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Abstract

Background.—Acute stroke due to supratentorial intracerebral haemorrhage is associated with
high morbidity and mortality. Open craniotomy haematoma evacuation has not been found to have
any benefit in large randomised trials. We assessed whether minimally invasive catheter evacuation
followed by thrombolysis (MISTIE), with the aim of decreasing clot size to 15 mL or less, would
improve functional outcome in patients with intracerebral haemorrhage.

Methods.—MISTIE Il was an open-label, blinded endpoint, phase 3 trial done at 78 hospitals in
the USA, Canada, Europe, Australia, and Asia. We enrolled patients aged 18 years or older with
spontaneous, non-traumatic, supratentorial intracerebral haemorrhage of 30 mL or more. We used
a computer-generated number sequence with a block size of four or six to centrally randomise
patients to image-guided MISTIE treatment (1-0 mg alteplase every 8 h for up to nine doses) or
standard medical care. Primary outcome was good functional outcome, defined as the proportion
of patients who achieved a modified Rankin Scale (mRS) score of 0-3 at 365 days, adjusted for
group differences in prespecified baseline covariates (stability intracerebral haemorrhage size, age,
Glasgow Coma Scale, stability intraventricular haemorrhage size, and clot location). Analysis of
the primary efficacy outcome was done in the modified intention-to-treat (mITT) population,
which included all eligible, randomly assigned patients who were exposed to treatment. All
randomly assigned patients were included in the safety analysis. This study is registered with
ClinicalTrials.gov, number .

Findings.—Between Dec 30, 2013, and Aug 15, 2017, 506 patients were randomly allocated:
255 (50%) to the MISTIE group and 251 (50%) to standard medical care. 499 patients (n=250 in
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the MISTIE group; n=249 in the standard medical care group) received treatment and were
included in the mITT analysis set. The mITT primary adjusted efficacy analysis estimated that
45% of patients in the MISTIE group and 41% patients in the standard medical care group had
achieved an mRS score of 0-3 at 365 days (adjusted risk difference 4% [95% CI —4 to 12];
p=0-33). Sensitivity analyses of 365-day mRS using generalised ordered logistic regression
models adjusted for baseline variables showed that the estimated odds ratios comparing MISTIE
with standard medical care for mRS scores higher than 5 versus 5 or less, higher than 4 versus 4 or
less, higher than 3 versus 3 or less, and higher than 2 versus 2 or less were 0-60 (p=0-03), 0-84
(p=0-42), 0-87 (p=0-49), and 0-82 (p=0-44), respectively. At 7 days, two (1%) of 255 patients in
the MISTIE group and ten (4%) of 251 patients in the standard medical care group had died
(p=0:02) and at 30 days, 24 (9%) patients in the MISTIE group and 37 (15%) patients in the
standard medical care group had died (p=0-07). The number of patients with symptomatic
bleeding and brain bacterial infections was similar between the MISTIE and standard medical care
groups (six [2%] of 255 patients vs three [1%] of 251 patients; p=0-33 for symptomatic bleeding;
two [1%] of 255 patients vs 0 [0%] of 251 patients; p=0-16 for brain bacterial infections). At 30
days, 76 (30%) of 255 patients in the MISTIE group and 84 (33%) of 251 patients in the standard
medical care group had one or more serious adverse event, and the difference in number of serious
adverse events between the groups was statistically significant (p=0:-012).

Interpretation.—For moderate to large intracerebral haemorrhage, MISTIE did not improve the
proportion of patients who achieved a good response 365 days after intracerebral haemorrhage.
The procedure was safely adopted by our sample of surgeons.

Introduction

Worldwide, more than 5 million brain haemorrhages occur annually.! Intracerebral
haemorrhage has greater morbidity and mortality than ischaemic stroke;1~3 however, no
evidence-based primary treatment exists.2# Large, pragmatic trials of craniotomy,>® a
therapy used in routine practice, have not improved functional outcome or mortality.
Findings from non-surgical trials of aggressive, early haemostasis4 and early blood pressure
reduction’-8 showed volume stabilisation of haematoma growth (1-5 mL), but no change in
functional outcome or mortality. We designed the Minimally Invasive Surgery Plus Alteplase
for Intracerebral Hemorrhage Evacuation (MISTIE) 111 trial to assess whether image-guided,
minimally invasive surgery followed by gentle thrombolytic irrigation of the catheterised
intracerebral haemorrhage clot alters functional outcome.9-12 The aim of our trial was to
determine whether the MISTIE procedure could achieve the benefits of clot evacuation and
improve functional outcome at 365 days after stroke without procedure-related safety events
or additional brain injury beyond the risks associated with standard care in an intensive care
unit.

Methods

Study design and patients

MISTIE 111 was a randomised, controlled, open-label, blinded endpoint, phase 3 explanatory
trial13.14 of image-guided,!! catheter-based!® removal of intracerebral haemorrhage of 30

Lancet. Author manuscript; available in PMC 2020 March 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hanley et al.

Page 3

mL or more, measured with the ABC/2 method,15 done at 78 hospitals in the USA, Canada,
Europe, Australia, and Asia (appendix).

Each hospital obtained local institutional review board or ethics committee approval.
Eligible patients were aged 18 years or older with a spontaneous, non-traumatic,
supratentorial intracerebral haemorrhage of 30 mL or more due to cerebral small-vessel
disease, with a Glasgow Coma Scale (GCS) score of 14 or less or National Institutes of
Health Stroke Scale (NIHSS) score of 6 or higher, an mRS score of 0 or 1 before the bleed,
and an intracerebral haemorrhage that remained the same size (growth <5 mL) for at least 6
h after diagnostic CT. We did not enrol patients with expressed care limitations or those
deemed to have life-threatening mass effect requiring surgery. The full list of inclusion and
exclusion criteria is in the appendix.

