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Transdural Revascularization by Multiple
Burrhole After Erythropoietin in Stroke Patients
With Cerebral Hypoperfusion: A Randomized
Controlled Trial
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BACKGROUND: In patients with acute symptomatic stroke, reinforcement of transdural angiogenesis using multiple burr hole
(MBH) procedures after EPO (erythropoietin) treatment has rarely been addressed. We aimed to investigate the efficacy and
safety of cranial MBH procedures under local anesthesia for augmenting transdural revascularization after EPO treatment
in patients with stroke with perfusion impairments.

METHODS: This prospective, randomized, blinded-end point trial recruited patients with acute ischemic stroke with a perfusion
impairment of grade >2 within 14 days of symptom onset, steno-occlusive mechanisms on imaging examinations, and
absence of transdural collaterals on transfemoral cerebral angiography. Patients were randomly assigned to receive MBH +
EPO or MBH alone. The primary and secondary outcomes were revascularization success (trans-hemispheric and trans-burr
hole) at 6 months and adverse events, respectively.

RESULTS: We evaluated 42 of the 44 targeted patients, with 2 patients lost to follow-up. The combined and MBH-only (n=21
each) groups showed no differences in demographic characteristics and baseline perfusion parameters. Significantly, more
cases of trans-hemispheric (19/21 [90.5%)] versus 12/21 [67.1%]) and trans-burr hole (42/58 [72.4%)] versus 30/58
[61.7%)]) revascularization and significant improvements in perfusion parameters were observed in the combined group
relative to the MBH-only group. No differences in treatment-related complications were observed between groups. Even
after adjustment for potential covariates, EPO usage was an independent factor of successful hemispheric revascularization
in this study (odds ratio, 6.41 [95% Cl, 1.08-38.02]).

CONCLUSIONS: The combination of MBH and EPO is safe and feasible for reinforcing transdural revascularization in acute
steno-occlusive patients with perfusion impairments.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT02603406.
GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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niques for ischemic tissue revascularization have  cranial and the intracranial carotid systems.'? Such

Modem bypass cerebrovascular surgical tech-  with a reverse transdural mode between the extra-
mainly focused on the immediate anastomosis  transdural collaterals offer one of the most protective
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Nonstandard Abbreviations and Acronyms

cBC complete blood count

EPO erythropoietin

MBH multiple burr hole

MMP matrix metalloproteinase

NIHSS National Institutes of Health Stroke
Score

NIMBUS Neovascularization Induced by Mechani-
cal Barrier Disruption and Systemic

Erythropoietin
RA revascularization area
TFCA transfemoral cerebral angiography

VEGF vascular endothelial growth factor

vascular collaterals against impending cerebral infarc-
tion in cases of moyamoya disease or proximal ves-
sel occlusion with intracranial perfusion impairment.2®
However, in the acute period of neurologically unstable
stroke with perfusion impairments, the aforementioned
extensive bypass surgeries may not be preferable due
to the considerable risk of complications during or after
operations performed under general anesthesia.*® In
some clinical studies on minimally invasive procedures,
cranial multiple burr hole (MBH) procedures have been
shown to be beneficial in certain cases, such as moy-
amoya disease, which is a progressive cerebrovascu-
lar occlusive disease affecting the circle of Willis.5”
However, although the risk of complications arising
from such MBH procedures is relatively low, a robust
transdural anastomosis is not guaranteed®®; the use of
these procedures has thus been limited to a reliable
angiogenesis modality for transdural revascularization
in real-world situations.

A recent retrospective case series outlining the effi-
cacy and safety of transdural revascularization reported
positive results (#98% successful revascularization
without serious complications) with cranial MBH and
systemic EPO (erythropoietin) pretreatment® EPO
may be useful for promoting transdural revasculariza-
tion because it can harness the angiogenic potential
of endothelial cells and has also been proven to be
safe in high-dose regimens in preclinical and human
experiments.’®'* Therefore, we hypothesized that the
combination of cranial MBH procedures with an EPO
pretreatment regimen would be effective and safe for
robust transdural revascularization even in patients with
acute stroke with unstable clinical presentations due to
intracranial perfusion deficits. To evaluate this hypoth-
esis, this trial aimed to compare the efficacy and safety
of cranial MBH procedures with or without intravenous
EPO pretreatment for transdural revascularization in
patients with acute symptomatic stroke (<2 weeks)
showing perfusion impairment.
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METHODS
Data Availability

Anonymized data are available to qualified investigators at reason-
able request by the corresponding author. This trial was completed
in accordance with the CONSORT guidelines'®; the CONSORT
guidelines checklist is available in the Supplemental Material.

