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BACKGROUND AND OBJECTIVES: Sirolimus-eluting stents (SESs) have shown promise in treating intracranial ath-
erosclerosis but concerns about potential neurotoxicity due to prolonged drug release exist. The aim of this study was to
comprehensively assess the safety of SES, with a focus on neurotoxicity.
METHODS: Stents (1.50 × 7 or 12 mm) were implanted into the basilar arteries of 154 Labrador Retrievers
(weighing >25 kg and aged older than 1 year) divided into 4 groups: bare-metal stent, polymer-coated stent, standard-
dose SES (sirolimus dose: 71 μg), and high-dose SES group (sirolimus dose: 284 μg). Pharmacokinetic analysis was
conducted using liquid chromatography-mass spectrometry on blood and tissue samples, and analysis of brain tissue
was performed with 5 different special stains and immunohistochemistry protocols to assess axonal degeneration,
vacuolization, astrocyte proliferation, microglial activation, or widespread neurodegeneration.
RESULTS: In the standard-dose SES group, the stent released 10.56% of the drug on day 1 and 95.41% on day 28
postimplantation. In the high-dose SES group, corresponding figures were 40.20% on day 1 and 98.08% on day 28.
Systemic drug concentration consistently remained below 1.5 ng/mL throughout the study. Arterial tissue concentration
reached its peak at day 28 days in the standard-dose group and at 7 days in the high-dose group. Importantly, the brain
and related tissue concentrations remained below 0.4 µg/g in both standard-dose and high-dose SES groups, peaking on
day 21 in the standard-dose group and day 1 in the high-dose group. The detailed 180-day safety assessment revealed
no adverse effects on the brain, even at high sirolimus doses in the SES group.
CONCLUSION: This study provides robust evidence supporting the long-term pharmacokinetic safety of SESs in the
context of intracranial interventions for high-grade intracranial atherosclerosis. The results adequately alleviate concerns
related to neurotoxicity and substantiate the feasibility of using these stents as a therapeutic choice in neurosurgery.
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Intracranial stent deployment reduces stroke risk in patients with
intracranial atherosclerotic stenosis but raises concerns about
in-stent restenosis (ISR) due to neointimal hyperplasia.1,2 Drug-

eluting stents (DESs) have emerged as a promising avenue for cur-
tailing ISR and its associated ischemic events by impeding the pro-
liferation and migration of vascular cells poststent deployment.3-5

Recently, neurointerventional DES technology advances with
improved stent design, polymer chemistry, and drug delivery for
enhanced efficacy and safety.6,7 Sirolimus, an immunosuppressive
agent, inhibits vascular cell proliferation and shows promise in
managing coronary artery disease.6 Recent developments created
an intracranial sirolimus-eluting stent (SES) system. Clinical trials
demonstrate its potential in reducing ISR rates and diminishing

ABBREVIATIONS: BMS, bare-metal stent; DES, drug-eluting stent;
GFAP, glial fibrillary acidic protein; IBA-1, immunoglobulin binding
protein 1; ISR, in-stent restenosis; PBuMA, poly-butyl-methacrylate;
PCS, polymer-coated stent; SES, sirolimus-eluting stent.
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com.

NEUROSURGERY VOLUME 95 | NUMBER 5 | NOVEMBER 2024 | 1199

LABORATORY RESEARCH

© Congress of Neurological Surgeons 2024. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://journals.lw

w
.com

/neurosurgery by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0h
C

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
1y0abggQ

Z
X

dtw
nfK

Z
B

Y
tw

s=
 on 12/01/2024

mailto:zhongrongm@163.com
https://doi.org/10.1227/neu.0000000000003079
http://www.neurosurgery-online.com
http://www.neurosurgery-online.com


recurrent ischemic stroke risk in high-grade intracranial athero-
sclerotic stenosis.7

Nevertheless, concerns persist regarding the potential neuro-
toxic effects of sirolimus.8-10 These concerns arise from the brain’s
unique structural and functional complexity, as well as the specific
response of cerebral blood vessels to drugs.11 Previous studies
assessed canine cerebral vasculature and brain tissue histopa-
thology,12 a precise safety profile customized for brain tissue is
lacking. This unmet need is particularly relevant for the utilization
of high-dose SESs in patients with intracranial artery stenosis.