Local principal investigators determined eligibility and stability of haematoma growth, and
written informed consent was then obtained from all patients or their legal representatives.
The study protocol is available at https://clinicaltrials.gov/ct2/show/NCT01827046.

Randomisation and masking

Procedures

Patients were randomly allocated by site personnel using a central web-based enrolment
system and presentation data. The trial statisticians (RET, GY) used a computer-generated
number sequence to randomly allocate patients to the MISTIE or standard medical care
groups. Block randomisation was used (block sizes of four or six) to ensure masking of
randomisation status. After the site block was fulfilled, covariate-adaptive randomisation
was used with the aim of minimising differences in three baseline severity factors: age,
presentation GCS, and intracerebral haemorrhage size. This method, which used only
baseline covariate information from previous participants, has been described elsewhere.16
Study personnel were masked to outcome, which was determined by an adjudication
committee masked to treatment allocation.16:17

We managed the risks of initial haematoma growth or instability16:18 by use of a stability
protocol that combined normalisation of coagulation variables, guideline-based blood
pressure management, and repeat CT assessment of clot size, measured with the ABC/2
method. 6 h or more after diagnostic CT, patients had to have an international normalised
ratio of 1.3 or less, a normal activated partial thromboplastin time, and blood pressure
stability.1® The stability CT ensured the intracerebral haemorrhage clot had not expanded by
5 mL or more, defined as the absence of active bleeding before treatment,12 and provided
image demonstration of a safe starting point for clot reduction therapy. The CT could be
repeated every 6 h until the clot stabilised or just before the 72 h eligibility window closed,
whichever occurred first. CT angiography was done to exclude underlying pathology as the
source of bleeding; a formal angiogram was encouraged in patients with equivocal findings
on vascular pathology screening.19-20 MRI and magnetic resonance angiogram were used
when clinically indicated.?1.22 The trial sites shared planned catheter insertion trajectories
describing the skull entry site and planned linear path to the haematoma target with the
trial’s surgical centre for joint review.
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Surgeons followed a 10-step protocol that defined the surgical task and its endpoint
(decrease in clot size to <15 mL, nine doses, or safety endpoint; appendix). Under general
anaesthesia, after burr hole placement, we used image guidance to place a rigid cannula
within the middle two-thirds of the overall haematoma short axis to a targeted point 75% or
greater along the long axis of the clot, through a burr hole or twist drill opening. Clot
aspiration was done with a 10 mL handheld syringe until first resistance. A soft catheter was
then placed with image guidance into the residual haematoma, tunnelled subcutaneously,
and connected to a three-way stopcock and closed drainage system. Postoperative CT was
done to confirm positioning of the soft catheter and stability of the residual haematoma and
catheter tract. If the catheter did not engage the clot, it was removed and repositioned. 6 h or
more after catheter placement, we administered alteplase directly into the clot through the
catheter, at 1.0 mg in 1 mL followed by 3 mL flush every 8 h, for up to nine doses.
Administration of alteplase was stopped when the trial-defined surgical aim (residual
haematoma <15 mL) was reached, nine doses of alteplase were given, or on occurrence of a
clinically symptomatic rebleeding event, defined as a sustained decrease of more than 2
points on the GCS motor score, with CT-demonstrated enlargement of the intracerebral
haemorrhage. All doses were followed by a 3 mL flush of preservative-free normal saline,
and the system was closed for 1 h to allow drug—clot interaction and then reopened to allow
for gravitational drainage. Subsequent CT scans were done for any safety concern or every
24 h. Ongoing surgeon training and mentoring and monitoring of the surgical task was
overseen by the trial’s surgical committee and dedicated surgical centre.23

We used the American Heart Association and European Stroke Organisation
recommendations for treatment of non-traumatic spontaneous intracerebral haemorrhage,
19.21 which enabled a standard approach to monitoring patients’ airways, ventilation,
intracranial pressure, sedation, and pharmacological treatment of intracranial mass effect
(appendix). Patients allocated to the standard medical care group had follow-up CT scans
and other monitoring assessments on the same schedule as those in the intervention group.

Patients returned to the clinic on days 30, 180, and 365, and were contacted by telephone on
days 90 and 270. A certified examiner assessed patients using the modified Rankin Scale
(mRS), Barthel Index, Stroke Impact Scale, Glasgow Outcome Scale, extended Glasgow
Outcome Scale (eGOS), and NIHSS (clinic visits only). mRS interviews on days 30, 180,
and 365 were recorded and transferred to an independent jury masked to treatment allocation
at the University of Glasgow (Glasgow, UK) for scoring®® (appendix).