Design

The NIMBUS (Neovascularization Induced by Mechanical
Barrier Disruption and Systemic Erythropoietin in Patients With
Cerebral Perfusion Deficits) trial was a single-center, prospec-
tive, randomized, 2-arm, placebo-controlled, phase-Il clinical
study as a blinded-end point evaluation (PROBE) designed in
the Republic of Korea. The EPO used for this trial was provided
by Dong-A pharmathetics (Eporon; DONG-A pharmaceutics,
Seoul, South Korea). This study aimed to examine the efficacy
and safety of EPO for transdural revascularization in patients
with acute stroke with perfusion deficits undergoing cranial
MBH procedures under local anesthesia. Informed consent of
the trial was obtained from patients or patients’ legal guard-
ians before study enroliment. This study was approved by the
institutional review board of Ajou University Hospital (AJIRB-
MED-CT2-15-187). The current trial has been registered with
ClinicalTrials.gov. The study flowchart is presented in Figure 1.

Study Population
The inclusion criteria were as follows: (1) aged 20 to 85 years,
(2) acute ischemic stroke (ischemic infarction on diffusion-
weighted imaging confirmation or transient ischemic attack
without radiographic evidence) within 14 days after symptom
onset with definite neurological deficits characterized by an ini-
tial National Institutes of Health Stroke Scale (NIHSS) score of
<20, (3) confirmation of an atherosclerotic or steno-occlusive
stroke mechanism (proximal cerebral arteries) on CT angiogra-
phy or magnetic resonance angiography, (4) stage Il or Ill per-
fusion impairment (with at least a reduction in regional cerebral
blood flow and overwhelmed compensatory vasodilator capac-
ity where hemodynamic failure was associated with the highest
stroke risk),'® and (5) provision of written informed consent.
The exclusion criteria were as follows: (1) primary intracere-
bral hemorrhage or parenchymal hemorrhagic transformation of
infarction as defined in the European Cooperative Acute Stroke
Study), subarachnoid hemorrhage, arteriovenous malformation,
cerebral aneurysm, or cerebral neoplasm; (2) treatment with a
thrombolytic agent <24 hours before enroliment; (3) score of
>1 on the NIHSS item 1a; (4) prestroke modified Rankin Scale
score of >2; (6) uncontrolled hypertension (irregular systolic
blood pressure of >150 mmHg; (6) previous treatment with
EPO; (7) patients who had not undergone 4-vessel cerebral
angiography; (8) screening laboratory abnormalities such as a
hemoglobin level of >14 g/dL, prolonged prothrombin time or
partial thromboplastin time, serum creatinine level of >2.0 mg/
dL, blood urea nitrogen level >40, thrombocytopenia or neu-
tropenia as defined by the lower limit of normal for the platelet
count or white blood cell count, respectively (absolute neutro-
phil count of >1800/mm? required for participation), or >2x
the normal values on liver function tests (serum glutamic oxalo-
acetic transaminase, serum glutamic pyruvic transaminase, and
total bilirubin levels).
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Figure 1. Patient flow diagram.
MBH indicates multiple burr hole.

Management

After baseline evaluation, eligible patients were randomized in
a 1:1 fashion using a computer-generated randomization pro-
cedure with a block size of 6, which blindly generated a stat-
istician-directed random allocation into the EPO or placebo
group for 3 consecutive days, followed by a 6-month follow-up
period. All patients received acute stroke care, including stroke
unit care, and flow augmentation therapy, including induced-
hypertension therapy, as required. The combined therapy (cranial
MBH procedure + intravenous EPO) was designed to promote
revascularization. For the combined therapy, 33000 U of EPO
was intravenously injected over 3 consecutive days to a total
of 100000 U,'? and the MBH procedure was performed in an
area of hemodynamic insufficiency under local anesthesia with
1% lidocaine injections.® Patients in the MBH-only group (cranial

Stroke. 2022;53:2739-2748. DOI: 10.1161/STROKEAHA.122.038650

MBH procedure + placebo) received an equivalent volume of
saline and the same MBH procedure as that performed in the
combined group. The patients were typically discharged after a
7-day observation period after the procedure. The revasculariza-
tion status was accessed on 6-month transfemoral cerebral angi-
ography (TFCA). The results of TFCA were blindly reviewed by
experienced neuroradiologists who were not involved in the study.