METHODS

Stent Design
The stents used in this study were intracranial SESs (NOVA, Sinomed

Co. Ltd ’s customized device for the trial), composed of 316L stainless steel
with a dual-coating system. It consists of a permanent, ultrathin poly-n-
butyl methacrylate (PBuMA) base layer and a degradable polylactic-
polyglycolic acid top coating with sirolimus (1.3 μg/mm2) for con-
trolled drug release. The polymer-coated stents (PCS) (Sinomed Co. Ltd ’s
customized device for the trial) and the bare-metal stents (BMSs) (Sinomed
Co., Ltd ’s customized device for the trial) were used as control stents.

Experimental Groups and Procedures
154 Labrador Retrievers (older than 1 year, >25 kg, Shanghai Jiagan

Biotechnology Co., Ltd.) were divided into 4 groups: BMS, polymer-
coated stent (PBuMA PCS, N = 24), standard-dose SES, and high-dose
SES. Animals received preoperative aspirin (50 mg once daily, Jiangsu
Pingguang Pharmaceutical Co., Ltd.) and clopidogrel (37.5 mg once
daily, Aurobindo Pharma USA, Inc.) for 5 days. Initially, a 12-mm stent
length was used but caused vessel straightening. To ensure consistency, a
7-mm stent was used for ongoing safety assessment in the standard dose,
PBuMA PCS, and BMS groups. Detailed experimental design is shown in
Supplemental Digital Content 1 (http://links.lww.com/NEU/E365).

At specified time points, each experimental animal underwent mag-
netic resonance imaging (Skyra MRI system, Siemens AG) angiography,
followed by euthanasia (Zoletil®50, 6 mg/kg, im., Virbac S.A.; Iso-
flurane, 1%-5%, inhal., RWD Life Science and Technology Co., Ltd.),
and the collection of samples for pharmacokinetic evaluation and safety
assessment. Analyzed tissues included stented arteries, blood, cerebro-
spinal fluid (CSF), brain tissue samples from 4 standardized areas
(hippocampus, cerebellum, pons, and medulla oblongata) and peripheral
organs (kidney, heart, lung, liver, and spleen).

Posteuthanasia, CSF collection involved making a dorsal neck incision
extending to the occipital region, exposing the foramen magnum. Blunt
dissection separated the dorsal neck muscles for CSF aspiration from the
cisterna magna using a syringe and scalpel needle. Subsequently, the skull
was opened with an osteotome, and the brain was carefully extracted with
forceps to preserve its structure. The brain was photographed, divided
into anatomical regions (cerebrum, cerebellum, pons, and medulla ob-
longata), and documented.

Pharmacokinetic Evaluation
Drug release kinetics and pharmacokinetics of sirolimus from SES

were assessed using liquid chromatography-mass spectrometry. In our

study, drug concentration was analyzed in the basilar artery segment
encompassing the stent, measuring 12 mm in length, as well as in the
surrounding brain tissues, which included the medulla oblongata, ce-
rebrum, cerebellum, and cerebral bridges. This focused analysis was
complemented by histopathological examination of the stent’s distal,
middle, and proximal segments, and the nonstented vessels located 5 mm
from either end of the stent.

For the SES groups, the assessment time points were as follows:
Standard-dose group:Drug release: days 1, 3, 7, 21, 28, 90, and 180; blood/

CSF concentration: 5, 30, and 60minutes, and on days 1, 3, 7, 21, 28, 90, and
180. Arterial, brain, and peripheral tissues: days 1, 3, 7, 21, 28, 90, and 180.

High-dose group: Drug release: days 1, 3, 7, 28, 90, 180, 240, and
300; blood/CSF concentration: 5, 30, 60, and 180 minutes, and on days
1, 3, 7, 28, 90, 180, 240, and 300; brain and peripheral tissues: days 1, 3,
7, 28, 90, 180, and 300.

Safety Assessment
The safety study followed standard guidelines for evaluating potential

neurotoxicity of medical devices.13 Tissue samples from the brain and
peripheral tissues were analyzed using hematoxylin-eosin staining (He-
matoxylin-eosin stain, Wuxi Jiangyuan Industrial Technology and Trade
Corporation). Brain samples were additionally stained with Luxol Fast
Blue (cresyl violet acetate and solvent blue 38, Sigma-Aldrich Corpo-
ration), glial fibrillary acidic protein (GFAP) (anti-GFAP, ab7260, Ab-
cam Trading Co., Ltd.), immunoglobulin binding protein 1 (IBA-1)
(anti-IBA-1, ab107159, Abcam Trading Co., Ltd.), Bielschowsky silver
(silver nitrate, Sinopharm Chemical Reagent Co., Ltd), and Fluoro-Jade
stains (AG310-30MG, Merck KGaA, Darmstadt [MilliporeSigma]).
Digital scanning of microscopic preparations enabled semiquantitative
analysis by an independent investigator (Nikon 80i Fluorescence Po-
larizing Microscope Imaging System, Nikon Corporation). Pathological
features were scored on a scale of 1 to 4 based on their extent (<25%,
25%-50%, 50%-75%, >75% of the sample).