To optimise accuracy and minimise investigator bias, a core imaging laboratory used semi-
automated segmentation and Hounsfield thresholds to measure clot volumes. Measurement
of clot volumes was done with the image processing software OsiriX MD (version 9.0.1) on
Digital Imaging and Communications in Medicine images of each patient’s stability and
treatment scans. This approach has been validated for accuracy and inter-rater reliability.24
We used fully monitored core laboratory measurements in all analyses. The core laboratory
defined location as either lobar or deep (putamen or thalamus) and final location was
adjudicated by a neuroradiologist (DG).
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The primary efficacy outcome was good functional outcome, defined as the proportion of
patients who achieved an mRS score of 0-3 at 365 days, adjusted for group differences in
prespecified baseline covariates (stability intracerebral haemorrhage size, age, GCS, stability
intraventricular haemorrhage size, and clot location). Missing day 365 mRS scores were
estimated from earlier timepoints using the targeted maximum likelihood estimator to adjust
for censoring for the primary efficacy outcome only.2> Secondary outcomes were eGOS
score dichotomised as good (4-8) vs poor (1-3) at 365 days after stroke, all-cause mortality
365 days after stroke, association between functional outcome and clot removal quantified as
weighted clot volume by area under the curve (AUC) and clot volume at end of treatment,
patient disposition, efficacy 180 days after stroke, type and intensity of intensive care unit
management; and health-related quality of life (electronic visual analogue scale and EQ-5D
scores). Our protocol identified a plan to assess the possible influence of variation in
procedural performance on functional outcome as determined via as-treated analysis.
Exploratory analyses of the primary outcome at 365 days post intracerebral haemorrhage
were logistic regression on dichotomised, adjudicated, cross-sectional mRS score (0-3 vs4—
6); ordinal mRS score (0-6); longitudinal mRS score (0-3 vs4-6); severity subgroup
analyses; cross-sectional mRS score (0-3 vs4-6) for demographic subgroups, including for
race and sex; and analysis of cross-sectional mRS score (0-3 vs4-6) that models random
effects for hospital sites. Safety outcomes were all-cause mortality at 30 days, procedure-
related mortality at 7 days, bacterial brain infection at 30 days, and symptomatic bleeding
within 72 h after last dose. All adverse and serious adverse events were centrally assessed
during acute treatment, and all serious adverse events were assessed by a safety committee
with an independent medical monitor (CSK) until the end of follow-up. An independent
Data Safety and Monitoring Board (DSMB) appointed by the study sponsor managed the
trial.

Statistical analysis

On the basis of the assumption that 25% of patients would have an mRS score of 0-3 in the
standard medical care group versus 38% of patients in the MISTIE group, we estimated that
500 patients (approximately 250 patients in each treatment group) would provide 88%
power at a level 0-05 to detect an average effect size of 13%. Furthermore, this sample size
would have 77% power to detect a more conservative effect size of 11%. The sample size
was calculated on the basis of MISTIE 11,12 which provided evidence of increasing
frequency of mRS scores in the 0-2 categories between 180 and 365 days with an
unadjusted proportion of mRS 0-3 increasing to 14%. We updated the statistical analysis
plan in light of the results of MISTIE Il and based the primary outcome on 365-day
outcomes because no plateau was observed for good functional outcome (MRS score 0-3) at
180 days.12

Analysis of the primary efficacy outcome was done in the modified intention-to-treat (mITT)
population, which included all eligible, randomly assigned patients who were exposed to
treatment. All randomly assigned patients were included in the safety analyses. To estimate
the mean treatment effect in the primary analysis, we used the longitudinal targeted
maximum likelihood estimator of Van der Laan and Gruber.25 This statistical method adjusts
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for chance imbalances in prespecified baseline variables between treatment groups, and also
accounts for missing outcome data by a combination of regression modelling and inverse
probability of censoring weighting. For the primary outcome analysis, the proportions of
patients with an mRS score of 0-3 were compared between the MISTIE and control group,
and adjusted for baseline (prerandomisation) variables used in the covariate adaptive
randomisation (ie, clot volume, age, and severity of impairment as measured by GCS) and
for clinically established severity variables (intraventricular haemorrhage size and
intracerebral haemorrhage clot location [lobar vsdeep]). Efficacy analyses of the ordinal
shift in mRS score were done for the full range of adjudicated mRS scores (0-6) using the
Cochran-Mantel-Haenszel shift test followed by proportional odds logistic regression
subject to the validity of shift analysis model assumptions.

The seven secondary analyses were ordered according to perceived importance (as listed in
the statistical analysis plan): eGOS; mortality; mediation of benefit by clot removal, as
defined by time averaged clot removal and by clot remaining at end of treatment (an as-
treated analysis of participants reaching the surgical goal of <15 mL clot size); patient
disposition; 180 day results; intensive care unit care; and quality of life. Analysis of
secondary outcomes was done in the mITT population. Variable by treatment interactions
terms were included in multivariable models to estimate treatment effects for population
subgroups. Wald tests were used to test the null hypothesis that all interaction terms were
equal to zero for variables with more than two categories. The DSMB monitored defined
thresholds for mortality, rebleeding, and infection, and safety analyses included between-
group comparisons of serious adverse events by patient, Standardised Medical Dictionary
for Regulatory Activities (MedDRA) code, and organ system. Overall, the statistical analysis
plan included 54 pre-planned analyses (including primary, secondary, exploratory, and safety
analyses). A p value of less than 0-05 was considered to indicate a statistically significant
difference, however, any single analyses at this level of significance should be interpreted
with caution because the study-wide type | error rate was not controlled at this level due to
multiplicity of analyses. This study is registered with ClinicalTrials.gov, number
NCTO01827046.

Role of the funding source

Results

The National Institute of Neurological Disorders and Stroke provided input on study design
during the grant review process, and the DSMB provided input during active recruitment.
The funder had no role in data collection, analysis, or interpretation or writing of the report.
The National Institute of Neurological Disorders and Stroke and Genentech approved the
decision to submit for publication. The corresponding author had full access to all the data in
the study and had final responsibility for the decision to submit for publication.