Outcome Measurements

The primary outcome was the presence of successful arterio-
genesis appearing as hemispheric transdural revascularization.
Local revascularization was also assessed as trans-hemispheric
(any arteriogenesis and vascular filling via burr holes in each
hemisphere) and trans-burr hole (any arteriogenesis and vas-
cular filling in each burr hole) arteriogenesis. Hemispheric
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revascularization was assessed on the basis of the relative revas-
cularization area (RA). Revascularization success was evaluated
on the 6-month angiography lateral images. The relative RA was
calculated as the RA/supratentorial area and graded as excel-
lent (>66%), good (>33%), fair (<33%), and poor (0%) by a con-
sensus of independent authors (Drs Lee and Lee). Computed
tomographic perfusion values were automatically analyzed using
brain perfusion software (syngo Volume Perfusion CT Neuro,
Siemens Healthcare, Erlangen, Germany).

The secondary outcomes of adverse events were classified
into (1) index-disease associated: fluctuation or early neuro-
logical deterioration, lesion extension, intrainfarct hemorrhagic
transformation, or intrainfarct edema; (2) procedure-related
neurological complications: any brain hemorrhage or subdural
hygroma; (3) other procedure-related findings: fever, headache,
or eyelid swelling; (4) recurrence of infarction during follow-
up; and (5) other systemic complications during follow-up. The
stroke severity was serially measured by NIHSS. Neurological
fluctuation or deterioration was defined as an increase in
the NIHSS of 2 or more during admission. The presence or
absence of procedure-related neurological and medical compli-
cations were evaluated within 2 weeks of combination therapy.
Any complications after procedure were documented from 2
weeks up to 6 months. Preprocedural modified Rankin Scale
and postprocedural modified Rankin Scale at 6 months were
measured. All medical and neurological complications were
recorded if they occurred during the therapeutic period. All
patients received standard stroke care in a comprehensive
stroke unit until they became stable neurologically.

Serological Markers Associated With Sufficient

Revascularization

The baseline serum levels of MMP (matrix metalloprotein-
ase)-2, MMP-9, VEGF (vascular endothelial growth factor),
granulocyte colony stimulating factor, and interleukin 6 were
determined using ELISA kits (R&D Systems, Minneapolis,
MN) according to the manufacturer’s instructions. All assays
were performed by a researcher who was blinded to the clini-
cal data. The concentrations of the analytes in the samples
were extrapolated from a standard curve by using a 4-param-
eter logistic curve fit in Genb software (BioTek Instruments,
Winooski, VT). The mean levels of serological markers accord-
ing to the presence of successful revascularization and rela-
tive RA grading were evaluated.

The neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte
ratio, and lymphocyte-to-monocyte ratio determined in the
complete blood count (CBC) were used as markers of subclini-
cal inflammation. They were calculated by dividing the number
of neutrophils by the number of lymphocytes, the number of
platelets by the number of lymphocytes, and the number of
lymphocytes by the number of monocytes, respectively. The
mean levels of CBC-based inflammation markers in relation to
the presence of successful revascularization and relative RA
grades were evaluated at the following time points: at baseline,
after the procedure, and at 6 months.

Sample Size Estimates

The primary hypothesis of this study was that the patients
receiving EPO before undergoing cranial MBH procedures
would exhibit higher rates of successful revascularization at
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6 months on TFCA than would those receiving the placebo.
The expected proportions of successful revascularization were
60% and 90% in the placebo and EPO groups, respectively,
according to a previous cranial burr hole study in patients with
moyamoya disease.® We selected a target sample size of 18
participants per group to provide 80% power using the Z test
with pooled variance, at a 2-sided a of 0.05 to prove a treat-
ment effect. The total sample size was determined to be 44
hemispheres (patients) considering a 15% dropout rate for the
primary outcome.

