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ICP  Intracranial pressure
LOC  Loss of consciousness
mRS	 	Modified	Rankin	scale
SEBES  Subarachnoid hemorrhage early brain edema 

score
WFNS  World Federation of Neurosurgical Societies

Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) is a serious 
medical condition with high morbidity and mortality rates 
despite continuous improvements in neurocritical care over 
the years. Early brain injury (EBI) has been increasingly 
recognized for its substantial contribution to poor outcome 
after aSAH. Furthermore, EBI has been also shown to be a 
risk	factor	for	delayed	cerebral	ischemia	(DCI)	[1]. The term 
EBI summarizes multifactorial pathomechanisms starting 
with	aneurysm	rupture	and	manifesting	within	the	first	72	h	

Abbreviations
aSAH  Aneurysmal subarachnoid hemorrhage
CT  Computed tomography
CTA  Computed tomography angiography
DCI	 	Delayed	cerebral	ischemia
DHC	 	Decompressive	hemicraniectomy
DSA	 	digital	subtraction	angiography
EBI  Early brain injury
GCE  Global cerebral edema

  Vesna Malinova
vesna.malinova@gmail.com

1	 Department	of	Neurosurgery,	University	Medical	Center	
Göttingen, Göttingen, Germany

2	 Department	of	Neurosurgery,	Georg-August-University,	
Robert-Koch-Straße	40,	37075	Göttingen,	Germany

3	 Department	of	Neurosurgery,	University	Hospital	Augsburg,	
Augsburg, Germany

Abstract
Early	brain	 injury	 (EBI)	 after	 aneurysmal	 subarachnoid	hemorrhage	 (aSAH)	has	been	 increasingly	 recognized	as	 a	 risk	
factor	for	delayed	cerebral	ischemia	(DCI).	While	several	clinical	and	radiological	EBI	biomarkers	have	been	identified,	
no tool for systematic assessment of EBI severity has been established so far. This study aimed to develop an EBI grading 
system based on clinical signs and neuroimaging for estimation of EBI severity at admission. This is a retrospective obser-
vational study assessing imaging parameters (intracranial blood amount, global cerebral edema (GCE)), and clinical signs 
(persistent	 loss	of	 consciousness	 [LOC])	 representative	 for	EBI.	The	 intracranial	 blood	amount	was	 semi-quantitatively	
assessed. One point was added for GCE and LOC, respectively. All points were summed up resulting in an EBI grading 
ranging	from	1	to	5.	The	estimated	EBI	severity	was	correlated	with	progressive	GCE	requiring	decompressive	hemicrani-
ectomy	(DHC),	DCI-associated	infarction,	and	outcome	according	to	the	modified	Rankin	scale	(mRS)	at	3-month-follow	
up.	A	consecutive	cohort	 including	324	aSAH-patients	with	a	mean	age	of	55.9	years,	was	analyzed.	The	probability	of	
developing	progressive	GCE	was	9%	for	EBI	grade	1,	28%	for	EBI	grade	2,	43%	for	EBI	grade	3,	61%	for	EBI	grade	
4,	 and	 89%	 for	 EBI	 grade	 5.	 The	 EBI	 grading	 correlated	 significantly	 with	 the	 need	 for	 DHC	 (r =	0.25,	 p <	0.0001),	
delayed infarction (r =	0.30,	p <	0.0001),	and	outcome	(r =	0.31,	p <	0.0001).	An	EBI	grading	based	on	clinical	and	imag-
ing parameters allowed an early systematic estimation of EBI severity with a higher EBI grade associated not only with 
a	progressive	GCE	but	also	with	DCI	and	poor	outcome.
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after	ictus	[2].	Neuronal	cell	death	leads	to	blood-brain-bar-
rier	breakdown	resulting	into	global	cerebral	edema	(GCE)	
and microcirculatory dysfunction, which belong to the most 
frequent	consequences	of	EBI	[3]. Although there is grow-
ing evidence about EBI from experimental studies, these 
concepts have not been implemented in clinical practice 
yet. Several grading scales are routinely used to capture 
the severity of aSAH focusing on clinical (WFNS = World 
Federation of Neurosurgical Societies scale) or radiological 
(Fisher scale) parameters. Although these scores are repre-
senting the severity of EBI to some degree, they were not 
specifically	created	for	the	assessment	of	EBI.	Recently,	a	
score based on early edema signs on initial computed tomog-
raphy scan (SEBES = subarachnoid hemorrhage early brain 
edema score) was published for evaluation of EBI severity 
[4]. Ictal loss of consciousness (LOC) and total intracranial 
blood	burden	are	another	 frequently	used	surrogate	mark-
ers	for	EBI	[5]. A reliable EBI grading is needed to allow 
a	 better	 risk	 stratification	 for	 secondary	 complications	 of	
severe	EBI	like	progressive	GCE	requiring	decompressive	
hemicraniectomy	 (DHC).	 Nevertheless,	 no	 such	 tool	 for	
systematic EBI assessment including clinical and radiologi-
cal surrogate parameters for EBI has been established yet. 
The aim of this study was to develop an EBI grading based 
on clinical and radiological parameters on admission and to 
evaluate its predictive value for progressive GCE, delayed 
infarction, and functional outcome after aSAH.