Between Dec 30, 2013, and Aug 15, 2017, 19 942 patients were assessed for eligibility, of
whom 506 patients were randomly assigned to the two study groups: 255 patients to receive
MISTIE and 251 to receive standard medical care. 499 patients (n=250 in the MISTIE
group; n=249 in the standard medical care group) received treatment and were included in
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the mITT analysis set (figure 1). 305 (61%) of 499 patients were men and 194 (39%) were
women (median age 62 years [IQR 52-71]). 307 (62%) of 499 clots were located in the
basal ganglia and 192 (38%) in the lobar region. At presentation, median clot volume was
41.8 mL (IQR 30-8-54-5) for intracerebral haemorrhage and 0 mL (0-1.9) for
intraventricular haemorrhage; median GCS score was 10 (IQR 8-13) and median NIHSS
score was 19 (IQR 15-23). Age, GCS score, clot size, intraventricular haemorrhage volume,
and withdrawal of care was similar between groups at presentation and after stability had
been achieved (table 1). Medical conditions were similar between the groups, but a higher
number of patients were on anticoagulants at the time of bleed in the MISTIE group than the
standard medical care group. Reduction in clot volume between randomisation and the end
of treatment (mean 3.6 days [95% CI 3-4-3:7]) is shown in the appendix. The mean
reduction in haematoma size was 69% (SD 20) in the MISTIE group versus 3% (12) in the
standard medical care group. The mean end-of-treatment volume was 16 mL (SD 13) for
patients in the MISTIE group versus 47 mL (18) for patients in the standard medical care
group (mean difference 32 mL, 95% CI 30-34; p<0:-0001). 146 (58%) of 250 patients in the
MISTIE group achieved the surgical aim (residual haematoma <15 mL) compared with two
(<1%) of 249 patients in the standard medical care group (table 2). Clot removal was more
consistent among surgeons who had done ten or more procedures than those who had done
less than ten procedures (appendix). Clinical deterioration led to craniotomy or craniectomy
in four patients in the MISTIE group and 17 patients in the standard medical care group.
Two additional patients in the MISTIE group and two patients in the standard medical care
group had craniotomies after 30 days for new bleeding events unrelated to the trial. The final
MRS score was assessed on Sept 17, 2018.

Of the 489 patients with available mRS scores at 365 days, 110 (44%) of 249 patients in the
MISTIE group and 100 (42%) of 240 patients in the standard medical care group had
achieved an mRS score 0-3 at 365 days (figure 2). For the mITT analysis set, adjusting for
baseline variables, primary adjusted efficacy analysis estimated that 45% of patients in the
MISTIE group and 41% patients in the standard medical care group had achieved an mRS
score of 0-3 (absolute risk difference 4% [95% CI —4 to 12]; p=0-33). 94 (39%) of 244
patients in the MISTIE group and 84 (36%) of 234 patients in the standard medical care
group achieved an eGOS score of 4-8 (adjusted risk difference 4-2% (95% CI -3-3 to
11-8%; p=0-28) 365 days after stroke. Inclusion of all randomly assigned patients (n=506) in
the sensitivity analysis did not change the primary result.

Estimated all-cause mortality (figure 3) differed by 6-8% throughout the 365-day period
(log-rank p=0-08), and was significantly lower in the MISTIE group than the standard
medical care group at 365 days (severity-adjusted Cox proportional hazard ratio 0-67, 95%
Cl 0-45-0-98; p=0-037). Analysis of the association between clot removal and functional
outcome, adjusted for the same baseline variables as the primary efficacy analysis, showed
extent of removal was correlated with mRS scores of 0-3 (odds ratio 0-68 [95% CI 0-59-
0-78; p<0-0001; appendix). Similarly, the as-treated analyses comparing the proportion of
patients who achieved the surgical aim (clot size <15 mL) in the MISTIE group with the
standard medical care group showed a 10-5% increase in risk difference (95% CI 1-0-20.0;
p=0-03) in mRS scores of 0-3 at 365 days after controlling for variation in initial severity
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factors and severity matching (appendix). These secondary analyses are not adjusted for
multiplicity and should be interpreted as exploratory.

Intracranial pressure elevation and cerebral perfusion pressure depression were less common
in the MISTIE group than the standard medical care group (table 2). Patient disposition,
180-day function, other intensive care unit care, and quality of life were similar between the
groups (appendix). Additional subgroup analyses, the as-treated analyses, site random
effects analyses, and a detailed assessment of serious adverse events by patient, MedDRA
code, and organ system were consistent with the primary safety analyses (appendix) and
suggest that the frequency of serious adverse events was similar between the groups. At 30
days, 56 (13%) of 443 patients had returned home, and by 365 days, 314 (83%) of 379
patients were living at home or in acute rehabilitation (appendix).

Specified safety event rates did not reach a-priori determined DSMB review thresholds
throughout the trial. However, the number of deaths in the MISTIE group was lower than in
the standard medical care group at 7 days (two [1%] vsten [4%]; p=0-018), 30 days (24
[9%] vs 37 [14%]; p=0-066; table 3), and 180 days (39 [15%] vs57 [23%]; p=0-033). At 30
days, 76 (30%) of 255 patients in the MISTIE group and 84 (33%) of 251 patients in the
standard medical care group had one or more serious adverse event (table 4), and the
difference in number of serious adverse events between the groups was statistically
significant (p=0:012; table 3). The proportion of patients with asymptomatic bleeding was
significantly higher in the MISTIE group than the standard medical care group (81 [32%] of
255 patients vs21 [8%] of 251 patients; p<0-0001). Other safety measures were similar
between groups (table 3).

Additional analyses of the primary efficacy outcome by ordinal methods, longitudinal
methods, demographic characteristics, and site characteristics yielded the same results as the
adjusted primary efficacy analyses (appendix). Subgroup analyses did not identify
substantial differences in outcome with regard to age, intracerebral haemorrhage volumes, or
time to randomisation (figure 4). The test for homogeneity of treatment effect (based on
testing for interaction) was not rejected at a level 0-05. Routine ordinal analysis did not meet
proportionality assumptions. Therefore, generalised ordered logistic regression analyses,
adjusting for the same baseline variables as the primary efficacy analysis, were used to
compare patients in the MISTIE group with those in the standard medical group with
different 365-day mRS scores; scores 0—2 were combined into a single category due to small
numbers. The estimated odds ratios for mRS scores higher than 5 versus 5 or less, higher
than 4 versus 4 or less, higher than 3 versus 3 or less, and higher than 2 versus 2 or less were
0-60 (p=0-03), 0-84 (p=0-42), 0-87 (p=0-49), and 0-82 (p=0-44), respectively (appendix).
There was no evidence of an increase in the proportion of patients with an mRS score of 4 or
5 in the MISTIE group versus the standard medical care group, although it is not possible to
determine the mRS disability distribution for patients who would have died with standard of
care but would have survived with MISTIE.
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Discussion

