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Haematoma expansion affects a fifth of patients within 24 h of the onset of acute intracerebral haemorrhage and is
associated with death and disability, which makes it an appealing therapeutic target. The time in which active
intervention can be done is short as expansion occurs mostly within the first 3 h after onset. Baseline haemorrhage
volume, antithrombotic treatment, and CT angiography spot signs are each associated with increased risk of
haematoma expansion. Non-contrast CT features are promising predictors of haematoma expansion, but their
potential contribution to current models is under investigation. Blood pressure lowering and haemostatic treatment
minimise haematoma expansion but have not led to improved functional outcomes in randomised clinical trials.
Ultra-early enrolment and selection of participants on the basis of non-contrast CT imaging markers could focus
future clinical trials to show clinical benefit in people at high risk of expansion or investigate heterogeneity of
treatment effects in clinical trials with broad inclusion criteria.

Introduction
Stroke caused by intracerebral haemorrhage has few
therapeutic options, and final haematoma volume is the
strongest prognostic determinant of functional outcome.!
Haematoma expansion occurs, on average, in 20% of
patients with intracerebral haemorrhage and worsens
functional outcome.””  Although prevention of
haematoma expansion might be an appealing therapeutic
strategy, no treatments investigated so far have improved
functional outcome.* A crucial challenge is the rapid
identification of patients at highest risk for haematoma
expansion at the time they present with intracerebral
haemorrhage. Although stopping the ongoing bleeding
might improve patient outcomes, there are four
important points that should be clarified before future
randomised clinical trials can test this hypothesis: the
amount of haematoma expansion that is clinically
significant; which biomarkers best identify individuals at
highest risk for significant haematoma expansion; the
interventions that are most effective at stopping bleeding;
and the reasons why a successful restriction of
haematoma expansion might not improve functional
outcome. Novel definitions of haematoma expansion
have provided insights into the effect of acute phase
treatments, questioning widely accepted cutoffs for
defining a clinically significant haematoma expansion.®
Some clinical variables can help to predict the risk of
haematoma expansion® and several non-contrast CT
features are promising biomarkers. The use of non-
contrast CT can help in stratifying patients according to
risk, even in mobile stroke units.”® Furthermore, deep-
learning methods might improve imaging-based
prediction models and identify the patients who are likely
to benefit from effective anti-expansion therapies.” The
therapeutic time window in which haematoma expansion
can be restricted is short and most therapeutic approaches
are probably most effective when administered early in
the natural history of the disease.*” In this Review, we
provide a critical assessment of advances in the past
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S5 years on the definition of haematoma expansion,
clinical effects, outcome prediction, and prevention.

Definition and clinical effects of haematoma
expansion

Haematoma expansion, measured as the increase in
haematoma volume on serial neuroimaging, is a major
cause of early neurological deterioration and poor clinical
outcome after intracerebral haemorrhage." However,
the relationship between the time of intracerebral
haemorrhage onset and risk of expansion is non-linear;
the highest expansion risk is seen within the first 3 h and
risk plateaus after 6 h.> Approximately a fifth of patients
with intracerebral haemorrhage, or a third of patients
presenting within 6 h of symptom onset, will have haema-
toma expansion.** The pathophysiology of haematoma
expansion is complex and remains controversial. Different
models and biological mechanisms have been proposed
that might contribute to active bleeding and haematoma
enlargement (figure 1; panel 1).

There have been several approaches to establish a
definition for clinically significant haematoma expansion
in intracerebral haemorrhage. The first definition
proposed a threshold of 40% relative increase or 12-5 mL
absolute increase in haematoma volume and was based on
a consensus between investigators regarding their ability
to visually discriminate differences between baseline (at
the time of initial imaging when the diagnosis of
intracerebral haemorrhage is made) and follow-up brain
scans.” An alternative threshold of 33% relative growth
was subsequently proposed based on the observed
variability in volumetric analysis, which was consistently
less than this threshold, and the mathematical relationship
between volume and diameter of a sphere (in which a
33% change in volume is related to a 10% change in
diameter).” Studies published in the past 6 years describe
a relationship between the baseline intracerebral haemor-
rhage volume and the minimal detectable difference in
haematoma growth, suggesting that definitions with
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Figure 1: Baseline and follow-up non-contrast CT with haematoma expansion
Non-contrast CT in a man aged 68 years with acute intracerebral haemorrhage, imaged at 5 h (A) and 17 h (B) since
symptom onset, showing significant intercurrent haemorrhage expansion (70%). (C) Schematic representation of

the baseline bleed on initial imaging (highlighted in orange) and the hypothesis of secondary bleedings (numbers 1,

2, and 3) from sequentially active bleeding sites, expanding the mass effect in the direction of the red arrows.