The study further conducted behavioral assessments, including (1)
respiratory assessment, (2) motor function analysis, (3) convulsion
monitoring, (4) righting reflex examination, (5) cardiovascular moni-
toring, (6) nociceptive response evaluation, and (7) vomiting frequency.

Assessment of In-Stent Stenosis
Fibrin deposition and stenosis rates were recorded at days 3, 28, 90,

and 180 after stent implantations. The area stenosis rate (%) = (1 �
[lumen area/internal elastic lamina area]) × 100%.

Statistical Analysis
GraphPad Prism 9.3.1 (GraphPad Software, Inc.) was used for data

analysis. Continuous data were presented as means ± SD. Comparisons
between 2 groups were conducted using the Wilcoxon matched-pairs
signed-rank test (2-tailed). Comparisons involving 3 or 4 groups were
performed using 1-way analysis of variance (ANOVA) (for group com-
parisons) or 2-way ANOVA (considering both group and time effects),
with Bonferroni correction. Statistical significance was set at P < .05.

Ethic Approval and Informed Consent
This study was approved by the Ethics Committee for animal ex-

periments of PharmaLegacy (Shanghai, China), with the approval
numbers PLJC19-0001-A-1, PLJC19-0004-1, and PLJC19-0001-B-1.
All animal experiments were performed in accordance with the
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Guidelines for the Ethical Review of Laboratory Animal Welfare and
approved by the committee on the management and use of laboratory
animals of PharmaLegacy.

Data Availability
Data supporting article included in article and supplementary ma-

terials. Additional data sets became available from corresponding author
on reasonable request.

RESULTS

Animals were healthy without complications or behavioral
abnormalities poststent implantation. MRI showed no significant
abnormalities in stented artery morphology or abnormal signals in
the brain postimplantation (Supplemental Digital Content 2,
http://links.lww.com/NEU/E366).

Kinetics of Drug Release from the Stent and
Corresponding Concentration in the Cerebral Arteries
The sirolimus release curves for the standard-dose group were

significantly different from those of the high-dose SES group
(difference: �22.990, 95% CI: �58.149 to 12.169, P < .05), as
illustrated in Figure 1. In the standard-dose SES group, we ob-
served that 10.56% of the drug was released on day 1, with the
final release reaching 95.41% by day 28. By contrast, the high-
dose SES group exhibited more pronounced early release, with
40.20% on day 1, and the release progressed somewhat more
slowly, finally reaching 98.08% by day 28.
The concentration of sirolimus in the target cerebral arterial tissue

consistently peaked at 28 days in the standard-dose group (42.8 ±
38.8 µg/g), coinciding with the completion of stent drug release.
Conversely, in the high-dose group, the concentration of sirolimus in
arterial tissue reached its peak earlier, at 7 days (88.9 ± 77 µg/g) and

remained significantly higher than in the standard-dose group for up
to 28 days when the release from the stent was complete (Figure 2).

Systemic Drug Levels in the Blood and
Cerebrospinal Fluid
Plasma pharmacokinetics documented consistently low siro-

limus concentrations in both groups. In the standard-dose SES
group, the maximum level reached was a mere 1.33 ± 0.3 ng/mL
at 5 minutes postimplantation, rapidly declining to levels below
the lower detection limit (<0.1 ng/mL) by day 1 (Figure 3). In the
high-dose SES group, although exhibiting significantly higher
plasma drug concentrations (difference: �2.390, 95% CI:
�3.191 ∼ �1.589, P < .05), maximal levels of 6.6 ± 2 ng/mL
were observable between 3 hours and 1 day postimplantation.
Subsequently, these concentrations decreased to levels below
1.5 ng/mL from day 3 onward and dropped below 0.1 ng/mL
after 28 days. These markedly low plasma drug levels in both
groups, particularly when contrasted with the concentrations
detected in cerebral arteries, underscore the effective and con-
trolled release of sirolimus from the NOVATM SES.
Notably, in the standard-dose SES group, the maximum si-

rolimus concentration in CSF approached the lower detection
limit at 0.21 ng/mL. In addition, even in the high-dose SES
group, sirolimus levels in the CSF remained considerably low and
transient, staying below 2 ng/mL (Figure 4).

