOS. To develop
the conversion table, directly acquired mRS and GOS scores
were cross-tabulated and the best conversion is displayed,
based on the highest probability of agreement between the two
scores. When mRS is converted to GOS the best performing
conversion does not include GOS=2, since the probability of
agreement for this category was lower (P [mRS 5 — GOS
2] = 0.2558). When GOS is converted to mRS, the best per-
forming conversion does not include mRS=3, since the proba-
bility of agreement for this category was lower (P [GOS
4 — mRS 3] = 0.3023).

mRS Converted GOS Probability of agreement
0 5 0.9581
1 5 0.8272
2 4 0.5517
3 3 0.7578
4 3 0.9612
5 3 0.7401
6 1 1.0000
GOS Converted mRS Probability of agreement
1 6 1.0000
2 5 0.9947
3 4 0.3591
4 2 0.4837
5 1 0.5197
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Table 4. The Kolmogorov-Smirnov statistic D, or maximum vertical distance between empirical cumulative distribution functions of
directly acquired and converted scores, was computed. Conversions were performed using the data presented in Table 3. As indi-
cated by a smaller D statistic, the direction mRS — GOS was better than GOS — mRS. Kuiper, Cramer-von Mises and Anderson-
Darling test statistics are also shown as sensitivity analyses to demonstrate robustness of findings; a smaller statistic reflects more

similar distributions.

Distribution comparison Kolmogorov-Smirnov ~ Kuiper test Cramer-von Anderson-Darling
statistic (D) statistic Mises test statistic ~ test statistic
Directly acquired mRS & GOS converted to mRS  0.157 0.298 0.048 4593 x 107°
Directly acquired GOS & mRS converted to GOS ~ 0.054 0.080 0.004 3239 x 107°
A B
o | Q]
g - -
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5 « o
e o7 o
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E D=0.157
£ el <
g © e
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B < <
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= S
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0 2 4 6 0 1 2 3 4 5 6
Score Score

Fig. 2. Empirical cumulative distribution functions comparing A: mRS directly acquired from patients and GOS converted to mRS; and B: GOS directly
acquired from patients and mRS converted to GOS. The arrows signify the maximum vertical distance between the two empirical distribution functions with a
smaller value representing more similar data distributions (Kolmogorov-Smirnov statistic (D)).

Table 5. The directly acquired mRS and converted GOS for the two arms of the INTERACT? study including the proportion of individu-
als with poor outcome (the primary INTERACT? study outcome). The scores were converted using the conversion tables in Table 3.

Intensive blood-pressure Guideline-recommended
lowering (n=1382) blood pressure lowering (n=1412)

Directly acquired mRS

0 112 (8.1%) 107 (7.6%)

1 292 (21.1%) 254 (18.0%)

2 259 (18.7%) 266 (18.8%)

3 220 (15.9%) 234 (16.6%)

4 250 (18.1%) 268 (19.0%)

5 83 (6.0%) 113 (8.0%)

6 166 (12.0%) 170 (12.0%)

Primary outcome: mRS=3-6 719 (52.0%) 785 (55.6%)

Converted GOS

1 166 (12.0%) 170 (12.0%)

2 - -

3 553 (40.0%) 615 (43.6%)

4 259 (18.7%) 266 (18.8%)

5 404 (29.2%) 361 (25.6%)

Converted primary outcome: GOS=1-3 719 (52.0%) 785 (55.6%)
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The mRS was specifically developed to assess outcome
following stroke, although predominantly in ischaemic
rather than haemorrhage stroke.” GOS, on the other hand,
was designed in the context of head injury” and its use in
stroke has been ques‘rioneclfJ The GOS, however, remains
a commonly used outcome score, especially in haemor-
rhagic stroke, emphasising the importance of understand-
ing its relationship to the mRS. While prospective studies
should collect the same consistent outcome measure, ret-
rospective individual patient level studies may require
the combined use of existing mRS and GOS datasets, for
which this study provides the appropriate evidence base
and methodology. As observed in a single publication of
ischaemic stroke” the mRS and GOS are also highly corre-
lated in haemorrhagic stroke, both overall and within
individual haemorrhage types.