The blue arrow represents intraventricular extension, and the red lines show a bundle of fibres representing physical
constraint and restricting expansion in a particular direction. (D) Schematic of the final haemorrhage volume, with
superimposed co-registered previous bleed size (highlighted in orange).
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Panel 1: Pathophysiology of haematoma expansion

+ The simplest biological model of haematoma expansion
assumes that intracerebral haemorrhage originates from
asingle small vessel rupture event, with haematoma
formation continuing until clot stabilisation and
mechanical resistance from surrounding brain structures
counteract the force of active bleeding®*

+ Perihaematomal hypoperfusion is common after
intracerebral haemorrhage®™ and might be associated with
reduced tissue integrity and reduced resistance to
haematoma expansion’®

« Inthe avalanche model introduced by Charles Miller Fisher,"”
the mass effect of the initial haemorrhage triggers the
rupture of adjacent pathological small vessels around the
primary haemorrhage, contributing to further bleeding and
leading to the final haematoma volume™

+ Multiple studies showed that acute intracerebral
haemorrhage could be composed of blood regions with
different ages, supporting the hypothesis of several
bleeding events occurring in a sequential way;*** bleeding
from the rupture of secondary vessels has been shown in
a proof-of-concept study in mice®

+ Blood pressure and coagulation status might influence
acute intracerebral haemorrhage formation,” but
whether these two factors have a direct causal effect or
are cofactors that influence the extent of blood that
extravasate at each rupture site remains unclear

smaller thresholds are most suitable (eg, expansion of less
than 3 mL for haematomas with baseline volumes larger
than 10 mL, or expansion of less than 6 mL for haematomas
with baseline volumes larger than 50 mL).” Although
these definitions appropriately consider the minimal
detectable difference in measurement techniques, they do
not consider correlations with clinical outcomes after
intracerebral haemorrhage.

When the minimal relevant clinical difference was
assessed, any increase in haematoma volume (measured
with semi-automated volumetric methods) had a
significant effect on outcome. Every 1 mL of haematoma
expansion was associated with a 5% increased risk of
death or dependency.” When the various thresholds for
significant haematoma expansion were tested against
clinical outcomes, all of them (including 3 mL, 6 mL,
12-5 mL, or 33% relative growth) predicted poor clinical
outcome.” Moreover, parenchymal haematomas frequently
expand into the ventricular space,” which can be missed if
definitions do not incorporate ventricular expansion,” and
the relationship between intraventricular haemorrhage
expansion and outcome is exponential.” Haematoma
expansion could also be analysed as a spectrum, with a
haematoma shift analysis. This approach might provide
novel insights into the pathophysiology of active
intracerebral bleeding and the biological effects of
therapeutic strategies.’
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Observational studies and clinical trials require a con-
sensus definition of significant haematoma expansion to
facilitate comparisons across studies. The ideal definition
would have a volume threshold over the minimal
detectable difference of the measurement technique,
incorporate intraventricular haemorrhage expansion,
and clearly and meaningfully correlate with clinical
outcome. However, from the strictly clinical perspective,
any measurable increase in haematoma volume is
detrimental for patients with intracerebral haemorrhage.

Predictors of intracerebral haemorrhage
expansion

Time from onset to first brain imaging

Haematoma expansion is an early event in the natural
history of intracerebral haemorrhage; most of the bleeding
usually occurs in the first 3-6 h after symptom onset.”
The relationship between timing of diagnostic imaging
and haematoma expansion is not linear and the risk of
haematoma expansion declines as the time from symptom
onset to baseline non-contrast CT increases,’ but
continues to remain high in patients with anticoagulant-
associated intracerebral haemorrhage wuntil the
coagulopathy is corrected.” In approximately a third of
patients with intracerebral haemorrhage, the time of
intracerebral haemorrhage onset is unknown and
haematoma expansion is common and associated with
poor outcome.”

Antithrombotic treatment

Patients with underlying coagulopathy are at high risk of
haematoma expansion for long periods of time, either
because bleeding lasts for a long time or because it is
likely to resume once it has stopped.” Patients with
vitamin K antagonist-associated intracerebral haemor-
rhage can have a risk of expansion of more than 50% in
the first 6 h after symptom onset, continuation of
expansion well beyond 24 h, and have more than double
the odds of death compared with a patient without
coagulopathy.® Similarly, direct oral anticoagulant-
associated intracerebral haemorrhages have an increased
risk of expansion,® but the risk is less than that in vitamin
K antagonist-associated intracerebral haemorrhages, and
clinical outcomes are less severe.” Antiplatelet use is also
a predictor of haematoma expansion, although the risk is
not as high as in intracerebral haemorrhage associated
with anticoagulation.’

Imaging predictors

Imaging can identify patients at high risk for haematoma
expansion. Neuroimaging markers might improve our
understanding of the mechanisms of haematoma
expansion. Imaging predictors of haematoma expansion
rely almost entirely on CT because of its wide availability
and preponderant use at the acute phase of stroke. The
most important imaging biomarker for risk of haema-
toma expansion is baseline haemorrhage volume.
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Patients with moderate to large intracerebral
haemorrhage volumes (highest risk around 75 mL
baseline volume) at early timepoints from symptom
onset are those with the highest risk for haematoma
expansion.’ Ultra-early haematoma growth (defined as
baseline haemorrhage volume divided by onset-to-
imaging time [mL/h]) is an indirect measure of the speed
of bleeding in the hyperacute phase of intracerebral
haemorrhage and is a robust predictor of haematoma
expansion.”