In the MISTIE Il trial, aspiration and thrombolytic irrigation of the intracerebral
haematoma with alteplase via an image-guided catheter did not improve functional
outcomes compared with standard medical care in patients with large intracerebral
haemorrhage. Our secondary analyses were not adjusted for multiplicity and should be
interpreted as exploratory. Mortality at 365 days seemed to be lower in the MISTIE group
than the standard medical care group, without a net increase in the proportion of patients
with severe disability. This increased survival is, at best, a modest effect based on a
secondary analysis. Exploratory analyses of clot removal showed an association between
extent of removal and lower mRS scores (0-3). This association could be due to a benefit of
the procedure or due to unmeasured confounding (eg, individuals with haemorrhage shape
or location more amenable to MISTIE reduction of clot volume might have better prognoses
unrelated to treatment).

The MISTIE procedure was safe with regard to serious bleeding and infection, and
procedural risk was similar between groups. These findings suggest MISTIE has few
negative consequences. Time spent in intensive care units, withdrawal of care, use of
external ventricular drains, and intracranial pressure therapies did not seem to account for
observed differences in the secondary outcomes between treatment groups. MISTIE cannot
be recommended as an intervention to improve functional outcome for all patients with
intracerebral haemorrhage until the desired reduction in haematoma size is uniformly
achieved.

Study limitations include the open-label design, the size of the mITT analysis set (n=499),
and use of 78 sites and 114 surgeons from resource-rich tertiary referral centres and
universities. The use of a surgical core laboratory and the additional oversight provided in
phase 3 trials are factors that influence generalisability. However, these same limitations
allowed for detailed monitoring of data accuracy, enabled planning and performance of the
surgical task, and avoided caregiver bias. Therefore, the neutral result in MISTIE 111
indicates that the MISTIE procedure should not be adopted pragmatically. Assessment of the
surgical data indicates that when MISTIE achieves the protocol-defined surgical aim, a
benefit in mortality and functional improvement seems possible. The inclusion criterion of
clinical stability excluded patients with a poor prognosis. Imprecision exists in the mRS and
eGOS. However, the use of an adjudication committee with multiple reviews of mRS limits
this problem. Both scales provide similar results, thus providing external validation of each
other. A limitation of the clot removal analyses is potential bias due to unmeasured
confounding, since clot volume removal was not randomised. The absence of blinding did
not protect against undertreatment or overtreatment bias associated with assignment to a
particular intervention. Our mortality analysis was secondary and was not adjusted for
multiple secondary analyses and thus should be interpreted as exploratory, rather than
confirmatory.

Our study also had strengths. We used a standard task description and a high level of safety
was achieved in a large group of surgeons who had not previously done the procedure. The
challenges associated with performing the standardised MISTIE task seem remediable.
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Since MISTIE is a new procedure, it is not surprising that technical excellence was more
difficult to achieve than safe performance. Results from our as-treated analysis suggest
reduction in clot size to 15 mL or less as an aim for the MISTIE procedure. Additional
analyses of factors associated with less optimal haematoma evacuation are planned. More
work is needed to enhance effective targeting and dosing. Some surgical situations might
require specific strategies,23 such as lobar haematomas since the round shape and large size
might require more than one catheter. Posterior haematomas require additional entry points
and targeting precision. Securing catheters can be improved further. Although surgeons were
able to remove large amounts of intracerebral haemorrhage clots despite little previous
experience with the MISTIE, protocol adherence to the task of decreasing the haematoma to
15 mL or less improved with site and surgeon experience (appendix). Established methods
can be used to address the issue of improved surgical task performance?6 and interventional
team performance.2’ An additional strength of this study was the use of widely accepted
evidence-based guidelines, which seem to have resulted in uniform medical management.

Similarities and differences exist between our results and those reported for other surgical
trials of craniotomy. The low mortality (20%) observed and the proportion of patients who
achieved good functional outcomes (>40% of all patients) at 365 days were not expected. In
the MISTIE 11 trial, 12 at 365 days, 38% of patients had died and 20% had achieved good
functional outcomes in the control group. A similar proportion of patients (around 30%)
achieved good outcomes in the STICH I and 1l trials;>8 however, mortality was higher in
STICH | (37%) and STICH I1 (21%).8 The proportion of patients with lobar haematomas
was higher in the standard care group than the MISTIE group, a location previously
associated with improved prognosis.6 Other factors affecting severity, such as age, GCS,
intracerebral haemorrhage size, and intraventricular haemorrhage size, were similar in both
MISTIE trials.12 Although inclusion criteria (eg, stability) could account for the baseline
decrease in mortality in both trial groups compared with previous trials, the improved
mortality with the MISTIE procedure is associated with the intervention, not the selection
criteria. This finding provides biological plausibility that reduction of mass effect and tissue
injury might be lessened using the MISTIE procedure. Although baseline mortality was
higher in other reports, these findings mimic the specific effect sizes suggested in previous
meta-analyses of mortality benefit.28-30 The longitudinal data show functional independence
at 30 days had increased by four times by 365 days. At 365 days post stroke, 80% of all
survivors were living at home or in active rehabilitation in both treatment groups. An
important generalisable conclusion is that the prognosis for large intracerebral haemorrhages
might not be as poor as suggested by common prognostic scales.31:32 Additionally, our data
demonstrate that withdrawal of care is strongly associated with mortality in this set of
patients who received intensive care unit treatment.33 Each of these findings suggests a
policy of aggressive care for patients who are healthy without advance directives is a wise
choice, if such care optimises patient preference.

