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One major obstacle in the treatment of CNS tumors 
is efficient drug delivery to the intended target tis-
sue. Systemic delivery such as intravenous injec-

tion or oral administration leads to poor transit of drugs 
across the blood-brain barrier (BBB).1 Dose escalation 

of systemically administered antineoplastics, a common 
tactic to enhance target tissue availability, is limited by 
systemic toxicity and adverse side effects. Convection-en-
hanced delivery (CED) is an alternative delivery method 
that reduces the systemic exposure to drugs by directly in-
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OBJECTIVE  With increasing use of convection-enhanced delivery (CED) of drugs, the need for software that can pre-
dict infusion distribution has grown. In the context of a phase I clinical trial for pediatric diffuse intrinsic pontine glioma 
(DIPG), CED was used to administer an anti-B7H3 radiolabeled monoclonal antibody, iodine-124–labeled omburtamab. 
In this study, the authors retrospectively evaluated a software algorithm (iPlan Flow) for the estimation of infusate distri-
bution based on the planned catheter trajectory, infusion parameters, and patient-specific MRI. The actual infusate dis-
tribution, as determined on MRI and PET imaging, was compared to the distribution estimated by the software algorithm. 
Similarity metrics were used to quantify the agreement between predicted and actual distributions.
METHODS  Ten pediatric patients treated at the same dose level in the NCT01502917 trial conducted at Memorial 
Sloan Kettering Cancer Center were considered for this retrospective analysis. T2-weighted MRI in combination with 
PET imaging was used to determine the distribution of infusate in this study. The software algorithm was applied for the 
generation of estimated fluid distribution maps. Similarity measures included object volumes, intersection volume, union 
volume, Dice coefficient, volume difference, and the center and average surface distances. Acceptable similarity was 
defined as a simulated distribution volume (Vd Sim) object that had a Dice coefficient higher than or equal to 0.7, a false-
negative rate (FNR) lower than 50%, and a positive predictive value (PPV) higher than 50% compared to the actual Vd 
(Vd PET).
RESULTS  Data for 10 patients with a mean infusion volume of 4.29 ml (range 3.84–4.48 ml) were available for soft-
ware evaluation. The mean Vd Sim found to be covered by the actual PET distribution (PPV) was 77% ± 8%. The mean 
percentage of PET volume found to be outside the simulated volume (FNR) was 34% ± 10%. The mean Dice coefficient 
was 0.7 ± 0.05. In 8 out of 10 patients, the simulation algorithm fulfilled the combined acceptance criteria for similarity.
CONCLUSIONS  iPlan Flow software can be useful to support planning of trajectories that produce intraparenchymal 
convection. The simulation algorithm is able to model the likely infusate distribution for a CED treatment in DIPG pa-
tients. The combination of trajectory planning guidelines and infusion simulation in the software can be used prospec-
tively to optimize personalized CED treatment.
https://thejns.org/doi/abs/10.3171/2020.11.PEDS20571
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fusing the therapeutic agent to the desired site.2 CED has 
been used safely in clinical trials for several years for the 
treatment of brain tumors in children and adults.3,4 While 
CED has been repeatedly shown to be safe, however, most 
clinical trials of drugs for malignant primary brain tumors 
have not reproducibly demonstrated clinical benefit.5 CED 
allows for homogenous concentration throughout the dis-
tribution volume (Vd); the shape of the infusion is influ-
enced by infusion parameters and patient-specific factors 
that make this treatment unpredictable.6 iPlan Flow is an 
FDA-cleared and CE-marked software that enables clini-
cians to optimize direct infusions of a therapeutic agent. 
The software uses MRI to allow for patient-specific plan-
ning of catheter positions and to perform prospective 
simulations of drug distribution to determine the expected 
target coverage based on a preplanned catheter setup, in-
fusion parameters, and individual tissue properties. The 
algorithm has been previously described in detail and was 
initially validated for supratentorial peritumoral applica-
tions by comparison of the distribution of iodine-123–la-
beled human serum albumin (123I-HSA) in patients di-
agnosed with glioblastoma multiforme (GBM) with the 
predicted infusate distribution.7–9 Later, the software was 
adapted and revalidated in 20 infusions of gadolinium into 
the thalamus and the putamen of nonhuman primates.10

The purpose of this study was to evaluate this algo-
rithm for brainstem applications by using data of radio-
labeled infusions during the treatment of diffuse intrinsic 
pontine glioma (DIPG). PET and MRI data were collected 
as part of a phase I study conducted at Memorial Sloan 
Kettering Cancer Center (MSKCC) using a single dose 
of iodine-124–labeled omburtamab (124I-omburtamab; 
Y-mAbs Therapeutics) delivered by CED into the brain-
stem of children with DIPG. Omburtamab is a murine an-
tibody that binds to the antigen B7-H3, a transmembrane 
protein known to be overexpressed in high-grade solid 
tumors, including DIPG.11,12 Omburtamab is conjugated 
to iodine-124, a radioisotope that has positron emission 
allowing for PET imaging. In addition, the positron en-
ergy of 511 keV can deliver a radiation dose to the tissues, 
which can be therapeutic. Thus, 124I-omburtamab incor-
porates a therapeutic agent with an imaging moiety into a 
single theranostic compound. The Vd of 124I-omburtam-
ab determined for PET images (Vd PET) was compared 
to the distribution estimated by the simulation algorithm 
(Vd Sim). Similarity metrics were used to quantify the 
similarity between the actual and the estimated infusate 
distribution.

