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Abstract

Background Irinotecan demonstrates anti-tumor efficacy in preclinical glioma models but clinical results are modest due
to drug delivery limitations. Convection enhanced delivery (CED) improves drug delivery by increasing intratumoral drug
concentration. Real-time magnetic resonance imaging of infusate delivery during CED may optimize tumor coverage. This
phase 1 trial examines the safety and tolerability of liposomal irinotecan and gadolinium delivered via CED using real-time
MRI guidance in recurrent high-grade glioma patients.

Methods Initially, a 3 + 3 dose-escalating, single dose trial was planned with 4 cohorts based on a fixed drug dose and vol-
ume. After 9 patients, a protocol amendment allowed for variable volume and dose of the study agent based on tumor size.
The amended design specified ‘personalized’ drug volume but fixed concentration of 20 mg/mL of liposomal irinotecan in
the first cohort escalating to 40 mg/mL in the second cohort.

Results Eighteen patients with recurrent WHO grade 3 or 4 gliomas (diameter 1-4 cm) were treated. Based on the tumor
volume, the total dose of liposomal irinotecan was 20—680 mg in a total volume of 2—17 ml. Technical challenges were
overcome by real-time MRI guidance and protocol amendment. The only dose-limiting toxicity (DLT) was a grade 3 stroke.
Safety and survival information is presented.

Conclusions CED of liposomal irinotecan using real-time MRI in patients with recurrent high-grade glioma is feasible.
Image-guidance allowed for improved placement of CED cannulas and optimal tumor coverage. Our results warrant further
study with repeat CED dosing.

Keywords Convection enhanced delivery - CED - Nano-liposomal irinotecan - MRI - Liposomal irinotecan - High
grade gliomas - Glioblastoma - Gliosarcoma - Anaplastic astrocytoma - Oligodendroglioma - Recurrent - Multiply
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primary brain tumors in adults, with 12,000-20,000 new
cases a year [1]. The prognosis of HGG is poor, as median
overall survival is only 10-12 months for patients with
newly-diagnosed glioblastoma (GB) and 24-36 months
for patients with anaplastic astrocytoma [2, 3]. These poor
outcomes reflect the limited efficacy of chemotherapeutics,
marred by (1) poor delivery across the blood-brain bar-
rier (BBB), (2) emergence of resistance due to genetic and
epigenetic clonal heterogeneity, (3) the tumor’s infiltrative
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nature, (4) abnormal tumor-associated angiogenesis, (5)
local and systemic immunosuppression, and (6) the chang-
ing brain microenvironment. A treatment delivery strategy
that can overcome these factors may improve outcomes [4].
Since HGG recurrence typically occurs within 2 cm of the
original resection margin [5], improved local drug delivery
can potentially impact survival.

Irinotecan is a topoisomerase I inhibitor that has dem-
onstrated antitumor activity in preclinical glioma models
and has a distinct mechanism of action [6]. However, irino-
tecan has complex pharmacology, requiring conversion to
SN-38 for optimal activity, but must avoid inactivation via
hydrolysis of the requisite lactone configuration to an inac-
tive carboxylate. Also, hepatic conversion of SN-38 leads to
biliary excretion of the potent metabolite and results in gas-
trointestinal toxicity. Liposomal encapsulation of irinotecan
improves these pharmacokinetics and reduces systemic tox-
icity [7, 7]. Liposomal irinotecan is currently FDA-cleared
for treatment of metastatic pancreatic adenocarcinoma after
disease progression following gemcitabine-based therapy.

Convection-enhanced delivery (CED) is a method of
locoregional infusion that delivers a high concentration
of therapeutic compounds directly to the brain through a
thin cannula attached to a microinfusion pump. Delivery
of liposomal irinotecan via convection-enhanced delivery
(CED) achieves high intratumoral drug concentrations and
bypasses the BBB while limiting systemic toxicity [8—46].
Real-time MRI guidance during CED allows for adequate
coverage of the tumor with sufficient drug and provides an
opportunity to correct for suboptimal drug delivery [39,
47-53]. This phase 1 study aims to determine the safety,
tolerability, and efficacy of delivery of liposomal irinotecan
with gadoteridol via CED using real-time MRI guidance.

Methods
Patient population

Eligible patients were 18+years of age with previously
confirmed high-grade glioma {glioblastoma multiforme
(GBM), gliosarcoma (GS), anaplastic astrocytoma (AA), or
anaplastic oligodendroglioma (AO)}, who showed clinical
and radiological evidence of recurrence. There was no limit
to the number of recurrences prior to participation, but they
could only have had one course of radiation, and needed
radiologic evidence of progressive disease in a single, supra-
tentorial tumor, with contrast-enhancing component hav-
ing a diameter no larger than 4 cm or volume of 34 cm [3].
Progression was determined by consensus agreement after
presentation at a multidisciplinary tumor board. Additional
eligibility criteria were a KPS > 70 and a life expectancy of
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> 8 weeks. MRI must have been performed within 21 days
prior to treatment and patients who were receiving steroids
must have been on a stable or decreasing dose for at least 5
days prior to imaging.

Study design

The original design was a 4 cohort, 3 +3 single dose-esca-
lating trial of liposomal irinotecan (Onivyde ®) plus gado-
teridol (ProHance ®) based on a fixed irinotecan dose and
volume (Supplemental Table 1). Due to the small volume
of drug (1-2mL) not affording adequate tumor coverage
(tumor coverage on the 9 patients treated on the original
protocol ranged from ~ 10-60%), the protocol was amended
to allow for a single CED administration of liposomal irino-
tecan plus gadoteridol at prespecified concentrations with
total volume tailored to each patient’s tumor size (Supple-
mental Table 2). What ensued was a phase 1 trial with two
cohorts of variable drug volume but fixed concentration of
20 mg/mL, then 40 mg/mL of liposomal irinotecan, deliv-
ered with gadoteridol using real-time monitoring in the
MRI suite. The amended protocol provided a personalized
volume at a set concentration based on the volume of each
patient’s tumor.

Procedures

The study procedure was separated into three periods: pre-
treatment period, treatment period, and post-treatment/
follow-up period. The pre-treatment period included all
screening assessments and a 3T brain MRI that occurred at
least 21 days prior to the procedure confirming recurrence
of HGG. This MRI was also used for trajectory planning
using iPlan Flow software (BrainLab AG, Munich, Ger-
many) in consultation with neurosurgery, neuro-oncology,
and neuroradiology.