Important technical differences exist between craniotomy, the MISTIE procedure, and other
evacuation techniques, however, evaluations have been limited by lack of data, study size,
scope of variables collected, scope of monitoring, and the use of central adjudication for
procedural perfomance;34-38 most of these techniques have much higher indices of
mechanical tissue trauma. These techniques might have advantages over the MISTIE
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procedure; other surgical approaches should be investigated with the same rigour used to
develop the evidence for MISTIE. Without trials that balance known factors that
independently influence functional outcome and mortality, there is a risk of repeated
overinterpretation of therapeutic benefit when shifts in baseline severity between the control
and intervention groups account for the putative benefit.#3% A similar problem exists when
the generalisability of surgical task performance is not assessed. This problem has been well
documented in the development of successful ischaemic stroke therapies'640 and should
also be applied to intracerebral haemorrhage. MISTIE |11 provides additional evidence that
the occurrence of intracerebral haemorrhage should not uniformly trigger a nihilistic clinical
response.19 The predicted poor prognosis of large intracerebral haemorrhage is potentially
altered by aggressive care. The components of care investigated in the MISTIE trial include
early blood pressure control, stabilisation of bleeding, and tissue-sparing, large reduction of
haematoma size to 15 mL or less. To better assess the effect of MISTIE on functional
survival, a trial in which training and clinical experience can direct consistent removal of
haematoma volumes to 15 mL or less is needed.

Research in context

Evidence before this study

Recent meta-analyses have shown that stereotaxis plus thrombolysis and other non-
craniotomy surgical techniques could decrease mortality and poor functional outcome after
intracerebral haemorrhage with approximate effect sizes of up to 0-50. However, high-
quality evidence from well conducted stroke trials is limited, since only three of 14 studies
identified in a recent meta-analysis met all Cochrane Review criteria. Available studies were
mostly small, unblinded, did not use standardised surgical definitions or monitoring of the
surgical task, and none assessed the generalisability of surgical performance or the
association between performance and clinical outcome. Thus, we did a meta-analysis of
multisite trials of catheter-based minimally invasive surgery plus thrombolysis in which
outcomes were assessed using the modified Rankin scale (mRS) or extended Glasgow
Outcome Scale at 180 days (appendix). The results of our meta-analysis found no significant
benefit of minimally invasive surgery (odds ratio [OR] 0-61, 95% CI 0-29-1.26), which is
consistent with current guidelines regarding the MISTIE intervention. The European Stroke
Organisation and American Heart Association advise additional evidence is needed to
recommend use of minimally invasive surgery plus thrombolysis in routine care.
Biologically plausible mechanisms for surgical removal exist. Clinical injury from
intracerebral haemorrhage is directly associated with clot size, with about 10% improvement
in good outcomes for each 10 mL decrease in 10-50 mL clots (OR 1.4 per 10 mL).
However, benefit from mechanical reduction of clot size has been difficult to demonstrate in
humans. The International Surgical Trial in Intracerebral Haemorrhage (STICH) I and Il
studies provided strong indications that pragmatic use of open craniotomy does not yield an
effect size of 10-15% in mortality or functional benefit. The MISTIE surgical task was
designed to eliminate craniotomy-associated injury including cortical incision,
electrocautery, toxic exposure to thrombin, and additional mechanical manipulations of brain
tissue. This surgical procedure was rigorously standardised in a multisite study overseen by
a core surgical laboratory. MISTIE Il results provided evidence of safety of this non-
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craniotomy procedure, identified the best dose of thrombolytic drug to be used for clot
volume reduction, and demonstrated a treatment effect for mRS 0-3 that was substantial
(>10% absolute benefit) and was sustained for 1 year. The conclusions of MISTIE |1
required testing in a large population to assure generalisability, including the presence or
absence of beneficial functional or mortality change, safety of this surgical-drug
combination, and assessment of the range of performance of a standardised surgical
technique and the impact of procedural performance on outcome.

Added value of this study

Despite the absence of benefit for our primary outcome in MISTIE 111, data demonstrate that
approximately 43% of all patients achieved a good functional outcome, even those with
large intracerebral haemorrhage. These changes in functional outcome are consistent with a
low frequency of withdrawal of care, guideline-driven intensive care unit care, and
achievement of stability of haematoma growth. However, the fact that the proportion of all
patients who achieved a good outcome was higher than expected is not solely because the
patients were healthy; average patient severity matched or exceeded that of the patients
included in the STICH trials. Accounting for all differences in functional outcome between
randomised trials remains difficult. The secondary endpoints indicate acceptable safety and a
slight decrease in mortality attributable to the MISTIE technique. The estimated mortality
difference between the MISTIE and standard care treatment groups was modest, with a
number needed to treat of 17 to preserve one life; however, mortality was not the primary
outcome and as a result of multiple testing this estimate is exploratory. Our findings show
the MISTIE technique can be safely adopted by a broad group of newly trained
neurosurgeons. The exploratory secondary results suggest that clot size reduction to 15 mL
or less in the MISTIE group was associated with better mRS scores at 365 days in patients
who were stabilised. This finding identifies a threshold of procedural outcome, which would
need to be evaluated in a future trial.

Implications of all the available evidence

The pragmatic use of MISTIE cannot be recommended. The overall functional results
strongly support an active approach to care for patients with intracerebral haemorrhage who
fit the enrolment criteria. For the entire trial cohort, around 43% of patients had good
functional outcomes, and 80% of patients were living at home or in active rehabilitation 365
days after stroke with an acceptable quality of life. The data provide a sound basis to avoid
limitation of care in patients with intracerebral haemorrhage. The MISTIE approach did not
increase dependency and mortality might be decreased.