Statistical Analysis

Continuous variables are presented as the meanstSDs or
medians (interquartile ranges), and categorical variables are
presented as absolute and relative frequencies. To test for
statistical significance between the groups, the %2 or Fisher
exact tests were used for categorical variables, while an inde-
pendent t test and the Mann—Whitney U test were used for
numerical variables.

For the analysis of hemispheric profiles, sufficient revascu-
larization was classified as a relative RA of >33%. In relation
to patient profiles, sufficient revascularization was classified
as a relative RA of 233% in the unilateral population and a
relative RA of 233% in any of the 2 hemispheres in the bilat-
eral population. The clinical and radiological profiles were
compared according to the 6-month revascularization status.
All potential predictors of successful revascularization (trans-
hemisphere revascularization) were entered into a univariate
logistic regression model, including demographic variables (ie,
age, sex, RNF213 c.14576G>A variant,'” and risk factors for
stroke) and the use of EPO. Potential factors that were nonsig-
nificant (p>0.2; IBM SPSS Statistics 22; IBM Corp., Armonk,
NY) in the univariate analysis were sequentially deleted from
the full multivariable model. The results are presented as odds
ratios, as estimates of the relative risk with 95% Cls. Statistical
significance was set at A<0.05.

Standard Protocol Approvals, Registrations, and

Patient Consents

The study was conducted according to the Declaration of
Helsinki, and the protocol was approved by the Institutional
Review Board of Ajou University Medical Center (AJIRB-
MED-CT2-15-187). Medical consent was obtained before
study enrollment directly from patients who could commu-
nicate or from their caregivers. This study is registered with
ClinicalTrials.gov.

RESULTS

General Demographics

During the study period, that is, between July 15, 2016,
and July 16, 2019, we screened 74 patients. A total of
44 patients were allocated to the cranial MBH-only or
cranial MBH and EPO (combined) groups, of which 2
patients were lost to follow-up. The remaining 42 patients
(=21 in each group) were included in the final analysis.

The 2 groups did not differ in baseline demographic
characteristics (age, sex disparity, proportion of patients
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with moyamoya disease, incidence of the RNF 213
c.145676G>A variant, stroke risk factors, symptom-to-
admission time, admission NIHSS score, other initial lab-
oratory data) or clinical manifestations (symptom-to-burr
hole procedure time, NIHSS score at discharge, modified
Rankin Scale score at discharge, other laboratory data)
in the post-MBH period. The detailed clinical profiles are
described in Table 1.

Outcome Analyses

Successful transdural revascularization as the primary
outcome was evaluated using blinded TFCA. The com-
bined group exhibited higher rates of successful hemi-
spheric revascularization (19/21 [90.5%] versus 12/21
[57.1%], A=0.014) and trans-burr hole revascularization
(42/58 [72.4%)] versus 30/58 [61.7%], P=0.001) than
the MBH-only group. The combined group also showed
significantly better revascularization in terms of the rela-
tive RA than the MBH-only group (P=0.037).

The secondary outcome profiles included clinical
outcomes and CT perfusion parameters. The 2 groups
did not differ in clinical outcomes and baseline CT per-
fusion parameters. However, compared with the MBH-
only group, the combined group showed significant

Table 1. Clinical Profiles According to Treatment Groups

Combined MBH-only
group (n=21) | group (n=21) | P value

Pre burr hole period

Age, y 54.1+£15.9 58.7£12.5 0.307
Sex, female, n (%) 11 (562.4) 7 (33.3) 0.212
MMD, n (%) 7 (33.3) 4 (19.0) 0.292
TIA, n (%) 5 (23.8) 4(19.0) 0.707
RNF213 ¢.14576G>A vari- 9 (42.9) 6 (28.6) 0.334
ant, n (%)

Hypertension, n (%) 13 (61.9) 13 (61.9) 1.000
Diabetes, n (%) 6 (28.6) 8 (38.1) 0.513
Admission since symptom, d | 7.3+9.5 5.315.2 0.909
NIHSS score at admission 2 [0-6] 5 [0-8] 0.292
Hemoglobin, g/dL 12.4%+1.3 12.4+15 0.414
Hematocrit, % 36.81+3.8 37.11£3.7 0.257
Platelet count (10°/L) 224.7£72.4 222.1£73.9 0.785