The treatment period, which started 48 h prior to the pro-
cedure date, confirmed the established trajectory plan via a
second MRI done within 2 days before CED to finalize the
trajectory and infusion plan. Next, on the day of infusate
delivery, catheter placements and CED infusions were per-
formed in an intraoperative MRI suite (GE 3T MR750W,
General Electric Healthcare, Waukesha, WI). A frameless
image-guided stereotactic system (VarioGuide, Brainlab
AG) was used. Nine fiducial markers were placed on the
scalp, and the head was secured with an MR-compatible
head clamp (Integra; Princeton, New Jersey). Patients were
positioned supine with the head turned. T1- and T2-weighted
images were obtained after patient positioning and head
immobilization. Preoperative images were used for registra-
tion and then fused to baseline MR images containing the
preplanned trajectories. The trajectory plan, including burr
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hole and cannula positioning, were discussed in the MRI
suite to ensure maximal tumor coverage.

Following skin incision, the drill guide was inserted into
the VarioGuide system and a burr hole was made using the
VarioGuide drill kit. After opening the dura and placing a
bone anchor, the primed infusion catheter was inserted into
the device guide and advanced to the preselected target. A
bone anchor was used to hold the catheter in place.

After MRI to ensure placement confirmation, the infu-
sion (containing liposopomal irinotecan and gadoteridol)
was started at 1 pl/min using a standard infusion pump
(Medfusion 4000, Smiths Medical). Real time MRI imaging
was obtained every 1-10 min. If the infusate was refluxing
or not proceeding along the desired trajectory, the catheter
was adjusted. The procedure was complete when one of
the following criteria were met: full tumor coverage, full
administration of the personalized infusate volume, or the
MRI suite time slot expired.

Tumor coverage

First, a 3D region-of-interest (ROI) was segmented on the
pre-procedure isotropic 3D T1-weighted post-contrast MRI
series to obtain the volume (in ml) of the contrast-enhancing
portion of the tumor. The pre-procedure MRI was obtained
within 21 days prior to the procedure. Then, a 3D ROI was
segmented on the intra-procedural 3D T1-weighted MRI
series to obtain the volume of the gadoteridol infused via
CED, and calculated the volume (in ml) of the CED infusate.
We then calculated a percentage of the CED infusate volume
relative to the contrast-enhancing tumor volume by dividing
the two volumes.

Dose-limiting toxicity and dose escalation

The Dose Limiting Toxicity (DLT) period was 30 days after
the infusion. Patients were clinically examined on Day
1, Day 7, Day 14 and Day 30 post-procedure. DLT was
defined as any grade-3 or higher neurological toxicity felt
to be attributable to the CED infusion of liposomal-irino-
tecan with gadoteridol, as well as any systemic grade-3 or
higher hematologic or non-hematologic toxicity. If none of
the first 3 patients in the cohort experienced a DLT, 3 addi-
tional patients were enrolled at the next concentration level.
Patient enrollment was staggered every 3 days for acute tox-
icity monitoring after the initial CED infusion. Staggering
was done at each dose level prior to treating the subsequent
patient in that cohort. Toxicity was assessed according to
the NCI Common Terminology Criteria for Adverse Events
Version 5.0 (CTCAE v5.0). Patients between dose-escalat-
ing cohorts were reviewed by the institutional Data Safety
and Monitoring Committee (DSMC) at the University of

California, San Francisco (UCSF) before proceeding with
enrollment.

Results

Between July 2014 and December 2020, 18 patients had
CED procedures were performed. There were 8 screen fail-
ures, all due to imaging eligibility parameters. The first nine
patients were treated on the original protocol, each with one
cannula, all in under 6 h (Supplemental Table 3). The origi-
nal protocol resulted in small infusate volumes with limited
tumor coverage (12—-58%; Table 1). There were no DLT’s in
group 1; there was only 1 DLT of stroke in group 2 (Supple-
mental Fig. 1), which was considered to be possibly related
to the procedure and the study drug, resulting in expanding
the cohort to 6 total patients, with no subsequent DLT. After
this, the protocol was amended as described above, which
allowed for variation in infusate volume based on tumor
size. For the amended protocol, all infusions were per-
formed with a single cannula in less than 6 h; three patients
were enrolled at the 20 mg/mL dose, then 40 mg/ml, with
voluntarily expansion to a total of 6 patients at 40 mg/ml—
with no DLTs. Table 4 shows the tumor volume, volume
of distribution (V,), volume of infusate (V;), and tumor
coverage percentage. Tumor coverage was improved in the
amended protocol (Table 1). Mean progression-free survival
after the CED procedure was 17 weeks, and mean overall
survival was 67 weeks (Supplemental Table 4) There were
no DLTs or significant adverse events (SAEs) in either pro-
tocol cohort. Four adverse events were observed, with two
of them (grade 3 stroke and grade 2 encephalopathy) being
possibly related to the study drug or procedure (Table 2).

Figure 1 shows illustrative images from a CED proce-
dure that achieved 95% tumor coverage and resulted in 6
months of PFS. Reflux of gadolinium contrast along the
catheter tract (Fig. 1E) was detected during the procedure
and allowed for correction of the catheter trajectory dur-
ing the procedure. Figure 2 shows illustrative images from
a CED procedure that achieved 94% tumor coverage and
resulted in 12.4 months of PFS. These cases followed the
amended protocol and had large V; with high tumor cover-
age, in contrast to the procedures performed as part of the
original protocol. All cases required catheter administration
rate and/or catheter repositioning to maximize coverage
Fig. 3.
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Table 1 Radiologic response and percent tumor coverage after CED