Methods

Patient population

This is a retrospective observational study. A consecutive 
patient cohort diagnosed with aSAH and treated at our 
center	 during	 the	 period	 from	 January	 2012	 to	December	
2020	was	analyzed.	Diagnosis	of	aSAH	was	confirmed	by	
cranial computed tomography (CT), computed tomography 
angiography (CTA), and/or digital subtraction angiography 
(DSA),	which	confirmed	 the	presence	of	a	 ruptured	aneu-
rysm. Only adult patients (≥	 18	 years)	 were	 included	 in	
the	 study.	 Patients	 presenting	 with	 non-aneurysmal	 SAH	
were excluded from the study. The study was performed 
in accordance with our institution’s ethical committee and 
the	 Helsinki	 declaration.	 The	 study	 was	 approved	 by	 the	
local institutional review board the Ethics Committee of the 
University	Medical	 Center	 Göttingen,	 Germany	 (Number	
16/9/20).	Due	 to	 the	 retrospective	 study	design,	 informed	
consent	 was	 not	 required.	 The	 manuscript	 was	 written	
according to the STROBE guidelines for reporting observa-
tional cohort studies.

EBI grading calculation

The severity of EBI was assessed based on the following 
parameters: persistent LOC upon admission (patients who 
were only unconscious for a short time due to an epileptic 
seizure were not considered to have persistent LOC), severe 
GCE	 defined	 as	 SEBES	≥	3	 according	 to	Ahn	 et	 al.	 [4], 
and the total intracranial blood burden. LOC was consid-
ered when Glasgow Coma Scale (GCS) was ≤	8.	One	point	
was assigned for persistent LOC, and one point for GCE 
on	admission	CT.	The	intracranial	blood	burden	was	semi-
quantitatively	assessed	using	three	scoring	systems	reflect-
ing	 the	 blood	 amount	 within	 different	 intracranial	 areas	
(subarachnoid space, ventricular system, and intraparen-
chymal	hematoma).	The	Hijdra	score	[6] was used to assess 
the	subarachnoid	blood	amount,	the	Le	Roux	score	[7] was 
applied to capture the intraventricular blood amount, and 
the intraparenchymal blood volume was assessed using the 
ABC/2	 ellipsoid	 formula	 [8].	 The	 Hijdra	 score	 stratifies	
the	amount	of	extravasated	blood	 in	each	of	10	basal	cis-
terns	and	fissures,	and	ranges	from	0	(no	blood)	to	3	(full	of	
blood),	with	a	maximum	score	of	30	points.	The	Le	Roux	
score	reflects	the	amount	of	blood	in	each	of	the	four	ven-
tricles,	and	ranges	from	0	(no	blood)	to	4	(filled	with	blood	
and	 expanded),	with	 a	maximum	 score	 of	 16	 points.	The	
intraparenchymal blood volume was assessed using the 
ABC/2	 formula,	 and	 a	 point	 system	 was	 assigned	 based	
on the hematoma volume: 1 point for <	10	ml,	2	points	for	
10–30	ml,	and	3	points	for	>	30	ml.	The	maximal	achiev-
able	 total	 intracranial	 blood	 burden	 score	 was	 49	 points,	
which was calculated by summing up the scores assigned 
for the subarachnoid blood amount, intraventricular blood 
amount, and intraparenchymal blood amount, respectively. 
The total intracranial blood burden was divided into three 
categories: low (one point was assigned for low intracra-
nial blood burden), moderate (two points were assigned for 
moderate intracranial blood burden), and high (three points 
were assigned for high intracranial blood burden). The cut-
off	values	for	the	intracranial	blood	burden	were	determined	
based	on	the	results	of	the	ROC	analysis.	A	cutoff	value	of	
<	20	points	of	total	intracranial	blood	burden	demonstrated	
the highest discrimination power between patients without 
cerebral	edema	(SEBES	0)	from	those	with	cerebral	edema	
(SEBES	1–4)	as	an	imaging	surrogate	marker	for	EBI	was	
(ROC analysis, p <	0.0001,	 sensitivity	 69%,	 specificity	
60%).	The	cutoff	value	for	discrimination	between	patients	
with	mild	to	moderate	edema	(SEBES	1–2)	from	those	with	
severe	edema	(SEBES	3–4)	was	<	30	points	of	total	intra-
cranial blood burden (ROC analysis, p <	0.0001,	 sensitiv-
ity	 67%,	 specificity	 63%).	Low	 intracranial	 blood	 burden	
corresponded	to	scores	between	0	and	19	points,	moderate	
intracranial	blood	burden	was	assigned	for	scores	of	20–29	