Baseline intracerebral haemorrhage volume can be
approximated in clinical practice using the ellipsoid
volume formula.”** Alternatively, some new imaging
softwares offer easy-to-use, semi-automated, intensity
based, planimetric volume measurement tools.*

Non-contrast CT offers several other insights into the
risk of haematoma expansion by the detection of gradual
shape and density features of intracerebral haemorrhage
that are associated with high risk.* Several terms have
been used to describe the extent of irregularity (shape
variations) and heterogeneity (density variations).® A
meta-analysis of non-contrast CT markers showed
sensitivities of shape features for haematoma expansion
prediction ranging from 32% to 68% and specificities
ranging from 47% to 92%.” Density features showed
sensitivities (28-63%) and specificities (65-89%) of
similar magnitude.” The role of non-contrast CT markers
in predicting haematoma expansion, and as a tool for
patient selection for trials, warrants examination in large
prospective studies and has the benefit of being
generalisable to almost all settings. For now, the accuracy
of non-contrast CT markers suggests that they can be
used to identify patients at high risk for haematoma
expansion.”

CT angiography allows the identification of contrast
extravasation within the haemorrhage at the arterial
phase of injection, which is a marker of ongoing bleeding
known as the spot sign.” Similar to non-contrast CT
features, the sensitivity of the CT angiography spot sign
for haematoma expansion remains low, with a pooled
estimate of 57% in a meta-analysis based on data from
5085 patients.” This modest predictive performance is
partly due to the presence of so-called spot mimics” and
to the challenge of differentiating spots signs that are
points of active contrast extravasation from resolved
haemorrhages forming fibrin globes secondary to
endogenous haemostasis.” Although the performance of
the spot sign for predicting haematoma expansion can be
increased by use of multiphase CT angiography,” or
repeat delayed acquisitions generally,” the need for
baseline iodine contrast injection has been an important
disadvantage regarding its use in clinical practice and in
clinical trials.*#

Markers of active contrast extravasation have been also
reported in patients imaged with acute phase MRI, but
the evidence remains scant for this method.* The severity
and subtype of the underlying cerebral small vessel
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disease evaluated with MRI has been linked to baseline
intracerebral haemorrhage volumes, and to the rates of
haematoma expansion.” However, whether the patterns
and pace for haematoma expansion differ in cerebral
amyloid angiopathy-related or arteriolosclerosis-related
haemorrhages is not known and requires further
research. Approaches used in the past 5 years
implementing supervised machine-learning algorithms
have shown preliminary encouraging results, but their
implementation both for clinical and research settings is
unlikely in the near future.®*

Tools and scores

Multiple prediction scores have been developed to
identify patients at risk of haematoma expansion.® There
is substantial overlap between different prediction scores,
including various clinical risk factors, non-contrast CT,
CT angiography imaging predictors, and a range of
laboratory markers. Baseline intracerebral haemorrhage
volume and non-contrast CT timing seem to be the two
commonly included core predictors in these scores.*® In
derivation cohorts (often selected populations), prediction
scores have shown high performance based on
C-statistics (0-7-0-9); however, in validation cohorts,
their discriminative ability was suboptimal (0-6-0-8).**
The only prediction scores that achieved a C-statistic
value of more than 0-8 are those including the CT
angiography spot sign. However, their applicability is
currently poor as CT angiography is not often done in
clinical settings.**

Several issues restrict the applicability and diagnostic
yield of prediction algorithms. First, studies have used
different definitions of haematoma expansion and
several scores were derived from retrospective analyses.
Second, few studies quantified discrimination and
calibration statistics and many still lack external
validation. Third, there is substantial heterogeneity in
the studied populations. Finally, several scores are too
time consuming for routine clinical use and require
expertise in intracerebral haemorrhage imaging for the
analysis of CT angiography and non-contrast CT
features of haematoma expansion. In a large individual
patient data meta-analysis, four simple clinical risk
factors emerged as independent predictors of
haematoma expansion: time from symptom onset to
baseline non-contrast CT and baseline intracerebral
haemorrhage volume, and antiplatelet and anticoagulant
use, with a C-index of 0-78 (95% CI 0-.75-0-82).
Addition of CT angiography spot sign increased the
C-index by only 0-05 (0-03-0-07). Four to five simple
clinical predictors that are readily available to every
clinician might have an acceptable discrimination for
haematoma expansion.’

In summary, different tools are available for
haematoma expansion prediction, but their application
in clinical decision making and patient selection for
randomised controlled trials remains to be established.

Large-scale prospective studies and advanced imaging
tools incorporating automated analysis of imaging
features are needed to establish a high discriminative
ability and an optimal balance between sensitivity and
specificity. Future studies should also investigate if the
implementation of prediction models in clinical practice
can improve the management and outcomes of patients.

Prevention of intracerebral haemorrhage
expansion
Early identification and management of intracerebral
haemorrhage is crucial, with a strong focus on
minimising haematoma expansion and neurological
deterioration. Available medical approaches include
blood pressure control, reversal of any associated
coagulopathy, care in a dedicated stroke unit or
neurointensive care unit, and brain imaging.*®

Patients with suspected intracerebral haemorrhage
should have rapid and accurate diagnosis with
non-contrast CT (and ideally CT angiography; figure 2),
which will also allow for calculation of haemorrhage
volume and identify the presence of non-contrast CT
markers or a spot sign.”** Early interventions to restrict
haematoma expansion should include rapid control of
hypertension, although the optimal systolic blood
pressure target remains unclear.”®**** Patients presenting
with anticoagulant-related intracerebral haemorrhage
should have their anticoagulation withheld and should
be considered for immediate reversal with management
specific to the antithrombotic agent used.®* Admission
to a dedicated stroke unit is associated with a better
outcome than admission to an intensive care unit or
general ward in patients with mild or moderate severity
haemorrhages without ventilation and intensive care
needs.”® Once stable, patients should have ongoing
management of blood pressure, cerebral oedema,
intracranial pressure issues, and seizures.**

Blood pressure lowering

Acute elevation of systolic blood pressure (known as
acute hypertensive response) is common after intra-
cerebral haemorrhage and has been independently
associated with haematoma expansion and poor out-
come,' therefore representing a compelling target for
intervention. Several large randomised controlled trials
have examined the safety and efficacy of early intensive
blood pressure reduction to a systolic blood pressure
target of less than 140 mmHg in patients with
intracerebral haemorrhage.