The safety profile of the MISTIE procedure shows clot size reduction can be achieved with
similar safety to standard medical care. Exploratory analyses also suggest that reduction in
clot size to 15 mL or less is associated with functional improvement. These findings require
further study of the MISTIE technique with a greater emphasis on consistently achieving
clot reduction to 15 mL or less. A detailed analysis of elements of surgical performance in
MISTIE 11 is ongoing.
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Y

19436 screen failures
19206 inclusion criteria not met
162 refused consent
68 stability protocol failed

y

506 enrolled

Y

255 assigned to
MISTIE*

5 ineligiblef
2 ICH <30 mL

1 vascular aetiology <«
1 clinically improved
1 withdrew consent

\

250 received MISTIE:
1 lost to follow-up

Y

250 included in modified
intention-to-treat analysis

Figure 1: Trial profile.
*All randomly assigned patients (n=506) were included in safety analyses and sensitivity

analyses. Loss to follow-up occurred when the patient could not be contacted. Withdrawal
occurred when the patient or family refused to complete the planned follow-up. tPatients
were randomly assigned in error and thus were excluded.

!

251 assigned to standard
medical care*

\4

2 ineligiblef
1 ICH <30 mL
1 vascular aetiology

medical care:

4 withdrew

249 received standard

5 lost to follow-up

Y

249 included in modified
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Figure 2: Independently adjudicated functional outcomes at 365 days post stroke in the modified
intention-to-treat analysis set
mRS scores range from 0 (no disability) to 6 (death); eGOS scores range from 8 (upper good

recovery) to 1 (death). GR=good recovery. MD=moderate disability. SD=severe disability.
VS=vegetative state.

The proportion of 365-day mRS 0-3 was 110 (44.2%) in the MISTIE group vs 100 (41.7%)
in the medical group. mRS 4-6 was 139 (55.8%) in the MISTIE group and 140 (58.3%) in
the medical group. mRS scores were missing for 10 out of 499 patients; of the 10, 6 subjects
were lost to follow-up, and 4 refused further participation in the study.

The proportion of 365-day eGOS 4-8 (upper severe disability through upper good recovery)
was 94 (38.5%) in the MISTIE group vs84 (35.9%) in the medical group. eGOS scores 1-3
(lower severe disability through death) were 150 (61.5%) in the MISTIE group and 150
(64.1%) in the medical group. eGOS scores were missing for 21 out of 499 patients, out of
which 11 completed the study with no eGOS reported, 6 were lost to follow-up, and 4
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refused further participation. See appendix for detailed ordinal measures for mRS and
eGOS.
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Figure 3: Kaplan-Meier survival estimates from day of randomisation to observed day of death
with truncation at day 365

Estimated survival probabilities were higher throughout 365 days of follow-up with MISTIE
compared to medical treatment (p=0.084). Shading shows 95% CI.
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Adjusted OR
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Figure 4: Subgroup analyses.

Favours MISTIE

Forest plot of interaction terms, adjusted for age, sex, race, intracerebral haemorrhage
location, intracerebral haemorrhage stability, time from stroke to treatment initiation, and
GCS score (mild, moderate, severe) at presentation. The test for homogeneity of treatment
effect (based on testing for interaction) was not rejected at a level 0-05. The size of points
indicates the relative sizes of the subgroups. GCS scores range from 15 (fully conscious) to
3 (deep coma). sICH=stability intracerebral haemorrhage. GCS=Glasgow Coma Scale.
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Table 1:

Demographic and baseline characteristics of patients

MISTIE Medical
n= n=
(n=250) (n=249)

Demogr aphic variables
Age (years) | 62 (52-70) | 62 (53-71)
Men | 159 (63.6) | 146 (58.6)
Race

Black 46 (18.4) 41 (16'5)

White 190 (76.0) 184 (73-9)

Other 13 (5.2) 24 (9-6)

Unknown 1(0:4) 0 (0-0)
Ethnicity: Hispanic/Latino | 34 (13:6) | 34 (13.7)
Baseline variables
Tobacco use | 50 (20-0) | 39 (157)
Cocaine use | 11 (4-4) | 9 (3-6)
Anticoagulated | 24 (9:6) | 10 (4.0)
Hormone replacement therapy | 1(0:4) | 3(1-2)
Hyperlipidaemia medication compliant | 96 (38:4) | 93 (37:4)
On antiplatelets | 67 (26-8) | 77 (30-9)
Diabetes | 72089 | ere9
Hypertension | 241 (96-4) | 240 (96-4)
Other cardiovascular disease | 38 (15-2) | 34 (13.7)
GCS score at randomisation ™

3-8 64 (25:6) 63 (25:3)

9-12 111 (44-4) 108 (43-4)

13-15 75 (30:0) 78 (31:3)
NIHSS score at randomisation 19 (15-23) 19 (15-23)
Diagnostic CT (at presentation)

ICH volume (mL) 42.7 (30-4-54.5) | 41.5(30-9-55-3)

IVH volume (mL) 0(0-1.7) 0 (0-1.9)
Stability CT (prior to randomisation)

ICH volume (mL) 45.8 (35-4-59-6) | 45-3 (35:4-57-2)
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(n=250) (n=249)
IVH volume (mL) | o303 | 04032
Ventilated at randomisation | 107 (42-8) | 102 (41.0)
Blood pressure at presentation
Systolic BP (mm Hg) 177 (155-208) 176 (158-200)
Diastolic BP (mm Hg) 99 (85-113) 98 (84-114)
Blood pressure at randomisation
Systolic BP (mm Hg) 138 (130-148) 138 (131-148)
Diastolic BP (mm Hg) 70 (63-78) 69 (60-77)
Ictus to diagnostic CT time (hours) | 2:2 (1-1-6-0) | 1.9 (1.2-4-8)
Ictus to stability CT time (hours) | 36-4 (23:4-52:6) | 36-3 (23:6-48:6)
Clot location: deep | 163 (65-2) | 144 (57-8)
mRS score before stroke
0 230 (92.0) 233 (93:6)
1 20 (8:0) 16 (6-4)

Page 27

Data are median (IQR) or n (%). Five patients in the MISTIE group and two patients in the control group were randomly assigned in error and thus

were excluded. GCS=Glasgow Coma Scale. NIHSS=National Institutes of Health Stroke Scale. ICH=intracerebral haemorrhage.
IVH=intraventricular haemorrhage. BP=blood pressure. mRS=modified Rankin Scale.