ID Tumor  Tumor Date of CED V4 V; % tumor Best response Progression  Progression location
type volume coverage date
CED 01 GBM 2.7 10/17/2014 1.5 1.1 243 Stable 1/16/2015 Outside infusion area
CED 02 GBM 3 12/5/2014 1.5 1.2 18.2 Progression 1/5/2015 Outside infusion area
CED 03 GBM 2 2/13/2015 32 1.0 21.5 Stable 6/5/2015 Outside infusion area
CED 04 AA 3 5/8/2015 2.2 1.0 43.8 Partial response ~ 7/24/2015 Outside infusion area
CED 06 GBM 1.9 5/15/2015 22 1.0 31.9 Progression 6/12/2015 Outside infusion area
CED 08 GBM 3 9/11/2015 1.8 1.1 15.9 Stable 1/7/2016 Outside infusion area
CED 09 GBM 2 2/26/2016 2.1 1.0 51.4 Stable 10/31/2016 Inside infusion area
CED 12 GBM 2 1/20/2017 2.1 1.0 58.2 Stable 4/21/2017 Inside infusion area
CED 13 GBM 3 2/10/2017 1.2 1.2 11.6 Stable 5/12/2017 Outside infusion area
CED 16 GBM 34 5/4/2018 2.9 3.7 52.6 Interval decrease 11/6/2018 Inside infusion area
CED 17 GS 5.75 9/14/2018 32 51 33.1 Progression 10/12/2018  Inside infusion area
CED 18 GBM 5.8 9/21/2018 59 7.0 49.2 Stable 12/17/2018  Outside infusion area
CED 21 GBM 1.1 3/29/2019 34 2.7 91.1 Stable 11/25/2019 Outside infusion area
CED 22 GBM 3.0 1/31/2020 8.8 5.5 41.9 Stable 9/25/2020 Outside infusion area
CED 23 GBM 33 2/21/2020 6.2 10.6  95.0 Reduced 8/20/2020 Outside infusion area
enhancement
CED 24 GBM 3 6/26/2020 8.9 6 76.0 Stable 3/23/2021 Outside infusion area
CED 25 GBM 5.1 9/4/2020 7.0 6 93.8 Stable 11/30/2020 Inside infusion area
CED 26 GBM 35 11/19/2020 119 93 74.5 Stable 1/13/2021 Inside infusion area

V4 - volume of distribution of infusate, V; - volume of infusate

Patients 1-13 (shaded) were treated on the original protocol while patients 16—26 were treated on the amended protocol

Table 2 Table of serious adverse events (AEs)

Patient ID Tumor Volume Infusion Volume Infusate concentration AE - Attribution - Grade

CED 02 3 cm? 1.225 mL 20 mg/mL Seizure— unrelated (x2)— Gr 2

CED 04 3 em’ 1.006 mL 20 mg/mL Sinus Tachycardia— unrelated— Gr 1
CED 08 3 em? 1.125 mL 20 mg/mL Stroke— possible— Gr 3

CED 21 1.1 em? 2.73 mL 40 mg/mL Encephalopathy— possible— Gr 2
CED 21 1.1 cm? 2.73 mL 40 mg/mL ANC increase— unrelated— Gr 3
Discussion patients [40, 43, 54-56], especially if future studies allow

CED of liposomal irinotecan using real-time imaging with
gadolinium contrast in patients with recurrent high-grade
glioma was safe in most patients. One patient suffered an
ischemic infarct in the ipsilateral cerebral hemisphere >3
weeks after the CED procedure (Supplemental Fig. 1). This
may have been due to drug-induced vasospasm or cannula
injury to the lenticulostriate arteries coursing through the
treatment volume. However, this adverse event may also
have been due to tumor progression causing compression
or invasion of the lenticulostriate arteries, as the event
occurred > 3 weeks after the procedure. Prior radiation is a
risk factor for such vascular events as well.

MRI-guidance allowed for real-time placement of CED
cannulas and correction of cannula trajectory to optimize
tumor coverage. While the original protocol was limited
to small tumors due to inadequate infusate volume, the
amended protocol allowed personalized infusate volumes
based on tumor size. This treatment modality may address a
large gap in available treatment options for recurrent HGG
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multiple/sequential CED infusions [57] and build on prom-
ising CED results [18, 22—48]. The amended protocol pro-
vided a personalized volume at a set concentration based
on the volume of each patient’s tumor. This design was also
employed in other relevant CED trials: (1) CED With Iri-
notecan Liposome Injection Using Real Time Imaging in
Children With DIPG [NCT03086616] (the same study agent
was used and up to 10mL of infusate was administered at
a concentration of 40 mg/mL); (2) Convection-Enhanced
Delivery (CED) of MDNASS in Adults With Recurrent or
Progressive Glioblastoma [NCT02858895], which infused
60 mL of the study agent [58]. Our original study results,
along with data from these studies, provided enough evi-
dence to the FDA to allow for expansion of tumor size
(1-4 cm diameter), infusion volumes (2—17 ml), infusion
rates (up to 50 pl/min), and infusion times (up to 24 h) in an
amended protocol as part of this trial.

Several important lessons were learned in conducting
this trial. In addition to the volume of infusate, the efficiency
of drug delivery via CED depends on optimal catheter
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Fig. 1 55 year-old patient with right temporal GBM recurrence
(CED23). During CED, the area of gadolinium contrast deposition
grows to cover 95% of the tumor. Images (A-C) show initial area of
gadolinium contrast deposition on T1-weighted MPRAGE images
in coronal oblique (A), sagittal oblique (B), and coronal oblique (C)

planes, with green outline indicating the tumor and yellow outline indi-
cating the final infusate coverage. Images (D-F) show final infusate
coverage, with reflux of gadolinium contrast along the catheter tract
(black arrow in E), that was seen during the procedure and allowed for
correction of catheter trajectory

Fig.2 60 year-old patient with left temporal GBM recurrence (CED25)
demonstrated by enhancing mass in the left callosal splenium on
T1-weighted sagittal MPRAGE image (A). During CED, the area of
gadolinium contrast deposition grows to cover 94% of the tumor, as

trajectory, number of catheters, catheter diameter, infusate
flow rate, infusate viscosity, and tissue consistency, which
can vary between patients. Potential determinants of treat-
ment response in this trial include the percentage of tumor
coverage, V4 and V;, avoiding “off” target drug deposition,
optimizing cannula design [21, 24, 29-32, 59], avoiding
backflow [9, 48, 50, 60], and avoiding air bubbles [61].

demonstrated on intraoperative T1-weighted sagittal MPRAGE image
(B). Volume segmentation of gadolinium infusate administered dur-
ing CED (blue) overlaid with volume segmentation of enhancing mass
(orange) demonstrates extent of coverage

However, qualitative evaluation of preprocedural, intra-
procedural, and postprocedural MRI suggests that higher
infusate volumes in the second cohort allowed for better
tumor coverage. Infusate flow direction is difficult to pre-
dict, as different factors (flow rate, tissue characteristics,
resection cavity size, tumor viability, catheter placement)
may take precedence at different times during the infusion.
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Fig. 3 75 year-old man with left superior frontal gyrus GBM recur-
rence (CED13) demonstrated by enhancing mass on oblique coronal
T1-weighted MPRAGE image (A). During CED, the infusate volume

Without MRI guidance, infusate often flowed into the resec-
tion cavity where interstital pressure was presumably low-
est, or surrounding tissue, rather than the tumor [47, 62—64].
In-person, on site decision-making by the team of experts
observing infusate flow under real-time MRI guidance was
critical for adjustment of catheter trajectories and improved
tumor coverage.