A meta-analysis of individual patient data from
randomised clinical trials showed that intensive systolic
blood pressure lowering is safe and clearly reduced
haematoma expansion, but this reduction did not lead to
improved functional outcome.* This meta-analysis
observed heterogeneity according to treatment strategy
and drug, suggesting an increased effect when the
antihypertensive treatment is titrated to an intensive
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target (rather than using a fixed dose) and when o and
[ adrenoreceptors blockers are used.” The median time
from intracerebral haemorrhage symptom onset to
randomisation was 3-8 h and early treatment was not
associated with improved outcome. However, the
inclusion of patients with intracerebral haemorrhage
treated with topical nitrates, which are potentially
harmful, in a prehospital setting might have offset the
benefits of a more rapid treatment than in-hospital
treatment.*

The time-sensitivity of medical interventions targeting
haematoma expansion has been shown in a secondary
analysis of the ATACH2 trial (NCT01176565), in which
rapid intensive blood pressure lowering (within 2 h from
intracerebral haemorrhage symptom onset) reduced
haematoma expansion and improved functional outcome.”
Post-hoc analyses of ATACH2 showed that patients with
imaging markers of haematoma expansion (CT angio-
graphy spot sign and non-contrast CT markers) were not
more likely to benefit from intensive systolic blood
pressure lowering than patients with no imaging
markers.®* This study might have been underpowered to
detect a significant heterogeneity of effect, given that only
10% of the participants received a CT angiography before
randomisation.* Another possible explanation is the
suboptimal diagnostic performance of imaging markers
(all non-contrast CT features had sensitivity of less than
50% for haematoma expansion).” Furthermore, previous
trials compared an intensive blood pressure reduction
strategy with a conventional blood pressure reduction
strategy and the lack of comparison with a group with no
blood pressure treatment might have minimised the true
effects of blood pressure lowering.

To summarise, the optimal systolic blood pressure
target in patients with acute intracerebral haemorrhage
remains debated and, despite evidence of reduced
haematoma expansion in intensively treated patients, this
approach has not consistently led to better outcomes.**
Intensive systolic blood pressure reduction (target
120-139 mm Hg) is relatively safe, other than having a
potential risk of renal injury, and might improve functional
outcome and restrict haematoma expansion in patients
with elevated systolic blood pressure (150-220 mm Hg)
presenting early (ideally treated within 2 h from symptom
onset) and with intracerebral haemorrhage of mild to
moderate severity. Achieving the systolic blood pressure
target smoothly, without fluctuations and rapid large
drops (=70 mm Hg in 1 h), is associated with improved
outcome. %

Haemostatic therapy

Randomised clinical trials of haemostatic therapy for
patients with intracerebral haemorrhage have assessed
the effects of reversing coagulopathy or the effects of
haemostatic agents in the absence of known coagulopathy
(the two most studied agents are recombinant activated
factor VIIa and tranexamic acid; table).
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Figure 2: Imaging markers of intracerebral haemorrhage expansion

Non-contrast CT slices (A-E) and CT angiography. (A-E) Increasing shape irregularity on non-contrast CT, with the
corresponding Barras’ scale for irregularity shown in the top left corner of all panels (range I-V; V represents the
highest degree of shape irregularity).”* The circular insets depict shape features, including island signs (black or
white asterisks) and satellite signs (black asterisks). The arrowheads in square insets depict density features,
including blend sign (B), hypodensities (C-E), and swirl sign (E). The first inset (C) shows subarachnoid extension
(green arrow), and the arrowhead (CTA) points at a spot sign. CTA=CT angiography.