Drug Levels in Brain Tissue
Drug levels reached their peak concentration at the first

evaluated time point (1 day) in the high-dose SES group and at
day 21 in the standard-dose SES group. However, the peak
concentration remained below 0.4 µg/g of tissue in both groups,
and time-course differences were not statistically significant.
Furthermore, the drug concentrations in the individual brain

FIGURE 1. Drug release kinetics from standard and high-dose SES stents. This line graph illustrates the percentage of drug residue and drug released
from stents in 2 SES dose groups over the observed period. The standard-dose SES group is represented by the blue lines with round markers (n = 42),
while the high-dose SES group is depicted by the red line with square markers (n = 40). The table provides the results of the statistical analysis,
conducted using the Wilcoxon matched-pairs signed-rank test. SES, sirolimus-eluting stent.
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areas revealed no significant differences between the 2 groups
(Figure 5).

Drug Levels and Safety Assessment in Peripheral Tissues
Sirolimus levels in distal organs peaked at a maximum of 20 ng/g

on the first day postimplantation in the high-dose SES group,
rapidly decreasing through to day 28 and dropping below the
detection limit (0.5 ng/g) by day 90 postimplantation. In the

standard-dose SES group, drug concentrations in all examined
peripheral tissues consistently remained below 2 ng/g (Figure 6).
Organ histopathology analysis showed no significant histopath-
ological changes (data not shown).

Safety Assessment in Brain Tissues
Analysis of hematoxylin-eosin preparations at day 3, 28, 90,

and 180 after stent implantation revealed that all groups exhibited

FIGURE 2. Comparison of drug concentration kinetics in cerebral arteries with standard and high-dose SES stents. The line
graph illustrates the concentration (in ng per g of tissue) of the drug in the cerebral arteries from the 2 groups of SES stents over
time. The blue line with error bars represents the standard-dose SES group (N = 42), while the red line with error bars represents
the high-dose SES group (N = 40). Detailed statistical analysis of the differences in drug concentration kinetics between the 2
groups is provided in the accompanying table, which includes comprehensive statistical metrics. SES, sirolimus-eluting stent.

FIGURE 3. Plasma pharmacokinetics of sirolimus released from standard and high-dose SES stents. This line graph shows the
plasma levels (in ng/mL) of sirolimus released from 2 groups of SES stents over time. The blue line with error bars represents the
standard-dose SES group (N = 42), while the red line with error bars represents the high-dose SES group (N = 40). Statistical
significance in the differences of plasma kinetics between the 2 groups is reported in the accompanying table, which provides
detailed statistical metrics. SES, sirolimus-eluting stent.
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FIGURE 4. Kinetics of sirolimus levels in the CSF for standard and high-dose SES stent groups. This line graph illustrates the
concentration of sirolimus in cerebrospinal fluid over time (in ng/mL) for 2 groups of SES stents. The standard-dose SES group
(N = 42) is represented by the blue line with error bars, while the high-dose SES group (N = 40) is depicted by the red line with
error bars. The difference between the 2 groups was not found to be statistically significant. For a detailed statistical analysis of the
differences in plasma kinetics between the 2 groups, please refer to the accompanying table. SES, sirolimus-eluting stent.

FIGURE 5. Distribution and kinetics of sirolimus in brain tissue. A, The line graph illustrates drug concentration (in ng/g)
over time in samples from different brain regions: hippocampus, cerebellum, pons, and medulla oblongata from the 2 groups of
SES stents. B, The line graph displays the kinetics of brain drug concentration for both groups (data from all sampled areas). A
2-way ANOVA analysis reveals significant differences in global brain drug levels between the 2 groups, while the con-
centrations in specific brain areas do not differ. The time course tends to differ, with a peak at 21 days in the standard-dose SES
group (blue circle) and a much earlier peak on day 1 in the high-dose SES group (red square), although statistical significance is
not reached. Detailed statistical metrics are available in the accompanying table. ANOVA, analysis of variance; SES,
sirolimus-eluting stent.
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only slight signs of tissue degeneration and bleeding and slight-to-
moderate hyperplasia. However, the pathological scores were
consistently low, and no statistical differences were observed
between the groups (Supplemental Digital Content 3, http://
links.lww.com/NEU/E367).
Luxol Fast Blue staining revealed minimal signs of demye-