While placement of up to four catheters was allowed
in the trial protocol, only one catheter was placed because
catheter placement required significant time, risk of infec-
tion was deemed too high (due to multiple burr holes), or
additional MRI time was not available (MRI suites were
available for a 12-hour block of time). Single catheter infu-
sions were the most efficient, although the single catheter
trajectory was optimized under MRI guidance by advancing
or withdrawing the catheter to allow for optimal tumor cov-
erage. This single catheter technique avoided the possibility
of catheter trajectories intersecting, and simplified predic-
tion of the infusate path. Thus, the practical execution of
CED during this trial improved the precision, reliability, and
safety of improved drug delivery into brain tumors [65, 66].

This study has limitations. It remains unclear whether
the volume of the infusate, or the total amount of liposo-
mal irinotecan, dictates treatment response. Future studies
will need to identify determinants of efficacy and outcomes.
Very large tumors could not be treated in one procedural
time point as part of this study due to protocol restrictions.
Multiple catheters could not be advanced to one treatment
location, because of difficulty maneuvering multiple cath-
eters through a single burr hole, so there is room for opti-
mization of the materials and placement of catheters [45,
48, 67, 68] reaching the tumor location. Extensive resource
requirements, including material, medical, and scientific
expertise was required for this trial, resulting in technical
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grows (B) until backflow is seen along the cannula and its tract (C),
with tumor coverage of 12%

and logistic difficulties. For instance, patient positioning in
the MRI scanner did not permit certain preplanned catheter
trajectories, which had to be adjusted in real-time using
MRI guidance with a highly specialized team at the time of
the procedure to optimize tumor coverage. Not all of these
resources and experienced professionals may be available in
more resource-limited settings.

Conclusions

Overall, CED using liposomal irinotecan was feasible in 18
patients with recurrent high-grade glioma. One patient had
an ischemic infarct that may have been related to the study
procedure or drug. While all participants did eventually
expire, their PFS and OS were higher than expected for this
patient population. Future studies should include multiple
infusions over time using different therapeutic agents with
larger volumes to ensure optimal tumor coverage, while
maintaining the usefulness of the MRI-guided approach for
real time decision making during the infusions.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s11060-0
24-04904-y.

Acknowledgements This study was supported by an NIH R21 grant
(R21CA186140) and by Ipsen Biopharmaceuticals who provided
nanoliposomal irinotecan.

Author contributions K.N. wrote manuscript text, prepared figures,
and supervised the project. K.K. wrote manuscript text and tables.
AM. acquired data and prepared figures. K.B., M.B., J.C.,, J.T,
N.A.O.B., and A.M. interpreted data and supervised the project. M.A.
acquired data and provided funding support. N.B. supervised the proj-
ect and provided funding support.


https://doi.org/10.1007/s11060-024-04904-y
https://doi.org/10.1007/s11060-024-04904-y

Journal of Neuro-Oncology (2025) 172:219-227

225

Funding This study was sponsored under a grant from the NIH
SR21CA186140-02 and from Ipsen Pharmaceuticals. Ipsen had no
input into the study design, analysis or interpretation of results. Ipsen
reviewed this manuscript for scientific accuracy but had no input into
the content.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Ostrom QT, Price M, Neff C et al (2022) CBTRUS Statistical
Report: primary brain and other Central Nervous System tumors
diagnosed in the United States in 2015-2019. Neuro-Oncol
24(Supplement5):v1-v95. https://doi.org/10.1093/neuonc/noac2
02

2. Ostrom QT, Shoaf ML, Cioffi G et al (2023) National-level over-
all survival patterns for molecularly-defined diffuse glioma types
in the United States. Neuro-Oncol 25(4):799-807. https://doi.org
/10.1093/neuonc/noac198

3. Kelly C, Majewska P, Ioannidis S, Raza MH, Williams M (2017)
Estimating progression-free survival in patients with glioblas-
toma using routinely collected data. J Neurooncol 135(3):621—
627. https://doi.org/10.1007/s11060-017-2619-1

4. Narsinh KH, Perez E, Haddad AF, Young JS, Savastano L, Vil-
lanueva-Meyer JE, Winkler E, de Groot J (2024) Strategies to
Improve Drug Delivery Across the Blood—Brain Barrier for Glio-
blastoma. Curr Neurol Neurosci Rep 24(5):123-39. https://doi.or
2/10.1007/s11910-024-01338-x

5. Hochberg F, Pruitt A (1980) Assumptions in the radiotherapy of
glioblastoma. Neurology 30(9). https://doi.org/10.1212/wnl.30.9.
907

6.  Vredenburgh JJ, Desjardins A, Reardon DA, Friedman HS (2009)
Experience with irinotecan for the treatment of malignant glioma.
Neuro-Oncol 11(1):80-91. https://doi.org/10.1215/15228517-20
08-075

7. Noble CO, Krauze MT, Drummond DC et al (2006) Novel nano-
liposomal CPT-11 infused by convection-enhanced delivery
in intracranial tumors: pharmacology and efficacy. Cancer Res
66(5):2801-2806. https://doi.org/10.1158/0008-5472.CAN-05-3
535

8. Chen PY, Ozawa T, Drummond DC et al (2013) Comparing
routes of delivery for nanoliposomal irinotecan shows superior
anti-tumor activity of local administration in treating intracranial