1 3

  838  Page 2 of 10



Neurosurgical Review          (2024) 47:838 

points, and high intracranial blood burden was considered 
whenever	 scores	 of	 30	 points	 or	more	were	 reached.	The	
sum of all assigned points resulted in the EBI grade rag-
ing	from	1	to	5.	The	radiological	assessments	of	intracranial	
blood burden and the SEBES score were performed by an 
attending neurosurgeon, who was responsible for the data 
included into the analysis of this study.

A summary of all included variables and corresponding 
points is given in Table 1. To consider the evolution of EBI 
in	the	first	three	days	after	ictus,	the	EBI	grade	was	calcu-
lated	on	admission	and	on	day	3	after	aneurysm	rupture.

Primary and secondary outcome parameters

The	primary	outcome	parameter	was	the	need	for	DHC	due	
to progressive GCE with refractory increase of intracranial 
pressure (ICP), which is regarded as a severe manifesta-
tion of EBI. The GCE was assessed based on the CT scans 
on	day	1	and	day	3	applying	the	SEBES	score	[4], where 
SEBES	score	of	at	least	3	was	regarded	as	GCE	according	
to	the	previously	published	study	by	Ahn	et	al.	[4] Accord-
ing	to	Ahn	et	al.	SEBES	is	a	0	to	4-point	scale	designed	to	
assess	early	brain	edema	in	aSAH	using	non-contrast	CT.	It	
measures (1) the presence or absence of visible sulci due to 
sulcal	effacement	and	(2)	the	presence	or	absence	of	visible	
sulci	with	 disruption	 of	 the	 gray-white	matter	 junction	 at	
two	specific	levels	in	each	hemisphere:	(a)	the	insular	cor-
tex level, where the thalamus and basal ganglia are visible 
above the basal cistern, and (b) the centrum semiovale level, 
above	the	lateral	ventricles.	A	SEBES	0	was	assigned	in	case	
of	no	sulcal	effacement	or	gray-white	matter	 junction	dis-
ruption at either level in both hemispheres. A SEBES 1 was 
assigned	in	case	of	an	effacement	or	disruption	observed	in	
one of the four regions (one hemisphere at one of the lev-
els).	A	SEBES	2	was	assigned	in	case	of	an	effacement	or	
disruption observed in two or the four regions (one or both 
hemispheres	 at	 either	 level).	A	SEBES	3	was	 assigned	 in	

case	of	an	effacement	or	disruption	observed	in	three	of	the	
four	regions	(both	hemispheres).	A	SEBES	4	was	assigned	
in	case	of	an	effacement	or	disruption	observed	in	all	four	
regions.