Post burr hole period

Symptom to burr hole, d 16.519.4 12.5+5.8 0.222
NIHSS score at discharge 1 [0-4] 3[0-7] 0.190
mRS score at discharge 1 [0-3] 1[1-3] 0.587
Hemoglobin, g/dL 12.412.4 11.4£15 0.188
Hematocrit, % 370170 33.6+4.1 0.121
Platelet count (10°/L) 245.2+£66.2 231.9161.5 0.556
Total hospital stay, d 15.5£3.5 14.2£3.9 0.277

Data are presented as n (%), mean£SD, or median (interquartile range). MMD
indicates moyamoya disease; NIHSS, National Institutes of Health Stroke Scale;
RNF, Ring finger proteins; and TIA, transient ischemic attack.
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improvements in cerebral blood flow (P=0.034) and the
mean transit time (P=0.008) at 6 months. The detailed
outcome analyses are described in Table 2.

Figure 2 illustrates the changes in perfusion param-
eters. Compared with baseline, a significant increase in
cerebral blood flow (A<0.001) and significant improve-
ments in the time maps, including the time-to-peak
(P=0.001) and mean transit time (/<0.001), were
observed in the combined group at the 6-month evalu-
ation. However, while the MBH-only group exhibited a
significant increase in the time maps, including the time-
to-peak (P=0.029) and mean transit time (P=0.040),
significant changes in the cerebral blood volume and
cerebral blood flow were not found.

Adverse Events

No intergroup differences were observed in adverse
events such as (1) index-disease associated com-
plications, including fluctuation or early neurological
deterioration, lesion extension, intrainfarct hemor-
rhagic transformation, and intrainfarct edema; (2) pro-
cedure-related neurological complications, including
any brain hemorrhage or subdural hygroma; (3) other
procedure-related findings, including fever, headache,
and eyelid swelling; (4) recurrence of infarction dur-
ing follow-up; and (5) other systemic complications
during follow-up. The detailed adverse events are
described in Table 2.

Clinical Predictors of Successful
Revascularization

In the univariate analysis, female sex, presence of the
RNF213 ¢.14576G>A variant, and the use of EPO were
associated with successful revascularization. Even after
adjustment for potential determinants, the use of EPO
(odds ratio, 6.41 [95%Cl, 1.08-38.02]; P=0.041) was
an independent predictor of successful hemispheric
revascularization in the multivariate analysis (Table 3).

Serological Markers of Sufficient
Revascularization

To investigate the serological markers of sufficient revas-
cularization (presence of any transdural revasculariza-
tion), the baseline values of sequential CBC markers
and potential biomarkers were compared between the
successful revascularization and the no-revascularization
groups. The 2 groups exhibited no differences in CBC
markers at baseline, after the procedure, and at the
6-month follow-up measurement. Further, no significant
differences in serological markers, with the exception
of a significant increase in the baseline MMP-9 level
(139.9+156.6 versus 69.8+40.4 ng/mlL, FP=0.031)
were noted in the successful revascularization group.
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Table 2. Outcome Analyses and Adverse Events

Combined MBH-only
group (n=21) | group (n=21) | P value

Outcome analyses

Primary end point, n (%)

Successful revascularization 19 (90.5) 12 (567.1) 0.014*

(per patient)

Trans-burrhole revasculariza- 42/58 (72.4) 30/58 (51.7) 0.001*

tion

Relative revascularization area 0.037*
Excellent (>66%) 7 (33.3) 5(23.8)

Good (33%-66%) 4 (19.0) 5 (23.8)

Fair (<33%) 8(38.1) 2 (9.5)

Poor (none) 2(9.5) 9 (42.9)

Secondary end point

6-mo NIHSS score 0 (0-1) 0 (0-4) 0.178
6-mo mRS score 0 (0-1) 0 (0-3) 0.325
Early neurological deteriora- 2 (9.5) 2 (9.5) 1.000
tion, n (%)