10.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

glioblastoma xenografts. Neuro-Oncol 15(2):189-197. https://do
i.org/10.1093/neuonc/nos305

Ayers AD, Smith JH (2023) A biphasic fluid-structure Interaction
Model of Backflow during infusion into agarose gel. J Biomech
Eng 145(12):121009. https://doi.org/10.1115/1.4063747

Valles F, Fiandaca MS, Bringas J et al (2009) Anatomic compres-
sion caused by high-volume convection-enhanced delivery to the
brain. Neurosurgery 65(3):579-585 discussion 585-586. https://d
o0i.org/10.1227/01.NEU.0000350229.77462.2F

McCrorie P, Vasey CE, Smith SJ, Marlow M, Alexander C, Rah-
man R (2020) Biomedical engineering approaches to enhance
therapeutic delivery for malignant glioma. J Control Release off J
Control Release Soc 328:917-931. https://doi.org/10.1016/j.jcon
rel.2020.11.022

Dickinson PJ, LeCouteur RA, Higgins RJ et al (2008) Canine
model of convection-enhanced delivery of liposomes containing
CPT-11 monitored with real-time magnetic resonance imaging:
laboratory investigation. ] Neurosurg 108(5):989-998. https://doi
.org/10.3171/INS/2008/108/5/0989

Dickinson PJ, LeCouteur RA, Higgins RJ et al (2010) Canine
spontaneous glioma: a translational model system for convection-
enhanced delivery. Neuro-Oncol 12(9):928-940. https://doi.org/1
0.1093/neuonc/noq046

Spinazzi EF, Argenziano MG, Upadhyayula PS et al (2022)
Chronic convection-enhanced delivery of topotecan for patients
with recurrent glioblastoma: a first-in-patient, single-centre, sin-
gle-arm, phase 1b trial. Lancet Oncol 23(11):1409-1418. https://
doi.org/10.1016/S1470-2045(22)00599-X

Tosi U, Souweidane M (2020) Convection enhanced delivery for
diffuse intrinsic pontine glioma: review of a single Institution
experience. Pharmaceutics 12(7):660. https://doi.org/10.3390/ph
armaceutics 12070660

Upadhyayula PS, Spinazzi EF, Argenziano MG, Canoll P, Bruce
JN (2020) Convection enhanced delivery of Topotecan for glio-
mas: a single-center experience. Pharmaceutics 13(1):39. https://
doi.org/10.3390/pharmaceutics 13010039

Faraji AH, Rajendran S, Jaquins-Gerstl AS, Hayes HJ, Richard-
son RM (2021) Convection-enhanced delivery and principles of
Extracellular Transport in the brain. World Neurosurg 151:163—
171. https://doi.org/10.1016/j.wneu.2021.05.050

Kang JH, Desjardins A (2022) Convection-enhanced delivery for
high-grade glioma. Neuro-Oncol Pract 9(1):24-34. https://doi.or
2/10.1093/nop/npab065

Jahangiri A, Chin AT, Flanigan PM, Chen R, Bankiewicz K,
Aghi MK (2017) Convection-enhanced delivery in glioblas-
toma: a review of preclinical and clinical studies. J Neurosurg
126(1):191-200. https://doi.org/10.3171/2016.1.JNS151591

Shi M, Sanche L (2019) Convection-enhanced delivery in
malignant gliomas: a review of toxicity and efficacy. J Oncol
2019:9342796. https://doi.org/10.1155/2019/9342796

Nwagwu CD, Immidisetti AV, Bukanowska G, Vogelbaum MA,
Carbonell AM (2020) Convection-enhanced delivery of a first-in-
class Anti-p1 integrin antibody for the treatment of high-Grade
Glioma utilizing real-time imaging. Pharmaceutics 13(1):40.
https://doi.org/10.3390/pharmaceutics 13010040

Yamashita Y, Krauze MT, Kawaguchi T et al (2007) Convection-
enhanced delivery of a topoisomerase I inhibitor (nanoliposomal
topotecan) and a topoisomerase II inhibitor (pegylated liposomal
doxorubicin) in intracranial brain tumor xenografts. Neuro-Oncol
9(1):20-28. https://doi.org/10.1215/15228517-2006-016

Pang HH, Chen PY, Wei KC et al (2019) Convection-enhanced
delivery of a Virus-Like Nanotherapeutic Agent with Dual-Modal
Imaging for Besiegement and Eradication of Brain tumors. Ther-
anostics 9(6):1752—1763. https://doi.org/10.7150/thno.30977
Nguyen JB, Sanchez-Pernaute R, Cunningham J, Bankiewicz KS
(2001) Convection-enhanced delivery of AAV-2 combined with

@ Springer


https://doi.org/10.1093/neuonc/nos305
https://doi.org/10.1093/neuonc/nos305
https://doi.org/10.1115/1.4063747
https://doi.org/10.1227/01.NEU.0000350229.77462.2F
https://doi.org/10.1227/01.NEU.0000350229.77462.2F
https://doi.org/10.1016/j.jconrel.2020.11.022
https://doi.org/10.1016/j.jconrel.2020.11.022
https://doi.org/10.3171/JNS/2008/108/5/0989
https://doi.org/10.3171/JNS/2008/108/5/0989
https://doi.org/10.1093/neuonc/noq046
https://doi.org/10.1093/neuonc/noq046
https://doi.org/10.1016/S1470-2045(22)00599-X
https://doi.org/10.1016/S1470-2045(22)00599-X
https://doi.org/10.3390/pharmaceutics12070660
https://doi.org/10.3390/pharmaceutics12070660
https://doi.org/10.3390/pharmaceutics13010039
https://doi.org/10.3390/pharmaceutics13010039
https://doi.org/10.1016/j.wneu.2021.05.050
https://doi.org/10.1093/nop/npab065
https://doi.org/10.1093/nop/npab065
https://doi.org/10.3171/2016.1.JNS151591
https://doi.org/10.1155/2019/9342796
https://doi.org/10.3390/pharmaceutics13010040
https://doi.org/10.1215/15228517-2006-016
https://doi.org/10.7150/thno.30977
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/neuonc/noac202
https://doi.org/10.1093/neuonc/noac202
https://doi.org/10.1093/neuonc/noac198
https://doi.org/10.1093/neuonc/noac198
https://doi.org/10.1007/s11060-017-2619-1
https://doi.org/10.1007/s11910-024-01338-x
https://doi.org/10.1007/s11910-024-01338-x
https://doi.org/10.1212/wnl.30.9.907
https://doi.org/10.1212/wnl.30.9.907
https://doi.org/10.1215/15228517-2008-075
https://doi.org/10.1215/15228517-2008-075
https://doi.org/10.1158/0008-5472.CAN-05-3535
https://doi.org/10.1158/0008-5472.CAN-05-3535