lination in a few animals across all groups (Supplemental Digital
Content 4, http://links.lww.com/NEU/E368). GFAP immu-
nostaining showed some astrocyte aggregation in the high-dose
group, but the overall staining score remained low (Supple-
mental Digital Content 5, http://links.lww.com/NEU/E369).
IBA-1 immunostaining indicated slight microglial cell activation,
with no significant difference among groups (Supplemental
Digital Content 6, http://links.lww.com/NEU/E370). Biel-
schowsky silver staining demonstrated occasional axonal degen-
eration in the medulla oblongata of the high-dose group
(Supplemental Digital Content 7, http://links.lww.com/NEU/
E371). Although the difference in axonal degeneration between

groups was statistically significant (difference BMS vs HDS:
�1.0000, 95% CI: �1.3227 to �0.6773), difference SDS vs
HDS: �1.0000, 95% CI: �1.3227 to �0.6773, P < .001), the
maximum score consistently remained ≤1. These findings provide
insights into the potential effects of high-dose SES on various
pathological features, warranting further investigation. Fluoro-
Jade staining revealed occasional positive neuronal degeneration
in the SES groups but without significant difference (Supple-
mental Digital Content 8, http://links.lww.com/NEU/E372).
However, a significant difference was found in the medulla
oblongata after 90 days between high-dose and low-dose groups.
No significant differences were observed in other brain tissues
among all groups.

In-Stent Stenosis
Our study results indicated quantifiable changes in fibrin de-

position percentages and in-stent stenosis over time (Supplemental

FIGURE 6. Distribution and kinetics of sirolimus in peripheral tissue. A, The line graph illustrates drug concentration (in ng/g)
over time in samples from various peripheral tissues: kidney, heart, lung, liver, and spleen from both the standard-dose and high-
dose SES stent groups.B, The line graph presents the overall kinetics of drug concentration for both groups (averaged data from all
sampled peripheral tissues). A 2-way analysis of variance revealed significant differences in drug levels in each of the specific
peripheral tissues between the 2 groups and also in the time course. In the standard-dose SES group (blue circle), drug
concentrations in each of the sampled peripheral tissues remained below 2 ng/g throughout the observation period. By contrast,
the high-dose SES group (red square) exhibited the highest average sirolimus levels on day 1, which gradually decreased through to
day 28 (difference: �26.3, 95% CI: �74.905 to �22.305, P < .0001). Detailed statistical metrics can be found in the
accompanying table. SES, sirolimus-eluting stent.
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Digital Content 9, http://links.lww.com/NEU/E373). The
sirolimus-eluting stent group showed a gradual increase in stenosis
rates from 8.36 ± 2.61% on day 3 to 24.76 ± 7.21% by day 180.
Bare-metal stent group showed a slight increase from 9.39% to
20.69%, while polymer-coated stents remained stable at 14.81%.
On day 180, the stenosis rates in the SES group were similar to the
level in the bare-metal stent group (difference: �4.070, 95% CI:
�16.065 to 7.925, P = .321).

DISCUSSION

Sirolimus-eluting stents have emerged as a promising option for
treating symptomatic high-grade intracranial atherosclerosis.3,4

However, concerns have been raised regarding potential neuro-
toxicity due to prolonged rapamycin release. Our study com-
prehensively assessed the effects of intracranial drug release from
standard and high-dose SES on canine cerebral arteries over
180 days, significantly contributing to the emerging field of in-
tracranial arterial revascularization by stenting with SES.
A previous study conducted by Levy et al12,14 primarily focused

on the kinetics of drug release and the response of stented arteries.
In that study, the assessment of potential neurotoxicity associated
with intracranial SES was limited to hematoxylin and eosin
staining. By contrast, our study, with larger sample size and
specialized stains, explored neurotoxicity in depth. Importantly,
our study confirmed consistent low sirolimus levels in brain tissue,
CSF, and peripheral blood after intracranial stent implantation,
even with doses higher than those used clinically with NOVATM

stents (162 μg).
As expected, drug release kinetics differed significantly between

standard-dose and high-dose groups in early implantation.
However, drug release completed within 28 days for both stan-
dard and high-dose SES, similar to Supralimus stent (complete
release at 48 days).15