No previous studies have assessed the optimum dichot-
omisation threshold for agreement between mRS and
GOS. In this study the kappa statistic identified that the
best agreement occurred using a dichotomisation thresh-
old of GOS=4-5 and mRS=0-2 to define “good” outcome
(k=0.83, 95% confidence interval: 0.81-0.85, Table 2), sup-
porting the use of this threshold when pooling dichotom-
ised datasets. This dichotomisation includes GOS=4
(moderate disability, Fig. 1), which is not universally con-
sidered as a “good” outcome. If moderate disability is
excluded from the definition of “good” outcome then the
best agreement occurs when mRS=0-1 and GOS=5 are used
to define “good” outcome (k=0.81, 95% confidence interval:
0.79-0.84, Table 2); this threshold excludes mRS=2 (slight
disability, Fig. 1) from the definition of “good” outcome.
As the kappa statistic 95% confidence intervals overlap for
these two dichotomisation thresholds, it is not immediately
obvious that one is superior to the other and the decision
should be guided by study context.

Defining “good” outcome as mRS=0-1 may be preferable
when one considers Table 3, which provides the score-by-
score interconversion between the mRS and GOS (with the
probability that an individual’s true score was the same as
their converted score). When converting from mRS to GOS,
a score of GOS=2 had a low probability (see Table 3 and leg-
end); this was expected as there is no equivalent of GOS=2
(vegetative state) in the mRS. When converting from GOS to
mRS, a score of mRS=3 also had a low probability (see Table 3
and legend). Although some incongruence is expected when
converting a 5-point (GOS) to a 7-point scale (mRS), the low
probability of conversion to GOS=2 and mRS=3 does limit
the use of the conversion tables. It, therefore, follows that
dichotomization into “good” and “poor” outcome is prefera-
ble to using the conversion tables. Moreover, dichotomisa-
tion of scores avoiding mRS=3 on the boundary between
“good” outcome and “poor” outcome, i.e. defining “good”
outcome as mRS=0-1, may offer the most reliable way of
merging mRS and GOS data.

In pooled mRS and GOS datasets, when a decision is
made to convert scores rather than dichotomize into

5

“good” and “poor” outcome, and a choice of conversion
direction is available, mRS to GOS conversion is superior
to the reverse direction. This is likely because the GOS has
fewer levels than the mRS reducing the spread of distribu-
tion. It should be noted that converting from the seven-
point mRS to the five-point GOS may reduce the sensitiv-
ity of outcome assessment, for example the mRS has five
levels covering what is conventionally considered to be
good to moderate outcome whereas the GOS only has
two such levels.

A major strength of this study is the large sample size
drawn from multiple international cohorts, including dif-
ferent types of haemorrhagic strokes and study designs
(observational and randomised controlled trials), enhanc-
ing generalizability. We also demonstrate in an external
cohort that the proposed dichotomisation threshold and
method of score interconversion does not alter the results
of the INTERACT?2 randomised controlled trial. This sup-
ports the application of these interconversion methods to
external datasets.

Prior to this study there was no evidence base to sup-
port the interconversion of mRS and GOS in neurological
disease. This study adds to the literature by providing
practical methodological approaches to interconvert mRS
and GOS. This will allow researchers to pool multiple
studies using these different outcome measures to gener-
ate large sample sizes. Ultimately, analyses of large data-
sets will further our understanding of neurological
disease and impact clinical practice, for example, by pro-
viding valuable prognostic information, improving out-
come prediction and advancing our understanding of the
pathophysiological mechanisms involved.

Limitations

A number of limitations merit discussion. This study
focussed on the GOS and not its 8-point extended version
(GOS-E)' but this was purposeful, since the GOS-E can
be easily converted to the GOS, but not vice versa.
Another limitation is that the dataset did not include other
neurological conditions. While caution may be required
when translating the results from haemorrhagic stroke to
other conditions, one would expect the basic principles of
disability assessment by the mRS and GOS, and the math-
ematical relationship between the scores, to be agnostic of
the pathological process leading to neurological disability.
When it is necessary to follow disability with time in the
same patient, it is important to ensure when possible that
outcome is measured with the same scale, and ideally by
the same rater to minimize the effects of inter-rater
reliability."'*

Future directions

The results of this study are based on individuals with
haemorrhagic stroke and tested in a randomised con-
trolled trial in ICH. Although it is likely that the results
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are translatable to other neurological conditions future
studies are required to validate the findings in different
cohorts. In addition to GOS and mRS other disease-spe-
cific outcome scales are being increasingly used in
research, for example the Subarachnoid Haemorrhage
Outcome Tool (SAHOT)."”® Future work is required to
assess how these scales correlate with mRS and GOS to
maximise the number of studies that can be included in
pooled analyses.

Conclusion

In the context of haemorrhagic stroke, this study dem-
onstrates that the mRS and GOS are highly correlated,
establishes the optimum dichotomisation threshold for
agreement, provides a method for interconversion and
shows that mRS to GOS conversion is superior to the
reverse direction if a choice is available.
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