226

Journal of Neuro-Oncology (2025) 172:219-227

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

heparin increases TK gene transfer in the rat brain. NeuroReport
12(9):1961-1964. https://doi.org/10.1097/00001756-200107030-
00037

Vogelbaum MA, Sampson JH, Kunwar S et al (2007) Convec-
tion-enhanced delivery of cintredekin besudotox (interleukin-
13-PE38QQR) followed by radiation therapy with and without
temozolomide in newly diagnosed malignant gliomas: phase 1
study of final safety results. Neurosurgery.; 61(5):1031-1037;
discussion 1037-1038. https://doi.org/10.1227/01.neu.0000303 1
99.77370.9¢

Sasaki T, Katagi H, Goldman S, Becher OJ, Hashizume R (2020)
Convection-enhanced delivery of enhancer of Zeste Homolog-2
(EZH2) inhibitor for the treatment of diffuse intrinsic pontine
glioma. Neurosurgery 87(6):E680-E688. https://doi.org/10.1093/
neuros/nyaa301

Sperring CP, Argenziano MG, Savage WM et al (2023) Convec-
tion-enhanced delivery of immunomodulatory therapy for high-
grade glioma. Neuro-Oncol Adv 5(1):vdad044. https://doi.org/10
.1093/noajnl/vdad044

Han Y, Park JH (2020) Convection-enhanced delivery of lipo-
somal drugs for effective treatment of glioblastoma multiforme.
Drug Deliv Transl Res 10(6):1876—1887. https://doi.org/10.1007/
$13346-020-00773-w

Saito R, Krauze MT, Noble CO et al (2006) Convection-
enhanced delivery of Ls-TPT enables an effective, continuous,
low-dose chemotherapy against malignant glioma xenograft
model. Neuro-Oncol 8(3):205-214. https://doi.org/10.1215/15
228517-2006-001

Bobo RH, Laske DW, Akbasak A, Morrison PF, Dedrick RL,
Oldfield EH (1994) Convection-enhanced delivery of macromol-
ecules in the brain. Proc Natl Acad Sci U S A 91(6):2076-2080.
https://doi.org/10.1073/pnas.91.6.2076

Krauze MT, Noble CO, Kawaguchi T et al (2007) Convection-
enhanced delivery of nanoliposomal CPT-11 (irinotecan) and
PEGylated liposomal doxorubicin (Doxil) in rodent intracranial
brain tumor xenografts. Neuro-Oncol 9(4):393—403. https://doi.o
rg/10.1215/15228517-2007-019

Lidar Z, Mardor Y, Jonas T et al (2004) Convection-enhanced
delivery of paclitaxel for the treatment of recurrent malignant
glioma: a phase I/II clinical study. J Neurosurg 100(3):472—479.
https://doi.org/10.3171/jns.2004.100.3.0472

Enriquez Pérez J, Kopecky J, Visse E, Darabi A, Siesjo P (2020)
Convection-enhanced delivery of temozolomide and whole cell
tumor immunizations in GL261 and KR158 experimental mouse
gliomas. BMC Cancer 20(1):7. https://doi.org/10.1186/s12885-0
19-6502-7

Stine CA, Munson JM (2019) Convection-enhanced delivery:
connection to and impact of interstitial fluid Flow. Front Oncol
9:966. https://doi.org/10.3389/fonc.2019.00966

D’Amico RS, Aghi MK, Vogelbaum MA, Bruce JN (2021)
Convection-enhanced drug delivery for glioblastoma: a review.
J Neurooncol 151(3):415-427. https://doi.org/10.1007/s11060-0
20-03408-9

Halle B, Mongelard K, Poulsen FR (2019) Convection-enhanced
drug delivery for Glioblastoma: a systematic review focused
on methodological differences in the Use of the Convection-
enhanced delivery method. Asian J Neurosurg 14(1):5-14. https:/
/doi.org/10.4103/ajns. AINS_302_17

Mathew EN, Berry BC, Yang HW, Carroll RS, Johnson MD
(2022) Delivering therapeutics to Glioblastoma: overcoming Bio-
logical constraints. Int J Mol Sci 23(3):1711. https://doi.org/10.33
90/ijms23031711

Markowicz-Piasecka M, Dartak P, Markiewicz A et al (2022) Cur-
rent approaches to facilitate improved drug delivery to the central
nervous system. Eur J Pharm Biopharm off J Arbeitsgemeinschaft

@ Springer

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

52.

Pharm Verfahrenstechnik EV 181:249-262. https://doi.org/10.10
16/j.ejpb.2022.11.003

Fiandaca MS, Forsayeth JR, Dickinson PJ, Bankiewicz KS (2008)
Image-guided convection-enhanced delivery platform in the
treatment of neurological diseases. Neurother J Am Soc Exp Neu-
rother 5(1):123—127. https://doi.org/10.1016/j.nurt.2007.10.064
Weber FW, Floeth F, Asher A et al (2003) Local convection
enhanced delivery of IL4-Pseudomonas exotoxin (NBI-3001) for
treatment of patients with recurrent malignant glioma. Acta Neu-
rochir Suppl 88:93-103. https://doi.org/10.1007/978-3-7091-609
0-9 15

Rossmeisl JH, Herpai D, Quigley M et al (2021) Phase I trial of
convection-enhanced delivery of IL13RA2 and EPHA2 receptor
targeted cytotoxins in dogs with spontaneous intracranial glio-
mas. Neuro-Oncol 23(3):422—434. https://doi.org/10.1093/neuon
c/noaal96

Saito R, Kanamori M, Sonoda Y et al (2020) Phase I trial of con-
vection-enhanced delivery of nimustine hydrochloride (ACNU)
for brainstem recurrent glioma. Neuro-Oncol Adv 2(1):vdaa033.
https://doi.org/10.1093/noajnl/vdaa033