In our study, sirolimus levels in arterial tissues maintained
above minimum effective concentration (1 µg/g tissue) as re-
ported in previous experimental studies,16,17 while ensuring that
concentrations in brain tissue, CSF, systemic circulation, and
peripheral tissues consistently below 1 µg/g or 1 µg/mL. The
tissue toxicity threshold of sirolimus is not clearly established, but
the drug concentrations we found in tissues other than the stented
arteries were most likely within safe limits.
In particular, the peak drug concentration in CSF remained

considerably below levels associated with in vitro neurotoxicity (5
μg/mL),18 underscoring the safe and controlled release from the
NOVATM stents, even at a 4-fold higher dosage. Importantly,
peak sirolimus concentrations in the brain and related tissues
consistently remained below 0.4 µg/g, well below the range of 1.7-
9.6 µg/g, in which no neurotoxicity was detected in a model
involving transient blood-brain barrier opening.19

Our study aligns with recent pharmacokinetic research and
clinical studies. Sirolimus concentration in arterial tissue peaked on
completion of drug release from the stent, at 28 days. By contrast,

arterial tissue concentrations of sirolimus peaked earlier, at 7 days in
the high-dose SES group, in alignment with the data reported by
Levy et al12 in a previous comparable study in dogs. Concerning the
systemic drug release, our experimental data fairly align with cir-
culating levels of sirolimus observed in patients implanted with Bx
Velocity standard and high-dose SES (150 µg and 300 µg, re-
spectively) in human coronary arteries.20

Our study was however notably distinct, as it entailed a direct
and quantitative evaluation of specific neurotoxicity markers
recommended for assessing medical devices intended for per-
manent implantation in the brain.13 Our collective findings
indicate that sirolimus accumulation in animal brains with high-
dose SES implantation caused mild, uniform pathological changes
without significant differences among stent groups.
At 90 days, staining scores for medulla oblongata differed

significantly between stent groups but not in other brain tissues.
The degenerative lesions in the medulla oblongata were mild in
the high-dose group. Despite high drug accumulation in the
medulla oblongata, canine behavior, respiration, and tissue re-
mained normal in the high-dose group after 180 days. No sta-
tistical difference in medulla oblongata tissue after 180 days.
Therefore, degenerative lesions at 90 days may not be clinically
significant, requiring a larger study for definitive conclusions.
Indeed, given the complexity of access through the canine

basilar artery, stent implantation might induce vasospasm and
ischemic events, potentially contributing to the observed minimal
brain tissue changes. Furthermore, our MRI confirmed the safety
of intracranial SES implantation, regardless of the sirolimus dose
released from the stent.
In this study, we adjusted drug dosage when modifying stent

length. Consistent drug loading per unit area ensured uniform
release kinetics, improving precision in pharmacokinetic and
safety assessments. However, it is important to acknowledge that
changes in stent length can result in variations in overall drug
exposure, potentially affecting result accuracy.
Our data suggest that stent obstruction and fibrin deposition

are the main causes of in-stent stenosis after implanting stents in
normal vessels. The effect of sirolimus on endothelial permeability
may increase fibrin deposition on DES, causing higher stenosis
rates within 90 days. However, at 180 days, DES and BMS show
similar stenosis rates, implying the mitigating effect of sirolimus.
This finding aligns with clinical trial showing DES superiority
over BMS in reducing ISR rates at the 1-year mark.7

Limitations
Several limitations should be acknowledged. First, our study

was conducted in a canine model, and there may be differences in
the response of canine cerebral vasculature and brain tissue to SES
compared with humans. Second, the brain tissue follow-up period
for this study was limited to 180 days, although this is common in
such studies. The 180-day observation period showed minimal
residual drug and confirmed vascular stability through complete
endothelialization. These findings suggest negligible long-term

NEUROSURGERY VOLUME 95 | NUMBER 5 | NOVEMBER 2024 | 1205

INTRACRANIAL SES SAFETY

© Congress of Neurological Surgeons 2024. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://journals.lw

w
.com

/neurosurgery by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0h
C

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
1y0abggQ

Z
X

dtw
nfK

Z
B

Y
tw

s=
 on 12/01/2024

http://links.lww.com/NEU/E373


drug effect, consistent with 1-year trials showing no neurotox-
icity.7 Further studies could extend this time frame to confirm our
results. Finally, this study primarily examined pharmacokinetics
and histopathological findings. Further research is needed to
explore functional or behavioral changes from intracranial siro-
limus release.