CT Perfusion parameters on baseline

CBF on baseline, mL/100 g/min | 45.78+9.14 48.4616.14 0.281

CBYV on Baseline, mL/100 g 3.62+0.51 3.563%0.27 0.492
TTP on baseline, s 12.23+1.69 12.58+1.67 0.508
MTT on baseline, s 6.12+1.05 5.64+0.63 0.090

CT Perfusion parameters on F/U

CBF at 6-mo, mL/100 g/min 55.656+11.49 | 48.46+8.94 0.034*

CBV at 6-mo, mL/100 g 3.54+0.54 3.3410.52 0.220
TTP at 6-mo, s 10.84+1.00 11.59+£2.12 0.160
MTT at 6-mo, s 4.65%0.79 5.31+0.72 0.008*
Adverse events
Index-disease associated
Lesion extension 1(4.8) 3(14.3) 0.606
Fluctuation 6 (28.6) 3(14.3) 0.454
Intrainfarct HT 0 (0.0) 1(4.8) 1.000
Intrainfarct edema 1(4.8) 1(4.8) 1.000
Procedure-related
Any brain hemorrhage 3(14.8) 2 (9.5) 1.000
Subdural hygroma 0 (0.0) 2 (9.5) 0.488
Recurrence of infarction 2 (9.5) 0(0.0) 0.488
Systemic complications 3(14.3) 4(19.0) 1.000
Others
Fever 15 (71.4) 9 (42.9) 0.061
Headache 15 (71.4) 11 (52.4) 0.204
Eyelid swelling 1 (4.8) 1(4.8) 1.000

Data are presented as n (%), mean£SD, or median (interquartile range). CBF
indicates cerebral blood flow; CBV, cerebral blood volume; CT, computed tomog-
raphy; HT, hemorrhagic transformation; MBH, multiple burr hole; mRS, modi-
fied Rankin Scale; MTT, mean transit time; NIHSS, National Institutes of Health
Stroke Scale; and TTP, time to peak.

“F<0.05.

DISCUSSION

This trial aimed to compare the efficacy and safety of cra-
nial MBH procedures with or without intravenous EPO
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pretreatment for transdural revascularization in patients
with acute symptomatic stroke. Our results revealed a sig-
nificant improvement in hemispheric perfusion parameters
and successful transdural revascularization at the 6-month
follow-up in a considerable number of patients (Figure 3).
Compared with the MBH-only group, the combined (MBH
+ EPO) group showed a significantly greater incidence
of successful trans-hemisphere revascularization and
trans-burr hole arteriogenesis. Considering the vulnerabil-
ity of these acute patients to surgical complications, the
incidence of adverse events was also found to be limited
to acceptable rates during and after the procedure. After
adjustment for all potential confounding factors, the use
of EPO was found to be an independent predictor of suc-
cessful transdural revascularization, suggesting that this
combination therapy could be applied to the acute setting
of ischemic stroke with perfusion impairment.

MBH-Based Revascularization Strategy in
Acute Ischemic Stroke

Our findings indicate that the cranial MBH-based strat-
egy was associated with a successful revascularization
rate of 267% and acceptable rates of complications dur-
ing and after such procedures. In several studies, cra-
nial MBH procedures involving the extracranial vascular
system have been employed to treat progressive cere-
brovascular occlusive disorders such as moyamoya dis-
ease with insufficient intracranial blood flow.28 However,
these procedures have been applied to a narrow range
of situations with chronic cerebral perfusion impairment
excluding acute settings. This method of revasculariza-
tion is relatively safer than other bypass surgeries that
may be associated with postoperative complications.*®
Theoretically, MBH procedures lead to temporary wound
injury and repair due to mechanical barrier disruption of
the brain’s protective layers between the intracranial and
extracranial carotid systems, which is caused by a com-
bination of the cranial burr hole and minor disruptions
of the meninges.®'® However, these procedures cannot
guarantee stable new vessel formation via the transdural
collaterals from the enriched extracranial environment®

Revascularization Augmentation Using MBH
Procedures With EPO Pretreatment

In our trial, the combined (MBH + EPO) group exhibited
significantly better trans-hemispheric revascularization
and trans-burr hole arteriogenesis than did the MBH-
only group. Several experiments have demonstrated that
EPO contributes to angiogenesis, showing an angio-
genic potential similar to that of VEGF.® Previous stud-
ies of stroke in animals and humans have also indicated
that EPO induces neuroprotective effects involving
reductions in oxidative stress, apoptosis, and inflam-
mation.'®'%"23 Previous studies of stroke in animals and

Stroke. 2022;53:2739-2748. DOI: 10.1161/STROKEAHA.122.038650
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Figure 2. Sequential changes in perfusion parameters at baseline and 6-mo follow-up.