Wang JL, Barth RF, Cavaliere R etal (2020) Phase I trial of intrace-
rebral convection-enhanced delivery of carboplatin for treatment
of recurrent high-grade gliomas. PLoS ONE 15(12):e0244383.
https://doi.org/10.1371/journal.pone.0244383

Thompson EM, Landi D, Brown MC et al (2023) Recombinant
polio-rhinovirus immunotherapy for recurrent paediatric high-
grade glioma: a phase 1b trial. Lancet Child Adolesc Health
7(7):471-478. https://doi.org/10.1016/S2352-4642(23)00031-7
Chen MY, Lonser RR, Morrison PF, Governale LS, Oldfield EH
(1999) Variables affecting convection-enhanced delivery to the
striatum: a systematic examination of rate of infusion, cannula
size, infusate concentration, and tissue-cannula sealing time. J
Neurosurg 90(2):315-320. https://doi.org/10.3171/jns.1999.90.2
.0315

Georgiou CJ, Cai Z, Alsaden N et al (2023) Treatment of Ortho-
topic U251 Human Glioblastoma Multiforme Tumors in NRG
mice by convection-enhanced delivery of gold nanoparticles
labeled with the B-Particle-emitting Radionuclide, 177Lu. Mol
Pharm 20(1):582-592. https://doi.org/10.1021/acs.molpharmace
ut.2c00815

Krauze MT, Vandenberg SR, Yamashita Y et al (2008) Safety of
real-time convection-enhanced delivery of liposomes to primate
brain: a long-term retrospective. Exp Neurol 210(2):638-644.
https://doi.org/10.1016/j.expneurol.2007.12.015

Krauze MT, Saito R, Noble C et al (2005) Reflux-free cannula for
convection-enhanced high-speed delivery of therapeutic agents. J
Neurosurg 103(5):923-929. https://doi.org/10.3171/jns.2005.103
.5.0923

Fiandaca MS, Varenika V, Eberling J et al (2009) Real-time MR
imaging of adeno-associated viral vector delivery to the primate
brain. Neurolmage 47(Suppl 2):T27-35. https://doi.org/10.1016/j
.neuroimage.2008.11.012

Krauze MT, Mcknight TR, Yamashita Y et al (2005) Real-time
visualization and characterization of liposomal delivery into the
monkey brain by magnetic resonance imaging. Brain Res Brain
Res Protoc 16(1-3):20-26. https://doi.org/10.1016/j.brainresprot.
2005.08.003

Lonser RR, Schiffman R, Robison RA et al (2007) Image-guided,
direct convective delivery of glucocerebrosidase for neurono-
pathic gaucher disease. Neurology 68(4):254-261. https://doi.or
2/10.1212/01.wnl.0000247744.10990.¢6

Murad GJA, Walbridge S, Morrison PF et al (2006) Real-time,
image-guided, convection-enhanced delivery of interleukin 13
bound to pseudomonas exotoxin. Clin Cancer Res off ] Am Assoc
Cancer Res 12(10):3145-3151. https://doi.org/10.1158/1078-043
2.CCR-05-2583


https://doi.org/10.1016/j.ejpb.2022.11.003
https://doi.org/10.1016/j.ejpb.2022.11.003
https://doi.org/10.1016/j.nurt.2007.10.064
https://doi.org/10.1007/978-3-7091-6090-9_15
https://doi.org/10.1007/978-3-7091-6090-9_15
https://doi.org/10.1093/neuonc/noaa196
https://doi.org/10.1093/neuonc/noaa196
https://doi.org/10.1093/noajnl/vdaa033
https://doi.org/10.1371/journal.pone.0244383
https://doi.org/10.1016/S2352-4642(23)00031-7
https://doi.org/10.3171/jns.1999.90.2.0315
https://doi.org/10.3171/jns.1999.90.2.0315
https://doi.org/10.1021/acs.molpharmaceut.2c00815
https://doi.org/10.1021/acs.molpharmaceut.2c00815
https://doi.org/10.1016/j.expneurol.2007.12.015
https://doi.org/10.3171/jns.2005.103.5.0923
https://doi.org/10.3171/jns.2005.103.5.0923
https://doi.org/10.1016/j.neuroimage.2008.11.012
https://doi.org/10.1016/j.neuroimage.2008.11.012
https://doi.org/10.1016/j.brainresprot.2005.08.003
https://doi.org/10.1016/j.brainresprot.2005.08.003
https://doi.org/10.1212/01.wnl.0000247744.10990.e6
https://doi.org/10.1212/01.wnl.0000247744.10990.e6
https://doi.org/10.1158/1078-0432.CCR-05-2583
https://doi.org/10.1158/1078-0432.CCR-05-2583
https://doi.org/10.1097/00001756-200107030-00037
https://doi.org/10.1097/00001756-200107030-00037
https://doi.org/10.1227/01.neu.0000303199.77370.9e
https://doi.org/10.1227/01.neu.0000303199.77370.9e
https://doi.org/10.1093/neuros/nyaa301
https://doi.org/10.1093/neuros/nyaa301
https://doi.org/10.1093/noajnl/vdad044
https://doi.org/10.1093/noajnl/vdad044
https://doi.org/10.1007/s13346-020-00773-w
https://doi.org/10.1007/s13346-020-00773-w
https://doi.org/10.1215/15228517-2006-001
https://doi.org/10.1215/15228517-2006-001
https://doi.org/10.1073/pnas.91.6.2076
https://doi.org/10.1215/15228517-2007-019
https://doi.org/10.1215/15228517-2007-019
https://doi.org/10.3171/jns.2004.100.3.0472
https://doi.org/10.1186/s12885-019-6502-7
https://doi.org/10.1186/s12885-019-6502-7
https://doi.org/10.3389/fonc.2019.00966
https://doi.org/10.1007/s11060-020-03408-9
https://doi.org/10.1007/s11060-020-03408-9
https://doi.org/10.4103/ajns.AJNS_302_17
https://doi.org/10.4103/ajns.AJNS_302_17
https://doi.org/10.3390/ijms23031711
https://doi.org/10.3390/ijms23031711

Journal of Neuro-Oncology (2025) 172:219-227

227

53.

54.

55.

56.

57.

58.