CONCLUSION

In conclusion, evaluating histopathological signs of neuro-
toxicity was justified due to the potential sensitivity of brain cells
to sirolimus. Our translational work demonstrates that sirolimus
release and metabolism from intracranial stents meet design ex-
pectations. Importantly, our long-term safety assessment of SES
shows a safety profile similar to bare-metal stents, without any
neurotoxic histological signs. These encouraging results signifi-
cantly advance our understanding of the safety of intracranial
DESs, providing essential reassurance to clinicians and researchers
concerning their neurological safety.
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Supplemental Digital Content 1. Figure 1. This figure shows the allocation of
the 154 experimental animals to the different stent groups and indicates the groups
and samples used for pharmacokinetic evaluation and safety assessment.
Supplemental Digital Content 2. Figure 2. Contrast MRI of the brain and
cerebral vessels. Contrast MRI was conducted right before termination at each time
point to assess the morphology of the basilar artery where the stent was implanted.
The images shown in this figure are representative of those taken at day 180 after stent
implantation. Sagittal, coronal, and transverse optical sections were obtained through
TOF (Time-of-Flight)-3D multislab (multiple thin imaging slices)-MRA (Magnetic
Resonance Angiography)-MIP (Maximum Intensity Projection) reconstruction. The
reconstructed sections allowed for ruling out gross anatomic pathology by analyzing
brain tissue density.
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Supplemental Digital Content 3. Figure 3. Histopathologic analysis of brain
tissue (Hematoxylin-eosin). (a) Representative image of 1 of the analyzed brain
areas, the medulla oblongata. (b) Representative high magnification image of the
medulla oblongata at day 180 for the 4 groups. Scale bar = 100 µm. (c)
Quantitative analysis conducted at day 3, 28, 90, and 180 after stent implantation.
In each group, 24 animals were included (N = 6 at each time point) for BMS, PCS,
and SDS groups, while HDS had 12 animals (N = 3 at each time point). All groups
exhibited slight signs of degeneration and bleeding, along with slight-to-moderate
signs of hyperplasia and necrosis. Pathological features were scored 1 to 4 based on
the extent of these findings (<25%, 25%-50%, 50%-75%, >75% of the sample).
The scores were consistently low, with no statistical differences observed between
the groups (Groups: BMS—Black squares, PCS—Gray triangles, SDS—Blue
circles, HDS—Red squares).
Supplemental Digital Content 4. Figure 4. Demyelination analysis (Luxol Fast
Blue Staining). (a) Representative image of 1 of the analyzed brain areas, the
medulla oblongata. (b) Representative higher magnification images of the medulla
oblongata at day 90 for the 3 groups. Scale bar = 100 µm. (c) Quantitative analysis
performed at day 3, 28, 90, and 180 after stent implantation. The BMS and SDS
groups each included 24 animals (N = 6 at each time point), while the HDS group
had 12 animals (N = 3 at each time point). Very slight signs of demyelination
(appearing as small round vacuoles within the blue matter) were observed in rare
animals across all groups. The extent of myelin vacuolization was scored from 1 to 4
(<25%, 25%-50%, 50%-75%, >75% of the sample). The scores consistently
remained low, with no statistical differences observed between the groups (Groups:
BMS—Black squares, SDS—Blue circles, HDS—Red squares).
Supplemental Digital Content 5. Figure 5. Astrocyte Pathology Assessed by
GFAP Immunostaining. (a) Representative image of 1 of the analyzed brain areas, the
medulla oblongata. (b) Representative higher magnification images of the medulla
oblongata at day 90 for the 3 groups. Scale bar = 100 µm. (c) Quantitative analysis
conducted at day 3, 28, 90, and 180 after stent implantation. The BMS and SDS
groups each included 24 animals (N = 6 at each time point), while the HDS group
had 12 animals (N = 3 at each time point). Some extent of astrocyte aggregation was
observed in the HDS group, but the GFAP staining score consistently remained
below 1. Most nerve fibers displayed normal coloring, and no obvious astrocyte
proliferation was evident across all groups. The extent of abnormal astrocyte ap-
pearance was scored from 1 to 4 (<25%, 25%-50%, 50%-75%, >75% of the sample)
(Groups: BMS—Black squares, SDS—Blue circles, HDS—Red squares).
Supplemental Digital Content 6. Figure 6.Microglial cell activation assessed by
IBA-1 Immunostaining. (a) Representative image of 1 of the analyzed brain areas,
the medulla oblongata. (b) Representative higher magnification images of the
medulla oblongata at day 180 for the 3 groups. Scale bar = 100 µm. (c)
Quantitative analysis performed at day 3, 28, 90, and 180 after stent implantation.
The BMS and SDS groups each included 24 animals (N = 6 at each time point),
while the HDS group had 12 animals (N = 3 at each time point). The extent of
positive IBA-1 staining was scored from 1 to 4, representing the percentage of the
sample with staining (<25%, 25%-50%, 50%-75%, >75%). While IBA-1 positive
staining was slightly more frequent in the HDS group, the difference was not
statistically significant, and the maximum score consistently remained at 1
(Groups: BMS—Black squares, SDS—Blue circles, HDS—Red squares).
Supplemental Digital Content 7. Figure 7. Axonal degeneration (vacuolization)
assessed by Bielschowsky silver staining. (a) Representative image of 1 of the
analyzed brain areas, the medulla oblongata. (b) Representative higher magnifi-
cation images of the medulla oblongata at day 180 for the 3 groups. Scale bar =
100 µm. (c) Quantitative analysis performed at day 3, 28, 90, and 180 after stent
implantation. The BMS and SDS groups each included 24 animals (N = 6 at each
time point), while the HDS group had 12 animals (N = 3 at each time point).
Occasional signs of axonal degeneration were observed in the medulla oblongata of
the HDS group. Although the difference was statistically significant (1-way
ANOVA, difference BMS vs HDS: �1.0000, 95% CI: �1.3227 to �0.6773),
difference SDS vs HDS: �1.0000, 95% CI: �1.3227 to �0.6773, P < .001), the
maximum score consistently remained ≤1 (on less than 25% of the analyzed sample
areas) (Groups: BMS—Black squares, SDS—Blue circles, HDS—Red squares).