Recombinant activated factor VIla, if administered
within 3 h of onset, reduces haematoma expansion by
approximately 4 mL. Unfortunately, this effect has not yet
led to improved outcome (FAST trial, NCT00127283).%
This trial might not have adequately targeted the subset
of patients at highest risk of haematoma expansion.* To
further investigate this lack of a positive outcome,
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Location Sample size, n;  Study cohort Intervention Comparator Outcome
setting
Haemostatic treatment
rFVlla for haemorrhagic stroke  Canada, Germany, ~ 860; mobile Intracerebral rFVila 80 ug/kg Placebo Haematoma growth after
trial (FASTEST, and the USA stroke units haemorrhage volume 24 h; mRS at 180 days
NCT03496883) 2-60 mL within 2 h of from symptom onset
onset
Stopping haemorrhage with  Australia, Finland, ~ 326; hospitals Intracerebral Tranexamic acid 1 g for 10 min, then  Placebo Haematoma growth by
tranexamic acid for New Zealand, and mobile haemorrhage volume 1ginfusion for 8 h 18-30 h (233% or 26 mL
hyperacute onset presentation Taiwan, and Viet stroke units <70 mLwithin 2 h of increase from baseline
including mobile stroke units ~ Nam onset volume); death at 7 days
(STOP-MSU, NCT03385928)° from symptom onset; mRS
at 90 days from symptom
onset
Tranexamic acid for Worldwide 5500; hospitals Intracerebral Tranexamic acid 1 g for 10 min, then  Placebo Death at 7 days from
intracerebral haemorrhage 3 haemorrhage volume 1ginfusion for 8 h symptom onset; mRS at
(TICH-3, ISRCTN97695350) <60 mL within 4.5 h of 180 days from symptom
onset or symptom onset
discovery
Indian trial of tranexamic acid  India, Philippines, ~ 3600; hospitals  Intracerebral Tranexamic acid 1 g for 10 min, then  Standard of care Death at 7 days from
in spontaneous intracerebral  Sri Lanka, and Viet haemorrhage volume 1ginfusionfor8h symptom onset; mRS at
hemorrhage (INTRINSIC, Nam <60 mL within 4.5 h of 90 days from symptom
CTRIREF/2021/12/049694) onset onset
Tranexamic acid for China 2400; hospitals  Intracerebral Tranexamic acid 1 g for 10 min, then  Placebo Death at 7 days from
hematoma expansion and haemorrhage volume 1ginfusion for 8 h symptom onset; mRS at
peri-hematomal edema in <60 mL within 4.5 h of 90 days from symptom
patients with acute onset onset
itntracerebral hemorrhage
(THE-ICHChiCTR1900027065)
Blood pressure lowering
The third intensive care China 8360; hospitals ~ No volume limitwithin  Intensive care bundle including Usual care mRS at 180 days from
bundle with blood pressure 6 hof onset Intensive blood pressure lowering symptom onset
reduction in acute cerebral (systolic target <140 mm Hg), glucose
haemorrhage trial control (target 6:1-7-8 mmol/L for
(INTERACT3, NCT03209258)% non-diabetic individuals;
7-8-10-0 mmol/L for diabetic
patients), treatment of pyrexia (target
temperature <37-5°C), and reversal of
anticoagulation (target international
normalised ratio <1.5)
Intensive ambulance-delivered China 3116; No volume limit within Intensive blood pressure loweringto  Guideline- mRS at 90 days from
blood pressure reduction in ambulances 24 h of time last seen atarget systolic blood pressure of recommended blood  symptom onset
hyper-acute stroke trial well <140 mm Hg within 30 min pressure
(INTERACT4, management
NCT03790800) according to local
protocols
The intracerebral Canada 270; hospitals No volume limitwithin  Blood pressure lowering to a target Blood pressure DWI lesions on MR;
haemorrhage acutely 6 h of intracerebral systolic blood pressure of lowering to a systolic  absolute haematoma
decreasing arterial pressure haemorrhage onset <140 mm Hg blood pressure of growth 24 h after
trial Il (ICH-ADAPT II, 180 mm Hg randomisation
NCT02281838)%
DWI=diffusion weighted imaging. mRS=modified Rankin scale. rFVlla=recombinant factor Vlla.
Table: Ongoing randomised clinical trials targeting haematoma expansion in patients with intracerebral haemorrhage

two trials used the CT angiography spot sign to target
individuals at highest risk of expansion, but were stopped

(TICH-2,

Tranexamic acid has also been studied; the largest trial
ISRCTN93732214)

suggested

reduced

164

early and found no change in outcome (SPOTLIGHT,
NCT01359202; STOP-IT, NCT00810888).“ As patients
were enrolled up to 6- 5 h after intracerebral haemorrhage
onset, the time period in which haemostatic therapy was
administered could have been too long. The ongoing
FASTEST trial (NCT03496883) will investigate treatment
with recombinant activated factor VIIa within 2 h of
onset.”

mortality with early administration after intracerebral
haemorrhage symptom onset, but found no effect on
mortality after 30 days.” The ongoing TICH-3 trial
(ISRCTN97695350) will be larger and potentially better
powered than the TICH-2 trial to detect a mortality
effect. Similarly, the STOP-MSU trial (NCT03385928)
will evaluate the use of tranexamic acid in mobile stroke
units, and might show that ultra-early therapy is crucial.®
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A meta-analysis of several tranexamic acid trials,
including participants with traumatic intracerebral
haemorrhage, found that tranexamic acid, like
recombinant activated factor VIIa, reduces haemorrhage
expansion without consistently leading to improved
outcome.”® Furthermore, there is no evidence that
patients with specific imaging features derive benefit
from treatment with tranexamic acid.**”

Procoagulant therapy might be most beneficial when
offered as part of a treatment bundle (a group of
co-administered treatments), including intensive blood
pressure reduction.” Consistent with this hypothesis, a
subgroup analysis of the TICH-2 trial suggested that
tranexamic acid might be more effective in patients with
systolic blood pressure of less than 170 mm Hg than in
those with higher systolic blood pressure.” A treatment
bundle approach to intracerebral haemorrhage is
being studied in the ongoing INTERACT3 trial
(NCT03209258).¢ For patients with intracerebral
haemorrhage and coagulopathy, the risk of haematoma
expansion is even higher than if they weren’t
coagulopathic.’ The best evidence for coagulopathy
reversal comes from studies of vitamin K antagonists,
comparing plasma (slow reversal) to prothrombin
complex concentrate (rapid reversal).”” The INCH trial
(NCT00928915) found that prothrombin complex con-
centrate significantly reduces haematoma expansion.”
However, this trial was stopped early and was therefore
underpowered to achieve its primary outcome, but
provided the most promising data available that rapid
anticoagulation reversal could reduce haematoma
expansion enough to improve outcome.