ICP was monitored via an intraparenchymal probe (usu-
ally placed within the right frontal lobe) in comatose or 
sedated patients. All patients, who remained comatose and/
or sedated after admission received an ICP probe for contin-
uous ICP monitoring. In case of visible acute hydrocepha-
lus	on	imaging	and/or	ICP	increase	over	20	mmHg	external	
ventricular	 drainage	 (EVD)	 was	 additionally	 placed	 for	
corticospinal	 fluid	 (CSF)	 drainage.	 The	 decision	 for	 per-
forming	DHC	was	made	in	case	of	refractory	ICP	increase	
despite maximal conservative treatment with neuroprotec-
tive sedation, hyperventilation, hyperosmolar treatment 
(i.e., Mannitol), and CSF drainage. In all patients unilateral 
decompressive hemicraniectomy was performed.

Secondary outcome parameters were delayed infarc-
tions	and	the	functional	outcome	according	to	the	modified	
Rankin	scale	(mRS)	at	the	3-month	follow-up	examination	
by the neurosurgeon in the outpatient care unit. The mRS 
ranges	from	0	(no	symptoms)	to	6	(death).	Delayed	infarc-
tions	were	defined	as	newly	diagnosed	cerebral	infarctions	
after	excluding	treatment-associated	infarctions	by	perform-
ing	a	CT	scan	within	24	h	after	the	procedure	of	aneurysm	
treatment (clipping or coiling).

Statistical analysis

The statistical analysis was conducted using GraphPad 
Prism	software	(Version	9,	GraphPad	Software,	San	Diego,	
CA,	USA).	Descriptive	 and	 inferential	 statistics	were	 uti-
lized	to	describe	and	analyze	the	collected	data.	Frequency	
and percentages were used to depict discrete, ordinal, and 
binary variables, while mean ± standard deviation was used 
to depict continuous variables. For each parameter, a con-
fidence	interval	(CI)	was	determined.	Spearman’s	rho	cor-
relation	 coefficient	 was	 applied	 to	 assess	 the	 correlation	
between	 two	 variables.	 The	 sensitivity	 and	 specificity,	 as	
well as the negative and positive predictive values, were 
calculated	using	a	2	×	2	contingency	table.	The	significance,	
or	p-value,	between	 the	 two	variables	was	 then	evaluated	
using the Fisher exact test. Receiver operating characteristic 
curve (ROC curve) analysis was performed to numerically 
display	the	relationship	between	sensitivity	and	specificity,	
and to estimate the overall diagnostic accuracy of the tests. 
A	p-value	of	≤	0.05	was	considered	statistically	significant.

Table 1 Summary of parameters and corresponding points included 
into the calculation of the EBI grading
Criteria Value Score
Global cerebral edema
-	Yes SEBES	3–4 1
-	No SEBES	0–2 0
Loss of consciousness
-	Yes 1
-	No 0
Intracranial blood burden
-	Low 0–19	points 1
-	Moderate 20–29	points 2
-	High 30–49	points 3
EBI grading (sum of scores) 1–5
EBI = early brain injury, SEBES = subarachnoid hemorrhage early 
brain edema score
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EBI grading vs. progressive GCE requiring 
decompressive hemicraniectomy