*
GCS scores range from 15 (fully conscious) to 3 (deep coma).
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Table 2:
Treatment variables
MISTIE Medical
(n=250) (n=249) p value

Ictus to randomisation time (hours) | 47 (33-60) | 46 (36-58) | 0-817
Ictus to end of treatment (EOT) time (hours)™ | 123 (104-150) | 115 (103-127) | <0-0001
MISTIE procedure duration (hours) | 1(1-1) | NA | NA
Number of alteplase doses | 4 (2-6) | NA | NA
EOT CT

ICH volume (mL) 12.5 (7-6-21-0) | 437 (33-6-563) 7| <0-0001

IVH volume (mL) 0-2 (0-1-5) 0-3(0-1.9) 0-137
EOT ICH remaining <15 mL | 148 (59-7%) | 2 (0-8%) | <0-0001
Withdrawal of care | 26 (10-4%) | 35 (14:1%) | 0-213
Days in ICU | 10 (7-17) | 10 (5-16) | 0-460
Days to return home | 55 (34-105) | 62 (35-100) | 0-846
ICP events monitored

% subjects with any ICP =20 mm Hg 34 (13:6%) 38 (15:3%) 0-598

% subjects with any CPP <70 mm Hg 9/34 (26:5%) 22/38 (57-9%) 0-007

% ICP readings =20 mm Hg 7 23/690 (3-3%) 67/711 (9-4%) 0-01

% CPP readings <70 mm Hg 1 64/690 (9-3%) 159/711 (22-4%) 0-04
One or more ICP therapies 25/34 (73-5%) 26/38 (68-4%) 0-634

Data are median (IQR), mean (SD), or n/N (%). NA=not applicable. ICH=intracerebral haemorrhage. IVH=intraventricular haemorrhage.

ICU=intensive care unit. ICP=intracranial pressure. CPP=cerebral perfusion pressure.

Page 28

*

End of treatment time calculated as 24 h after last dose for patients in the MISTIE group who received alteplase and as the sum of randomisation
time plus median surgical end of treatment time for patients in the standard medical care group. This achieved a virtual dosing endpoint without
alteplase dosing for each individual patient in the standard medical care groups.

fAdjusted for number of readings per patient.

’tData were available for 240 patients in the MISTIE group and 238 patients in the standard medical care group. Additional outcome variable data

are included in the appendix.
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Table 3:
Safety outcomes

Study stop MISTIE Medical

threshold (n=255) (n=251) p value
Died within 7 days 10% 2(08%) | 10(40%) | o018
Died within 30 days 60% 24 (94%) | 37 (14.7%) | 0.066
Died within 180 days NA 39 (15-3%) | 57 (22.7%) | 0033
Bacterial brain infection within 30 days 15% 2 (0-8%) 0 0-160
Symptomatic brain bleeds within 72 h after last dose * 25% 6 (2:4%) 3(1:2%) 0-325
Asymptomatic brain bleeds within 72 h after last dose ™ NA 81(31-8%) | 21(8:4%) | <0:0001
Number of serious adverse events within 30 days NA 126 142 0-012

Data are n, or n (%). NA=not applicable.

*
For patients in the MISTIE group who achieved the endpoint before alteplase dosing and for patients in the standard medical care group, this was
calculated as the corresponding median time from randomisation. Safety analyses were done for the full randomised cohort (n=506), including the

seven patients randomised in error.
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Table 4:
Serious adverse events
Stroketo day 30 Stroketo end of follow-up
MISTIE Medical MISTIE Medical

Body system classification (n=255) (n=251) (n=255) (n=251)
Cardiac disorders 4 (1.6%) 1 (0.4%) 8 (3.1%) 6 (2.4%)
Gastrointestinal disorders 3 (1.2%) 4 (1.6%) 4 (1.6%) 6 (2.4%)
General disorders and administration site conditions | 13 (5.1%) | 26 (10.4%) | 25 (10.0%) | 37 (14.7%)
Hepatobiliary disorders 0 0 1(0.4%) 1 (0.4%)
Infections, non-neurologic 2 (0.8%) 4 (1.6%) 6 (2.4%) 8 (3.2%)
Injury, poisoning, and procedural complications 3 (1.2%) 0 6 (2.4%) 3 (1.2%)
Metabolism and nutrition disorders 1 (0.4%) 0 1 (0.4%) 0
Musculoskeletal and connective tissue disorders 0 0 0 1 (0.4%)
Neoplasms (benign, malignant, and unspecified) 1 (0.4%) 0 2(0.8%) 1 (0.4%)
Nervous system disorders 17 (6.7%) | 33 (13.1%) | 36 (14.5%) | 49 (19.5%)
Psychiatric disorders 0 1(0.4%) 2 (0.8%) 2 (0.8%)
Renal and urinary disorders 0 1(0.4%) 0 1 (0.4%)
Respiratory, thoracic, and mediastinal disorders 26 (10.2%) | 14 (5.6%) 33 (13.3%) 19 (7.6%)
Vascular disorders 6 (2.4%) 0 (0.0%) 7 (2.8%) 0

Data are n (%).
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