For patients taking direct oral anticoagulants, single
arm trials have found that specific reversal agents appear
to be associated with effective haemostasis,*” and a
randomised clinical trial of oral anticoagulant-associated
intracerebral haemorrhage is ongoing (NCT03661528).
Direct oral anticoagulant reversal can be presumed to
have the same benefit as vitamin K antagonist reversal,
but with a shorter timeframe for treatment, as oral
anticoagulants have shorter halflives than vitamin K
antagonists.”

How to treat patients taking antiplatelet agents is not
clear. The largest trial of platelet transfusion (NTR1303),
the most common reversal method, found poor outcomes
in those treated, suggesting that platelet transfusion
causes more harm than benefit” Future studies of
alternative agents, such as desmopressin, specifically
targeted at patients with platelet dysfunction might be
more promising.”

Overall, procoagulant agents, such as recombinant
activated factor VIla and tranexamic acid, appear to
reduce haematoma expansion. However, there is no clear
evidence regarding who will benefit from their use.
Rapid vitamin K antagonist reversal with prothrombin
complex concentrate might reduce haematoma
expansion enough to improve outcome, and many

www.thelancet.com/neurology Vol 22 February 2023

investigators believe that oral anticoagulant reversal will
eventually be shown to offer similar benefits. Haemostatic
therapy is a promising therapeutic strategy to reduce
haematoma expansion, but it should be administered to
patients at highest risk of haematoma expansion.
Furthermore, the optimal use of haemostatic therapy
might not be in isolation, but as part of a multimodal
approach to reducing expansion in the first 2 h after
intracerebral haemorrhage.

Clinical trial design

Several trials targeting haematoma expansion did not
show an overall clinical benefit on functional
outcome.** Although this lack of benefit could be the
result of minimal reductions in haematoma expansion
from the interventions, it might also suggest that the
potential for clinical benefit is being diluted by the
inclusion of participants who will not have haematoma
expansion, by the adverse effects of the tested treatments,
or by the array of non-haematoma expansion-related
factors that can influence outcome. The ideal
intracerebral haemorrhage trial design targeting
haematoma expansion should attempt to enrich the
study cohort with patients at highest risk of haematoma
expansion through the application of careful clinical and
radiographic criteria. This enriched population can be
achieved by refining prediction tools with machine
learning techniques or treating patients early during the
haematoma expansion using mobile stroke units.
However, even within 2 h from symptom onset, most
intracerebral haemorrhage patients do not have
haematoma expansion,” suggesting that some risk
stratification is needed in these ultra-early presenters.
Haematoma expansion predictors might not only help
the selection of patients for explanatory randomised
controlled trials, but also the selection of patients to be
used in subgroup analyses to investigate heterogeneity of
treatment effect in more inclusive trials.

Informed consent in intracerebral haemorrhage trials

Obtaining prospective informed consent to participate
in clinical trials from patients with intracerebral
haemorrhage is often impossible, as they might be
aphasic, unconscious, or otherwise incapable. The
inclusion of only the participants who are capable of
consenting can bias trial results by excluding the most
severely affected patients.®® Depending on the
jurisdiction, several approaches for enrolment with
exceptions from standard informed consent are
available: surrogate consent (from a legally authorised
representative), deferred consent (in which the patient or
a surrogate consent after enrolment), and advance
consent (in which at-risk patients are asked to consent
before they have an intracerebral haemorrhage).
Unfortunately, there is substantial variability in consent
practices across and within jurisdictions, and these
inconsistencies present ethical and methodological
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challenges to the implementation of clinical trials in
this field.

Surrogate consent is commonly accepted in many
countries, although it was difficult to obtain in practice
during COVID-19 restrictions, and can delay the
administration of time-sensitive treatments by 20 min or
more.” A systematic review found that surrogates were
wrong about the preferences of patients 32% of the time.
Restricting enrolment to patients who arrive in
emergency departments with substitute decision makers
is known to bias research results, lowering their validity
and generalisability.® During the COVID-19 pandemic,
remote decision making was common and accepted.
The initiation of remote consent procedures in some
trials during the pandemic led to increased rates of
recruitment, although similar rates have not yet been
seen in acute stroke trials.* Deferred consent can
overcome reduced validity and generalisability, although
patients could be enrolled in trials against their wishes.
However, several studies from the past 3 years suggest
that patients and surrogates in stroke trials are accepting
of deferred consent,** including the SPOTLIGHT trial
for intracerebral haemorrhage.® Advance consent could
also support trial participation decisions. Identifying
patients at risk for intracerebral haemorrhage before an
intracerebral haemorrhage occurs is likely to be both
feasible and ethically acceptable, although this approach
has not yet been attempted in a trial. Future research
assessing consent procedures for acute stroke and
intracerebral haemorrhage trials should advance consent
practices, producing an ethically defensible, equitable,
and efficient system of trial enrolment.*

Intracerebral haemorrhage treatment has been
recognised as a research priority by patients and caregivers,
but their involvement in stroke research remains
restricted.” Future research should incorporate patient-
reported outcome measures and assess the functional
outcomes that matter most to patients with intracerebral
haemorrhage.”*

Conclusions and future directions

Blood pressure lowering and haemostatic treatment
successfully reduced haematoma expansion in several
randomised trials without consistently leading to
improved outcomes. Several reasons could explain this
discrepancy. The simplest explanation is that haematoma
expansion might not be a reasonable therapeutic target to
improve outcome.” The effect size of haematoma
expansion prevention on functional recovery is evidently
small in unselected patients, and patients will need to be
precisely triaged to potentially benefit from anti-expansion
treatments.