Progressive	 GCE	 with	 need	 for	 DHC	 occurred	 in	 13%	
(41/324)	of	all	patients.	The	rate	of	DHC	was	comparable	in	
patients undergoing aneurysm clipping compared to those 
with	 aneurysm	 coiling	 (12.2%	 vs.	 13.1%).	Regarding	 the	
EBI	grading,	 progressive	GCE	 requiring	DHC	was	 found	
in	 89%	 of	 patients	with	 EBI	 grade	 5,	 in	 61%	 of	 patients	
with	EBI	grade	4,	in	43%	of	patients	with	EBI	grade	3,	in	
28%	of	 patients	with	EBI	 grade	 2,	 and	 in	 9%	of	 patients	
with EBI grade 1. An EBI grade of ≥	3	on	day	3	correlated	
significantly	with	the	need	for	a	DHC	(AUC	0.8,	p <	0.0001	
(Fig. 1).	The	 negative	 predictive	 value	was	 98%	 (95%CI	
95–99%)	(Fig.	1).	The	EBI	grading	on	day	3	showed	a	high	
sensitivity	of	93%	(95%CI	81–97%)	and	a	high	odds	ratio	
of	17.2	(95%CI	5.7–53.9)	for	identifying	patients,	who	are	
at	risk	for	develop	progressive	GCE	requiring	DHC	(Fig.	1). 
Patients	with	higher	WFNS	grade	(4	and	5)	had	significantly	
more often higher EBI grades (≥	3),	but	there	was	a	propor-
tion of patients with high WFNS grade but low EBI grade 
(28%)	and	a	proportion	of	patients	with	low	WFNS	grade	
but	high	EBI	grade	(30%).	Compared	to	the	EBI	score,	both	
the WFNS and the Fisher score demonstrated a lower dis-
crimination power concerning the development of progres-
sive	cerebral	edema	requiring	DHC.	A	WFNS	score	with	a	
cutoff	value	of	≥	4	could	discriminate	between	patients	with	
progressive	 brain	 edema	 requiring	 DHC	 from	 those	 who	
don’t	with	an	AUC	of	0.72	(95%CI	0.65–0.79),	a	sensitivity	
of	75%	(95%CI	61–86%),	and	a	specificity	of	61%	(95%CI	
55–67%),	 p <	0.0001.	A	 Fisher	 score	 with	 a	 cutoff	 value	
of ≥	3	was	able	to	discriminate	between	patients	with	pro-
gressive	brain	edema	needing	DHC	from	those	who	don’t	
with	 an	AUC	of	0.66	 (95%CI	0.59–0.74),	 a	 sensitivity	of	
85%	 (95%CI	 72–93%),	 and	 a	 specificity	 of	 47%	 (95%CI	
41–53%),	p =	0.0005.

EBI grading vs. delayed infarctions and functional 
outcome

Delayed	infarctions	occurred	in	17%	(56/324)	of	all	patients.	
Severe EBI (EBI grade ≥	3)	was	 associated	with	 a	 higher	
incidence of delayed infarctions than patients with an EBI 
grade <	3,	which	was	the	case	on	day	1	(AUC	0.72	(Fig.	2) 
as	well	as	on	day	3	(AUC	0.75	(Fig.	2). An EBI grade of ≥	3	
correlated	significantly	with	delayed	infarctions	both	on	day	
1 (p <	0.0001)	and	day	3	(<	0.0001).	The	negative	predictive	
value	was	90%	(95%CI	85–93%)	on	day	1	and	94%	(95%CI	
89–97%)	on	day	3	(Fig.	2).

The	 average	 mRS	 in	 the	 patient	 cohort	 was	 1.6	 (SD	
1.9)	at	3-months	follow-up.	Patients	with	an	EBI	grade	≥	3	
had	 experienced	 significantly	 more	 often	 poor	 functional	

Results

Patient characteristics

A	consecutive	patient	cohort	of	324	patients	with	aSAH	was	
included	 in	 this	study.	The	cohort	consisted	of	206	(64%)	
female	 and	117	 (36%)	male	 patients,	with	 a	mean	 age	of	
55.9	±	13.5	years,	ranging	from	23	to	90	years.	The	ruptured	
aneurysm	was	located	within	the	anterior	circulation	in	277	
(86%)	cases,	and	46	(14%)	cases	had	a	ruptured	aneurysm	
of	 the	 posterior	 circulation	 in.	A	 poor	WFNS	 grade	 (IV-
V)	had	44%	(143/324)	of	 the	patients.	The	aneurysm	was	
treated	by	microsurgical	 clipping	 in	 172	 (53%)	 cases	 and	
by	endovascular	coiling	in	152	(47%).	An	overview	of	the	
patient characteristics is presented in Table 2.