Supplemental Digital Content 8. Figure 8. Neuronal degeneration assessed by
Fluoro Jade staining. (a) Representative images of the analyzed brain areas in the
medulla oblongata at day 90 and 180 for the 3 groups. Scale bar = 100 µm. (b)
Quantitative analysis conducted at day 3, 28, 90, and 180 after stent implantation.
The BMS and SDS groups each included 24 animals (N = 6 at each time point),
while the HDS group had 12 animals (N = 3 at each time point). Occasional
positive staining (green arrow) reflecting neuronal degeneration was observed in
the SES groups, but the difference did not reach statistical significance, and the
maximum score consistently remained ≤1 (representing less than 25% of the
analyzed areas) (Groups: BMS—Black squares, SDS—Blue circles, HDS—Red
squares).
Supplemental Digital Content 9. Table 1. Vascular pillar fibrin and stenosis rate
assessment at day 3, 28, 90, 180 after stent implantation.

COMMENTS

T his study provides crucial safety data on the use of sirolimus-eluting
stents in canine basilar artery. Their results verify concentrations of

sirolimus in the brain and circulation to be below toxicity levels, even with
high-dose stents. The drug concentrations peak earlier in the high-dose
group; however, over 95% of the drug is released by day 28. No evidence
of neurotoxicity is seen at a 180-day assessment.

Intracranial atherosclerotic disease (ICAD) accounts for up to 10% of
strokes worldwide. Considering over 7 million patients worldwide die
from ischemic stroke or its complications each year, ICAD presents a
significant disease burden.1a-4a Despite these statistics, there is still no
effective endovascular treatment for ICAD.5a Bare-metal stents (BMSs)
have been studied in randomized trials. The results have been dismal. The
SAMMPRIS trial showed that Wingspan Stent System (WSS) had high
30-day complication rates (14.7%). Additionally beyond 30 days, WSS
did not prevent stroke.6a After SAMMPRIS trial results, the FDA and
AAN changed their guidelines to recommend stenting with theWSS only
after a second stroke while on medical management.7a Recently, the
CASSISS trial published their results and once again demonstrated that
WSS does not reduce the risk of stroke or death when compared with
medical therapy alone.8a Balloon expandable stent (BES) system in the
VISSIT trial was stopped early due to high 30-day primary safety end
point in the stenting arm (24.1%).9a The repeated failure of BMS may be
a result of complicated delivery system and documented high restenosis
rates (30%).10a-12a This represents a healthcare crises for over 80 000
patients suffering stroke from ICAD in the United States, since the only
humanitarian approved device fails to show promise repeatedly.5a

Drug-eluting stents (DESs) are currently the standard of care in
coronary literature due to low in-stent restenosis and improved delivery
mechanism. However, use in cerebrovascular pathology is limited due to
safety concerns of intracranial DES.13a In recent years, stent technology
has improved significantly and off-label use of DES has increased across
the country, demonstrating safe results.11a We welcome this safety study
as a milestone for development of much needed alternate devices in this
empty space.

Sabrina Genovese, Ravi Nunna, and Farhan Siddiq
Columbia, Missouri, USA
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