Methods
Patients and Treatment

Patients in this study were enrolled in a dose-escala-
tion, phase I, single-center trial in which CED was used 
to deliver a radiolabeled monoclonal antibody (124I-om-
burtamab) into the brainstem of DIPG patients.13 This trial 
was registered at https://clinicaltrials.gov (NCT01502917) 
and was approved by the MSKCC Institutional Review 
Board. Informed consent was obtained from all patients/
legal guardians. Dose-escalation cohorts were planned 
based on standard 3 + 3 rules, with 39 patients enrolled 

between 2012 and 2020. Patients were treated with a 
single infusion 4–14 weeks after standard conventional 
external-beam radiation therapy (5940 cGy). For the study 
described herein, analysis was confined to dose level 7, 
which included 15 patients receiving the same dose pre-
scription, but with stepwise increases in infusion rate. This 
dose level allowed for analysis of a homogeneous cohort 
at a clinically relevant infusion volume. Five patients had 
to be excluded from analysis due to lack of required MRI 
studies (n = 1) and not meeting the defined inclusion crite-
ria with respect to catheter tip location (n = 4), described 
in more detail below (Fig. 1). A total of 10 patients partici-
pated in the remaining analysis.

Catheter Placement
MRI-guided stereotactic placement of the infusion 

catheter (Brainlab Flexible Catheter) was performed un-
der general anesthesia using an MRI-compatible system 
(ClearPoint Neuro, Inc.).14,15 The insertion via a supraten-
torial route was performed using real-time intraoperative 
MR guidance with a 1.5-T Siemens scanner. A bone anchor 
was used to secure the catheter in place and the guidance 
device was removed. The infusion of 124I-omburtamab 
via CED was administered outside the MR environment 
with the child awake in a monitored setting over a period 
of several hours.

MR Imaging
MRI included pregadolinium isotropic 3D T1-weighted 

gradient echo (GRE) (slice thickness 1 mm, matrix 256 × 
256, slice spacing 0.5 mm), 2D axial T2-weighted (slice 
thickness 3 mm, matrix 512 × 256, slice spacing 3 mm), 
2D axial T2-weighted FLAIR (slice thickness 3 mm, ma-
trix 320 × 224, slice spacing 3 mm), 3D axial SWAN (slice 
thickness 1 mm, matrix 320 × 224, slice spacing 0.5 mm), 
postgadolinium 3D T1-weighted GRE (slice thickness 1 
mm, matrix 256 × 256, slice spacing 0.5 mm), and post-
gadolinium 2D axial T1-weighted FLAIR (slice thickness 
3 mm, matrix 288 × 192, slice spacing 3 mm) sequences. 
Diffusion tensor images provided input data for the simu-
lation algorithm and were acquired using an echo-planar 
imaging (EPI) sequence (35 directions, 128 × 128 matrix 
[zipped ×2]) of 2 mm, with B values of 0 and 1000 mm2/
sec. MRI was performed within 14 days prior to surgery, 
intraoperatively, and immediately after removal of the in-
fusion catheter.

PET/CT Imaging
Imaging was performed at multiple time points using a 

GE PET/CT scanner. PET/CT scans of the head followed 
by body imaging were performed within 1–6 hours, and 
then at 48 ± 24 hours, 96 ± 24 hours, and 7 ± 1 days after 
completion of infusion. Images were acquired in a 3D for-
mat with 5 minutes per field of view.

Vd After CED of 124I-Omburtamab
124I-omburtamab PET/CT imaging was used for im-

aging of antibody distribution. Distribution assessment 
generally involves using a thresholding method. Howev-
er, there is no validated standardized method for setting 
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a threshold when segmenting spatial distribution on PET 
imaging, especially for CED distribution of a radiolabeled 
antibody.16,17 Previous studies have shown that T2-weighted 
MRI allows estimation of the volume of infusate distribu-
tion after CED for patients with only minimal preexisting 
T2 signal abnormality at the injection site.18,19 Therefore, to 
overcome these limitations, T2-weighted MRI in combina-
tion with PET imaging was used to determine the location 
of infusate distribution (Fig. 1).

The following steps were applied.