Table 2 Baseline characteristics
Number of patients 324
Mean age (in years) 55.9	SD	13.5
Sex
-	Male 117	(36%)
-	Female 206	(64%)
Aneurysm location
-	Anterior	circulation 277	(86%)
-	Posterior	circulation 46	(14%)
Aneurysm treatment
-Clipping 172	(53%)
-Coiling 152	(47%)
WFNS grading
-	WFNS	I-III 182	(56%)
-	WFNS	IV-V 142	(44%)
Fisher grading
-	Fisher	1–2 29	(9%)
-	Fisher	3–4 295	(91%)
SEBES score
-	SEBES	0–2 259	(80%)
-	SEBES	3–4 65	(20%)
Hijdra score
-	Hijdra	0–9 99	(31%)
-	Hijdra	10–19 83	(26%)
-	Hijdra	20–30 142	(43%)
LeRoux score
-	LeRoux	0–4 212	(65%)
-	LeRoux	5–8 48	(15%)
-	LeRoux	9–12 39	(12%)
-	LeRoux	12–16 25	(8%)
Decompressive	hemicraniectomy
-	Yes 41	(13%)
-	No 283	(87%)
mRS ≤2
-	Yes 233	(72%)
-	No 91	(28%)
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the	 total	 intracranial	 blood	 burden	 considering	 different	
intracranial	 compartments	 like	 subarachnoid	 space,	 ven-
tricular	system,	and	brain	parenchyma	[6–8]. All three EBI 
surrogate	 markers	 are	 available	 on	 admission	 after	 aneu-
rysm rupture allowing an EBI grading early on following 
aSAH diagnosis. Since EBI is a dynamic process, EBI grad-
ing	was	calculated	at	two	time	points	(within	24	and	72	h)	
after	 aSAH-diagnosis	 to	 consider	 the	 dynamics	 of	 these	
parameters	within	the	first	72	h	after	ictus.	Both	assessment	
time	 points	 are	 providing	 different	 information	 concern-
ing the pathophysiological processes happening within the 
first	days	after	aSAH.	While	the	EBI	grade	on	admission	is	
deemed to allow an early prediction of expected EBI sever-
ity	 bearing	 higher	 risk	 for	 secondary	 complications,	 the	
EBI	grade	72	h	after	ictus	is	more	a	depiction	of	the	already	
manifested EBI severity.

Surrogate markers of EBI

The intracranial blood burden is an important indicator of 
aSAH severity. The amount of extravasated blood in the 
intraparenchymal, intraventricular, and subarachnoid space, 

outcome (mRS >	3)	both	on	day	1	(p <	0.0001,	AUC	0.67)	
and	day	3	(p <	0.0001,	AUC	0.70	(Fig.	3). The negative pre-
dictive	value	was	83%	(95%CI	76–87%)	on	day	1	and	85%	
(95%CI	79–90%)	on	day	3	(Fig.	3).

Discussion

An intracranial aneurysm rupture initiates multiple patho-
physiological	processes	happening	within	the	first	72	h	after	
ictus, which are summarized with the term EBI. These pro-
cesses have been demonstrated not only to correlate with 
early and delayed complications of the bleeding, but also to 
have	an	impact	on	functional	outcome	after	aSAH.	Despite	
growing evidence supporting the prognostic value of EBI 
no grading system has been established so far to system-
atically assess EBI severity in clinical practice. This study 
strived	to	fill	this	gap	and	to	develop	a	grading	system	that	
stratifies	the	severity	of	EBI	considering	clinical	and	radio-
logical	 parameters,	 which	 serve	 as	 surrogate	 markers	 for	
EBI: persistent LOC as a clinical sign of substantial brain 
injury, presence of GCE corresponding to SEBES ≥34, and 

Fig. 1	 Discrimination	power	(ROC	analysis)	of	EBI	grading	regarding	progressive	global	cerebral	edema	requiring	decompressive	hemicraniec-
tomy	on	admission	(day	1)	and	72	h	after	ictus	(day	3),	respectively
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progressive GCE, which in turn is correlated to poor out-
come	[16]. Although a higher WFNS grade was associated 
with higher EBI grade, one third of patients with high WFNS 
grade had low EBI grade and one third of patients with low 
WFNS grade had a high EBI grade. EBI grading allows 
a	more	 reliable	 stratification	of	EBI	 severity	 compared	 to	
considering the WFNS grading alone. Although several 
serum	biomarkers	like	C-reactive	protein,	procalcitonin,	or	
D-dimers	 have	 been	 evaluated	 in	 the	 context	 of	 aSAH	 in	
the	past,	none	of	these	biomarkers	have	been	established	as	
a	 surrogate	 parameter	 of	EBI	 [17–20].	Other	 blood-based	
biomarkers	 including	 the	 Glial	 Fibrillary	 Acidic	 Protein	
(GFAP),	the	Neuron-Specific	Enolase	(NSE),	and	the	S100b	
protein have been also evaluated as prognostic factors for 
patients with traumatic brain injury and subarachnoid hem-
orrhage	[21–26].	While	these	biomarkers	have	been	found	
to be elevated in the acute phase after traumatic brain injury 
and	 correlated	 with	 a	 more	 severe	 brain	 injury	 [24–26], 
the	 findings	 in	 the	 context	 of	 aSAH	were	 not	 as	 conclu-
sive	 [21–23]. Because traumatic brain injury and aSAH 
have	a	different	underlying	pathophysiology,	the	findings	in	