The mean cerebral blood flow (CBF), cerebral blood volume (CBV), time-to-peak (TTP), and mean transit time (MTT) at baseline (black circle), and
6-mo follow-up (black square) were sequentially plotted for the overall study population (gray symbol) and the 2 treatment groups (blue symbol).
A, The CBF values significantly increased in the overall (P=0.005) and combined groups (P<0.001). B, No changes were observed in the CBV
values of all groups. C, The TTP values significantly decreased in all groups (overall, /<0.001; combined, P=0.001; multiple burr hole [MBH]-
only, P=0.029). D, The MTT values significantly decreased in all groups (overall, /<0.001; combined, A=0.000; MBH-only, P=0.040). Data are

presented as the mean®SD.

humans have also indicated that EPO induces neuropro-
tective effects involving reductions in oxidative stress,
apoptosis, and inflammation.’®'®-2® Moreover, recent
animal and human studies showed that EPO facilitates
angiogenesis after cranial MBH procedures, suggesting
that it can induce angiogenesis and arteriogenesis even
in acute stroke settings.®'® Therefore, the findings of the
current study are consistent with the previous findings
showing that MBH procedures and EPO can promote
vasculogenesis even in acute environments.

Biomarkers of Augmented Revascularization

Serological markers of revascularization can provide addi-
tional physiological insights into the facilitation of trans-
dural revascularization by a combined (MBH + EPO)

Stroke. 2022;53:2739-2748. DOI: 10.1161/STROKEAHA.122.038650

therapeutic method in patients with acute stroke with per-
fusion impairment. While hypoxia in normal tissues pro-
motes regional revascularization, progressive intracranial
stenosis prevents it, forming a poor intracranial milieu. In
contrast, a healthy extracranial milieu can be augmented
of its arteriogenic potency by increased shear stress
and circulating cytokines.'® EPO pretreatment can aug-
ment arteriogenic potency, while a simple cranial MBH
procedure breaks the barrier between the 2 milieus. The
mechanical gradient of blood pressure can initiate back-
ward vessel sprouting from the quiescent phalanx of the
extracranial endothelium, while circulating cytokines form
a chemotactic gradient?*26 Eventually, the successfully
directed transdural collaterals replace the poor internal
carotid flow. Analyses of baseline serological biomarkers
before the MBH procedure support this process. Several
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Table 3. Clinical Characteristics According to Successful Revascularization

Successful
revascularization | No revasculariza-
(n=31) tion (n=11) P value Crude OR P value Adjusted OR P value
Age, y 55.3+15.1 59.8112.5 0.376 0.98 (0.93-1.03) 0.390
Sex, female, n (%) 16 (51.6) 2 (20.0) 0.142 4.27 (0.78-283.40) 0.095 2.34 (0.34-16.04) 0.388*
MMD, n (%) 10 (32.3) 1(10.0) 0.238 4.29 (0.48-38.64) 0.195
RNF213 ¢c.14567G>A vari- | 14 (45.2) 1(9.1) 0.064 8.24 (0.94-72.41) 0.057 5.56 (0.52-59.40) 0.156*
ant, n (%)
Hypertension, n (%) 19 (61.3) 6 (60.0) 1.000 1.06 (0.25-4.53) 0.942
Diabetes, n (%) 11 (35.5) 3 (30.0) 1.000 1.28 (0.28-5.98) 0.751
Baseline NIHSS 2 (0-6) 4 (2-7) 0.151 0.96 (0.84-1.09) 0.524
Symptom to burr hole, d 14.818.6 13.6+6.3 0.955 1.02 (0.93-1.12) 0.674
EPO use, n (%) 19 (61.3) 2 (20.0) 0.032* 6.33 (1.15-85.01) 0.034 6.41 (1.08-38.02) 0.041*
CT perfusion parameters
CBF 46.99+8.10 47381741 0.895 0.99 (0.91-1.09) 0.892
CBvV 3.60+0.46 3.50+0.21 0.337 1.90 (0.31-11.63) 0.488
TTP 12.40%1.80 12.38+1.24 0.979 1.01 (0.65-1.55) 0.978
MTT 5.94+0.89 5.70+0.92 0.462 1.39 (0.59-3.30) 0.452
Baseline CBC markers
NLR 3.28+2.15 3.40%+2.32 0.872
PLR 10.89+5.25 10.60+4.60 0.875
LMR 3.58+1.87 3.11+1.10 0.443
Baseline serological markers
MMP-2, ng/mL 153.10+32.30 146.25+40.40 0.589
MMP-9, ng/mL 139.91+156.57 69.84140.39 0.031*
VEGF, pg/mL 104.756+96.66 111.71+96.62 0.845
G-CSF, pg/mL 13.06+£10.44 13.43+13.55 0.928
IL-6, pg/mL 6.30+11.75 6.81£8.19 0.899