Several factors have been advanced as alternative
hypotheses for the absence of clinical improvement after
haematoma expansion-targeted strategies. First, the
small reduction in haematoma expansion might have
been insufficient to improve prognosis, especially in

patients with moderate to large baseline haematoma
volume. However, patients with small volume growth
often qualify as so-called expanders if a relative
haematoma expansion definition is used, even in cases
of small absolute increases in total volume that have little
clinical significance. The analysis and interpretation of
haematoma expansion as a spectrum could allow for a
more precise distinction between different degrees of
haemorrhage enlargement and provide novel insights
into the efficacy of treatment strategies.” Second, the
benefit of haematoma expansion restriction might have
been offset by treatment-related side-effects.®* Third,
patients might have been treated when most of the
bleeding has already occurred.* Fourth, participants
selection might have led to the inclusion of many patients
at low risk of haematoma expansion, diluting the
potential benefits of prevention treatments. Fifth, the
presenting haematoma might be either large enough or
in a crucial anatomical location to account for the severity
of the final outcome, irrespective of any subsequent
haematoma expansion. Finally, haematoma expansion is
an important prognostic determinant’ but other
mechanisms also influence brain recovery in patients
with intracerebral haemorrhage. One approach to
overcome this issue might be the use of combined
endpoints; for instance, combining radiological
haematoma expansion with clinical deterioration or
unfavourable functional outcome in a composite
outcome, with a predefined hierarchy between different
endpoints.” The win ratio might be a valuable statistical
method to account for the unequal clinical relevance of
multiple endpoints included in composite outcomes.*”

Improvement of haematoma expansion prediction

Available prediction tools lack large-scale prospective
validation studies, and their diagnostic accuracy can be
improved (panel 2). Deep learning is an area of
technological development and its applications in
predicting haematoma expansion might reform current
approaches to diagnosis and management. A prediction
model including automated imaging analysis tech-
niques provided a confidence score for the prediction of
the risk of haematoma expansion.” A retrospective,
single-centre, observational study that used a support
vector machine model from routinely available variables
reported high sensitivity (0-81) and high specificity
(0-85) for predicting risk of haematoma expansion,
with good overall discriminative ability (area under
curve 0-89).” Future studies should focus on developing
simple and fast prediction tools, preferably with the
assistance of automated analysis, to quickly identify
patients at high risk of haematoma expansion. These
approaches could improve personalised care in the
management of intracerebral haemorrhage. Prospective
validation of previously proposed models and tech-
niques is needed before automated approaches can be
successfully used in clinical practice or for the
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Panel 2: Predictors of intracerebral haemorrhage expansion

Time from intracerebral haemorrhage onset to first brain

imaging

+ Non-linear relationship between the risk of haematoma
expansion and the time from symptom onset to first brain
imaging

+ The probability of haematoma expansion is increased in
patients who are initially scanned within 3-6 h from
symptom onset

Antithrombotic treatment

+ Anticoagulant-associated intracerebral haemorrhages have
usually large volumes and elevated risk of haematoma
expansion (>50%)

» Antiplatelet treatment also increases the probability of
haemorrhage expansion, although the risk is lower than in
anticoagulant-associated haemorrhages

Baseline intracerebral haemorrhage volume

+ Thereis a linear relationship between baseline volume and
risk of haematoma expansion, which peaks at around
75 mL, and then declines with larger volumes

+ Easyto assess in clinical practice with the ellipsoid volume
formula. For the ellipsoid volume formula, select the CT slice
with the largest intracerebral haemorrhage area and
measure the longest diameter (A) and the longest
perpendicular diameter (B); obtain (C) by multiplying slice
thickness by the number of slices in which the haematoma
is detectable; intracerebral haemorrhage volume can be
obtained by multiplying A x B x C and dividing by two; all
measures should be taken in cm and the final volume should
be reported in cm® or mL**

+ Ultra-early haematoma growth (baseline haemorrhage
volume divided by onset-to-imaging time [mL/h]) is an
indirect indicator of the speed of bleeding

CT angiography spot sign

+  Presence of =1 focus of contrast extravasation within the
haematoma, with any size or shape, and density more than
120 Hounsfield units (HU)

+ Contrast extravasation inside the haemorrhage, with a
diameter =1-5 mm, spot or serpiginous shape, no connection
with vessels outside the haemorrhage, no corresponding
hyperdensity on non-contrast CT, and density double than the
density of the surrounding haematoma

identification of patients with intracerebral haemor-
rhage at high risk of haematoma expansion in
randomised controlled trials.