plays	an	important	role	 in	predicting	DCI	after	aSAH	[2]. 
The	Hijdra	score	[6] stratifying the amount of subarachnoid 
blood	has	been	shown	to	correlate	with	the	risk	of	develop-
ing	cerebral	vasospasm	[9]. On the other hand, the LeRoux 
score evaluates the intraventricular blood amount correlated 
with the functional outcome of patients with interventricu-
lar	hemorrhage	[10, 11]. The total intracranial blood burden 
plays an important role in the development and progression 
of EBI due to the neurotoxicity of hematoma components 
[12]. Hemoglobin released during hematoma degradation 
leads	 to	 inflammation,	oxidation,	nitric	oxide	 release,	 and	
edema,	 aggravating	 neuronal	 injury	 [13]. Higher and ear-
lier blood clearance has been associated with better over-
all	outcome	[14]. Since hematoma components have been 
directly	linked	to	EBI,	reducing	the	intracranial	blood	bur-
den, and promoting a fast blood clearance could potentially 
ameliorate	the	severity	of	EBI	[12]. An experimental study 
suggested a strong correlation between subarachnoid blood 
clots	and	GCE	[15], further reinforcing the idea that higher 
blood clearance and lower intracranial blood burden could 
mitigate the progression of EBI potentially resulting into 

Fig. 2	 Discrimination	power	(ROC	analysis)	of	EBI	grading	regarding	the	development	of	delayed	infarctions	on	admission	(day	1)	and	72	h	after	
ictus	(day	3),	respectively
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separating	 patients	 with	 high	 risk	 for	 progressive	 edema	
needing	DHC	from	those	with	low	risk	of	developing	this	
severe	complication.	Currently,	 the	 indication	 for	DHC	in	
aSAH	patients	is	set	on	an	individual	basis	with	DHC	usu-
ally performed in case of increased ICP refractory to maxi-
mal	conservative	treatment.	The	role	of	early	primary	DHC	
has	not	been	defined	yet	and	is	currently	under	investigation	
in a prospective randomized controlled trial (PICASSO) 
[27].	An	early	primary	DHC	seems	to	improve	the	functional	
outcome	and	reduce	the	mortality	rate	in	poor-grade	aSAH	
[28]. However, there is no clear evidence that patients with 
cerebral	edema	or	infarction	might	benefit	from	DHC.	Two	
recently published studies support the concept that an early 
DHC	might	be	more	protective	than	a	later	one,	as	it	might	
potentially	reduce	ICP	and	not	confine	the	post-hemorrhagic	
swelling, thus leading to better oxygenation and overall 
better	 brain	 tissue	 perfusion	 [29, 30].	 Even	 in	 an	 equally	
distributed	clinical	status,	i.e.,	disregarding	good-	and	poor-
grade aSAH, patients showed more favorable outcomes 

traumatic	brain	 injury	concerning	such	biomarkers	cannot	
be directly transferred to patients with aSAH. Nevertheless, 
these	blood-based	biomarkers	may	have	 some	advantages	
over the EBI score presented in our study concerning the 
time needed to calculate all the parameters for the score and 
merit further investigation in the context of aSAH in the 
future.