Data are presented as n (%), mean£SD, or median (interquartile range). CBC indicates complete blood count; CBF, cerebral blood flow; CBV, cerebral blood volume;
CT, computed tomography; EPO, erythropoietin; G-CSF, granulocyte colony-stimulating factor; IL-6, interleukin 6; LMR, lymphocyte-to-monocyte ratio; MMD, moyamoya
disease; MMP, matrix metallopeptidase; MTT, mean transit time; NIHSS, National Institutes of Health Stroke Scale; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-
to-lymphocyte ratio; RNF, Ring finger proteins; TTP, time to peak; and VEGF, vascular endothelial growth factor.

*F<0.05.

studies have reported that MMPs play an important role
in vascular tissue remodeling during stroke recovery.?-2
Furthermore, our data suggest that the increase in MMP-9
levels in the patients with successful revascularization is
associated with previous findings that increased the level
of MMP-9 as an important angiogenic factor in patients
with moyamoya disease.*®' Therefore, we believe that
a higher level of MMP-9Q is observed in cases showing
sufficient revascularization, which is triggered by the ini-
tial hypoxic insult. We used baseline and sequential CBC
markers to evaluate the systemic inflammation status.
However, there was no difference between the 2 groups.
This indirectly suggests that MBH has a negligible effect
on systemic inflammation, unlike other extensive neuro-
surgery operations.

Limitations

The current study had several strengths and limita-
tions. Since all of the patients in the current study were
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randomly registered, the findings have now clarified the
positive revascularization effects of combined MBH and
EPO therapy. Despite the strengths of the study, fur-
ther randomized controlled trials using standard MBH
protocols are needed in the future because it remains
difficult to simplify the MBH procedure, which prevented
the inclusion of multiple institutions in the NIMBUS trial.
Since this is a small study that relies on positive EPO
treatment effects derived from statistically significant
results, the interpretation may be biased even for minor
baseline differences. Favorable outcomes in the current
study may contribute to potential clinical benefits in fur-
ther phase Il clinical trials with appropriate sample size.
We also cannot clarify the exact timing of arteriogenesis.
While it is important for such verifications to optimize the
indications for the combined therapy, the invasive nature
of TFCA limits evaluation of the success of transdural
revascularization. Thus, it is necessary to develop a non-
invasive technique to document transdural revascular-
ization in future studies.

Stroke. 2022;53:2739-2748. DOI: 10.1161/STROKEAHA.122.038650
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Figure 3. Representative case showing good transdural collaterals after combination therapy.

A, Skull radiography after combination therapy in a 74-year-old woman with left internal carotid artery occlusion. Red arrows indicate the multiple
burr hole (MBH) region. B, Angiography and (C) perfusion CT (cerebral blood flow [CBF], cerebral blood volume [CBV], time-to-peak [TTP], and
mean transit time [MTT]) at baseline and 6 mo after combination therapy. The dotted ellipses indicate the transdurally developed arteriogenesis in

the MBH regions.

Conclusions

Combined therapy is safe and feasible for successful
transdural revascularization in patients with acute steno-
occlusion with perfusion impairment.
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