Intracerebral haemorrhage treatment in mobile stroke
units

Mobile stroke units have achieved shorter time from
onset to treatment in patients with ischaemic stroke,
associated with Dbetter outcome compared with
traditional in-hospital treatment in emergency wards.”
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» Increased frequency of computed tomography angiography
spot sign and diagnostic accuracy early after symptom
onset

Non-contrast CT intracerebral haemorrhage shape features

+ lIrregular shape: 22 margin irregularities, connected or not
with the haematoma borders, and rated on the axial non-
contrast CT slice with the largest haemorrhage surface

« Island sign: =3 scattered small bleedings that are all separate
from the haemorrhage or =4 small haematomas that might
be connected with the main haemorrhage

« Satellite sign: small haemorrhage (max diameter <10 mm)
that is not connected to the main haematoma, with a clear
separation (1-20 mm distance)

« Subarachnoid haemorrhage: extension of parenchymal
bleeding into the subarachnoid space; associated with
haematoma expansion only in lobar haemorrhages

« Satellite signs and subarachnoid haemorrhage lack external
validation

Non-contrast CT intracerebral haemorrhage density

features

+  Fluid level: hypoattenuating area above and
hyperattenuating area below a straight line of separation
(compared with the brain parenchyma); this marker lacks
external validation

« Blend sign: hypoattenuating area adjacent to a
hyperattenuating area, clear margin between the
two regions, and density difference greater than 18 HU

+ Black hole sign: hypoattenuating region encapsulated in the
haemorrhage with a density difference >28 HU (compared
with the surrounding haemorrhage)

« Hypodensity: any hypodense region within the
haemorrhage and no connection with surrounding
structures; does not require density measures and can be
detected with visual inspection
Swirl sign: any region of hypoattenuation or isoattenuation
compared with the brain parenchyma, encapsulated or not in
the haematoma, with any morphology

» Heterogeneous density: =3 regions of low attenuation
compared with the haemorrhage, rated on the axial slice
with the largest haematoma surface

Blood pressure lowering and haemostatic therapies are
the most promising medical therapies for restricting
haematoma expansion in patients with acute
intracerebral haemorrhage, and mobile stroke units are
an appealing approach to facilitate timely delivery of
these time-sensitive therapeutic options.” Mobile stroke
units might also optimise prehospital triage of patients
with intracerebral haemorrhage, allowing fast transport
to facilities with neurosurgery and neurological intensive
care services. Mobile stroke units also have the potential
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Panel 3: Priorities for future research

Definition of haematoma expansion

« Identify a haematoma expansion definition that
incorporates intraventricular haemorrhage, with a cutoff
more than the minimal detectable difference and a strong
correlation with functional outcome

+ Analyse and compare data from previous trials targeting
haematoma expansion with different haematoma
expansion definitions

»  Apply the haematoma expansion shift concept to
distinguish different degrees of haematoma enlargement

«+ Achieve a consensus definition of haematoma expansion
for future studies

Prediction of haematoma expansion

« External validation of imaging markers and prediction
scores

» Comparison of different markers and scores with
discrimination, calibration, and net reclassification tests

« Assessment of the added value of multimodal imaging
(non-contrast CT with CT angiography)

« Integration of conventional imaging markers with deep
learning and automated analysis techniques

Outcome measures

« Test composite outcomes (ie, haematoma
expansion-associated clinical deterioration or
haematoma expansion-associated poor outcome) with a
predefined hierarchy between different combined
outcomes, or with a statistical approach that accounts for
the unequal clinical relevance of different endpoints, such
as the win ratio

 Incorporate patient-reported outcome measures

to maximise enrolment of patients with intracerebral
haemorrhage in clinical trials with a short time for
therapeutic intervention. Two ongoing trials are using
mobile stroke units to include patients within 2 h of
intracerebral haemorrhage onset’® and could provide
important data on the feasibility, benefits, and cost-
effectiveness of intracerebral haemorrhage management
in the prehospital setting.

In conclusion, prevention of haematoma expansion
remains a plausible target for improving intracerebral
haemorrhage outcomes, but uncertainty regarding the
efficacy of haematoma expansion-targeted treatments
remains. Standardisation of both the definition of
haematoma expansion and outcome measures is needed
to maximise future research efforts and to obtain
comprehensive evidence on the biological and clinical
effects of medical therapies targeting active bleeding
(panel 3). Easy-to-use non-contrast CT imaging markers
and advanced deep learning-based techniques might
improve patient selection in randomised clinical trials
and, eventually, in clinical practice. Mobile stroke units
and alternatives to standard informed consent are

Search strategy and selection criteria

We searched PubMed for articles published in English
without date restrictions. The initial literature search was
done on June 1, 2022, with a combination of keywords and
MeSH terms including: “intracerebral haemorrhage

" ou

expansion”, “intracerebral hemorrhage expansion”,
“haematoma expansion” “hematoma expansion”, “ICH
expansion” OR “intracerebral haemorrhage growth”,
“intracerebral hemorrhage growth”, “haematoma growth”,
“hematoma growth”, and “ICH growth”. Additional articles
were identified from the bibliographies of included
manuscripts. The final reference list was generated on the
basis of originality and relevance for the purposes of this
Review. We did not include studies on patients with
intracerebral haemorrhage secondary to vascular
malformations or studies on surgical approaches to restrict
haematoma expansion.

promising approaches to expand the number of patients
eligible for future trials and to increase the number of
patients receiving early treatment to restrict haematoma
expansion.
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