59.

60.

Varenika V, Dickinson P, Bringas J et al (2008) Detection of
infusate leakage in the brain using real-time imaging of convec-
tion-enhanced delivery. J Neurosurg 109(5):874—880. https://doi.
org/10.3171/JNS/2008/109/11/0874

Bos EM, Binda E, Verploegh ISC et al (2023) Local delivery
of hrBMP4 as an anticancer therapy in patients with recurrent
glioblastoma: a first-in-human phase 1 dose escalation trial. Mol
Cancer 22(1):129. https://doi.org/10.1186/s12943-023-01835-6
Grahn AY, Bankiewicz KS, Dugich-Djordjevic M et al (2009)
Non-PEGylated liposomes for convection-enhanced delivery of
topotecan and gadodiamide in malignant glioma: initial experi-
ence. J Neurooncol 95(2):185-197. https://doi.org/10.1007/s110
60-009-9917-1

Prados MD, Yung WKA, Jaeckle KA et al (2004) Phase 1 trial of
irinotecan (CPT-11) in patients with recurrent malignant glioma:
a north American brain Tumor Consortium study. Neuro-Oncol
6(1):44-54. https://doi.org/10.1215/S1152851703000292
Mueller S, Kline C, Stoller S et al (2023) PNOCO015: repeated
convection enhanced delivery (CED) of MTX110 (aqueous
panobinostat) in children with newly diagnosed diffuse intrin-
sic pontine glioma (DIPG). Neuro-oncol. Published Online June
15:n0ad105. https://doi.org/10.1093/neuonc/noad105

Sampson JH, Singh Achrol A, Aghi MK et al (2023) Targeting the
IL4 receptor with MDNASS in patients with recurrent glioblas-
toma: results of a phase IIb trial. Neuro-Oncol 25(6):1085-1097.
https://doi.org/10.1093/neuonc/noac285

Nguyen TT, Pannu YS, Sung C et al (2003) Convective distribu-
tion of macromolecules in the primate brain demonstrated using
computerized tomography and magnetic resonance imaging. J
Neurosurg 98(3):584-590. https://doi.org/10.3171/jns.2003.98.3
.0584

Schomberg D, Wang A, Marshall H, Miranpuri G, Sillay K (2013)
Ramped-rate vs continuous-rate infusions: an in vitro compari-
son of convection enhanced delivery protocols. Ann Neurosci
20(2):59—64. https://doi.org/10.5214/ans.0972.7531.200206

61.

62.

63.

64.

65.

66.

67.

68.

Sillay KA, McClatchy SG, Shepherd BA, Venable GT, Fuehrer
TS (2014) Image-guided convection-enhanced delivery into Aga-
rose Gel models of the brain. J Vis Exp JoVE 8710.3791/51466
Saito R, Krauze MT, Noble CO et al (2006) Tissue affinity of
the infusate affects the distribution volume during convection-
enhanced delivery into rodent brains: implications for local drug
delivery. J Neurosci Methods 154(1-2):225-232. https://doi.org/
10.1016/j.jneumeth.2005.12.027

Fiandaca MS, Berger MS, Bankiewicz KS (2011) The use of con-
vection-enhanced delivery with liposomal toxins in neurooncol-
ogy. Toxins 3(4):369-397. https://doi.org/10.3390/toxins3040369
Hadaczek P, Yamashita Y, Mirek H et al (2006) The perivascular
pump driven by arterial pulsation is a powerful mechanism for the
distribution of therapeutic molecules within the brain. Mol Ther J
Am Soc Gene Ther 14(1):69-78. https://doi.org/10.1016/j.ymthe.
2006.02.018

van Solinge TS, Nieland L, Chiocca EA, Broekman MLD (2022)
Advances in local therapy for Glioblastoma - taking the fight to
the tumour. Nat Rev Neurol 18(4):221-236. https://doi.org/10.10
38/s41582-022-00621-0

Jamal A, Yuan T, Galvan S et al (2022) Insights into infusion-
based targeted drug delivery in the brain: perspectives, challenges
and opportunities. Int J Mol Sci 23(6):3139. https://doi.org/10.33
90/ijms23063139

Lu VM, Rechberger JS, Himes BT, Daniels DJ (2019) The 100
most-cited Articles about Convection-enhanced delivery to the
brain: a bibliometric analysis. World Neurosurg 129:497-502¢6.
https://doi.org/10.1016/j.wneu.2019.05.179

Aktas A, Demircali AA, Secoli R, Temelkuran B, Rodriguez Y,
Baena F (2023) Towards a Procedure-Optimised Steerable Cath-
eter for Deep-Seated Neurosurgery. Biomedicines 11(7):2008.
https://doi.org/10.3390/biomedicines11072008

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.jneumeth.2005.12.027
https://doi.org/10.1016/j.jneumeth.2005.12.027
https://doi.org/10.3390/toxins3040369
https://doi.org/10.1016/j.ymthe.2006.02.018
https://doi.org/10.1016/j.ymthe.2006.02.018
https://doi.org/10.1038/s41582-022-00621-0
https://doi.org/10.1038/s41582-022-00621-0
https://doi.org/10.3390/ijms23063139
https://doi.org/10.3390/ijms23063139
https://doi.org/10.1016/j.wneu.2019.05.179
https://doi.org/10.3390/biomedicines11072008
https://doi.org/10.3171/JNS/2008/109/11/0874
https://doi.org/10.3171/JNS/2008/109/11/0874
https://doi.org/10.1186/s12943-023-01835-6
https://doi.org/10.1007/s11060-009-9917-1
https://doi.org/10.1007/s11060-009-9917-1
https://doi.org/10.1215/S1152851703000292
https://doi.org/10.1093/neuonc/noad105
https://doi.org/10.1093/neuonc/noac285
https://doi.org/10.3171/jns.2003.98.3.0584
https://doi.org/10.3171/jns.2003.98.3.0584
https://doi.org/10.5214/ans.0972.7531.200206

	﻿A phase I study of convection-enhanced delivery (CED) of liposomal-irinotecan using real-time magnetic resonance imaging in patients with recurrent high-grade glioma
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Patient population
	﻿Study design
	﻿Procedures
	﻿Tumor coverage
	﻿Dose-limiting toxicity and dose escalation

	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿References