Diagnostic and therapeutic implications of using an 
EBI grading in clinical practice

Progressive GCE resulting into increased ICP, that if 
refractory	to	conservative	treatment	requires	neurosurgical	
intervention	 like	DHC	represents	one	of	most	 severe	EBI	
manifestations after aSAH. The EBI grading presented here 
showed	 a	 significant	 correlation	with	 the	 development	 of	
progressive	GCE	requiring	DHC.	According	to	these	find-
ings, an EBI grading calculated on admission seems to 
facilitate	a	reliable	and	early	stratification	of	EBI	severity,	

Fig. 3	 Discrimination	power	 (ROC	analysis)	of	EBI	grading	 regarding	 the	 functional	outcome	according	 to	modified	Rankin	 scale	 (mRS)	at	
3-months	follow	up	on	admission	(day	1)	and	72	h	after	ictus	(day	3),	respectively
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and radiological parameter were included in the EBI grad-
ing,	and	no	blood	biomarkers	have	been	considered.

Conclusion

This	 is	 the	 first	 study	 so	 far	which	 stratifies	 and	 assesses	
the EBI severity in a clinical setting, therefore paving the 
way for a more targeted clinical management of each indi-
vidual patient case. A systematic evaluation of LOC, GCE, 
and	intracranial	blood	burden	allowed	a	valid	stratification	
of EBI severity on admission in aSAH patients. Higher 
EBI	grades	were	associated	with	progressive	GCE	requir-
ing	DHC	in	the	early	phase	after	aSAH,	higher	incidence	of	
delayed infarctions, and poor functional outcome.
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and	seemed	to	have	a	long-term	benefit	from	DHC.	Even	a	
prophylactic	DHC	could	potentially	be	beneficial	[28]. Jab-
barli	et	al.	have	proposed	a	risk	score	for	DHC	after	aSAH	
(PRESSURE	 score)	 including	 several	 parameters	 such	 as	
high Hunt & Hess grade, younger age (<	55	years),	 early	
vasospasm, presence of intracerebral hemorrhage, aneu-
rysm >	5	mm,	aneurysm	clipping,	and	the	presence	of	a	ven-
tricular drain. A higher score was associated with a higher 
risk	 for	 DHC	 and	 lower	 mortality	 and	 morbidity	 for	 the	
patient	group	with	ultra-early	DHC	performed	within	24	h	
after	ictus	[31]. However, none of the previously published 
studies	have	considered	an	EBI-specific	grading	system	in	
this context. So far, no treatment algorithm exists for the 
treatment of aSAH according to EBI severity. An EBI grad-
ing system would facilitate the consideration of EBI during 
the	 decision-making	 concerning	 the	 timing	 and	 initiation	
of further diagnostic and therapeutic measures, which may 
optimize the clinical management of aSAH patients by 
allowing a more peronalized treatment planning. The EBI 
grading	significantly	correlated	not	only	with	the	indication	
for	DHC,	but	also	with	the	development	of	DCI,	and	with	
functional	outcome	at	the	3-months	follow-up.	Patients	pre-
senting with EBI grading of ≥	3	need	to	be	monitored	more	
carefully and individual clinical management is important 
for the prevention of severe complications that would lead 
to worse functional outcome. However, this study does not 
have	the	power	and	was	not	conducted	to	answer	the	ques-
tion	 of	DHC-timing	 after	 aSAH.	The	 establishment	 of	 an	
EBI severity grading may also be helpful for a more reliable 
patient selection as an inclusion criterion in studies evalu-
ating therapies for EBI not only surgical but also medical 
treatments	 such	 as	 anti-inflammatory	 agents,	which	 is	 the	
objective	of	the	currently	ongoing	FINISHER	trial	[32].

Limitations

Limitations of this study include the fact that this is a retro-
spective	study,	and	the	data	collected	has	not	been	specifi-
cally designed for it. Also, the calculation of the intracranial 
blood	 burden,	 while	 simple,	 is	 slightly	 time-consuming,	
taking	about	two	minutes	to	perform,	and	subjective	to	the	
observer. While there is a clear correlation between the EBI 
grading	and	the	need	for	DHC,	the	development	of	DCI	and	
the	overall	functional	outcome,	this	grading-system	needs	to	
be externally validated in a multicentric, prospective study 
to be established as a proper EBI severity assessment tool. 
In	this	study	only	CT	was	used	for	exclusion	of	treatment-
associated infarctions and not MRI, which is the more sen-
sitive method for detection of ischemia, that might have 
impacted	 the	 incidence	 of	 treatment-associated	 ischemia	
in our study population and represents a limitation of the 
study. Another limitation of the study, is, that only clinical 
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