Step 1—Definition of Vd Based on T2-Weighted MRI
Minimal or no preexisting T2 signal abnormality at the 

injection site in 4 patients allowed for reliable delineation 
of T2 signal change immediately after CED. A threshold-
based segmentation feature incorporated in iPlan Flow 

was used to generate the infusate distribution volumes, 
referred to as Vd T2. Figure 2 shows an example for the 
increased T2 signal intensity after CED. Image process-
ing for all 4 patients was first performed by operator 1, 
a qualified radiological technologist with over 10 years 
of experience in using iPlan Flow. Two additional opera-
tors, independently and blinded to the results of operator 
1, completed segmentation for the 4 patients. Operator 2 
was experienced in using the software, whereas operator 
3 had little experience with the method and the software. 
Operator 3 reevaluated all 4 infusions in a second run. 
Interoperator variability was estimated by calculating the 
standard deviation, the variance, and the Dice coefficients.

Step 2—Definition of PET Threshold to Match Vd Based on T2
For the 4 patients with minimal or no preexisting T2 

FIG. 1. Patient inclusion criteria and subanalysis flowchart. T2-w = T2-weighted.
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signal abnormality at the injection site, operator 3 import-
ed PET/CT scans obtained within 1–6 hours of the con-
clusion of the 124I-omburtamab infusion into iPlan Flow 
software to determine the percentage threshold required 
to obtain the best match between PET and Vd T2 volumes. 
The PET signal for 124I-omburtamab infusion was dis-
played as uptake in becquerel per milliliter. An automatic 
segmentation method was used to generate objects at 10%, 
20%, 30%, 40%, 50%, and 60% of the maximum uptake 
value. The threshold value of 30% was found to be most 
useful when looking at volume differences from the Vd T2 
volume. Intervals were then incrementally adjusted around 
that threshold value to determine the best match threshold 
for each of the 4 patients. Finally, the mean of the best 
match threshold values was calculated and applied in the 4 
patients again. The resulting objects were then compared 
with respect to their geometrical and volumetric differ-
ences from the Vd T2 volume. Metrics used for compari-
son are described in the Comparison of Objects section.

Step 3—Segmentation of Spatial 124I-Omburtamab Distribution
The threshold determined in step 2 was then applied 

by operator 3 in all patients for automatic segmentation 
of the spatial 124I-omburtamab distribution, referred to 
as Vd PET.

Generation of Simulation Volumes
Operator 1, who was blinded to the results of PET im-

aging, analyzed the intraprocedural MRI scans to identify 
the actual catheter position on MRI and added a digital 
trajectory. Before simulating the infusate distribution, 
cavities were segmented based on 3D T1-weighted MRI. 
These fluid-filled structures are prone to cause pooling 
and/or leakage of the infusate and therefore prevent intra-
parenchymal convection.5 The segmentation results were 
verified by medical experts (M.M.S. and E.D.B.). A mini-
mum distance of 0.5 cm from the catheter tip to potential 
leakage pathways is recommended in the literature and 
was defined as an inclusion criterion in this project.20 iPlan 
Flow allows for geometrical visualization of this minimal 
distance and provides a warning for catheters not meeting 
this criterion (Fig. 3). As the simulation result is valid for 
trajectories within parenchyma, with sufficient distance 

from the catheter tip to potential leakage/pooling path-
ways, patients with an active warning were excluded from 
further analysis (n = 4). MR images for the remaining 11 
patients were then passed to operator 3 for generation of 
the simulation volumes using the algorithm previously de-
scribed by Rosenbluth et al.10

The algorithm uses information derived from diffusion 
tensor imaging (DTI) to estimate tissue properties such as 
pore fraction and hydraulic conductivity.10 DTI was lack-
ing for 1 patient, which resulted in a total of 10 patients 
with all data available for further analysis. The outer di-
ameter of the catheter used in this study increased in two 
steps from 0.67 mm at the proximal tip to its widest outer 
diameter of 2.11 mm at the distal catheter shaft. An outer 
diameter of 1 mm was chosen in the software settings to 
most closely match the catheter dimensions at the proxi-
mal stepped tip. A stepped flow rate plan with 10-minute 
intervals was used until the maximum flow rate of 10 µl/
min was reached. In the simulation software, an average 
overall flow rate calculated from the duration of infusion 
and the total infusion volume was used for each patient. 
The resulting infusate distribution estimation was referred 
to as Vd Sim.

Comparison of Objects
ObjectComparer, a software developed by Brainlab 

for the validation of medical segmentation, was used to 
compare the objects of interest to their reference objects. 
The following parameters were used for analysis: object 
volumes, intersection volume, union volume, Dice coef-
ficient, volume difference, and center and average surface 
distance. The Dice coefficient was calculated to measure 
the similarity of the objects of interest to their reference 
objects. The Dice coefficient ranges between 0 and 1, 
where 0 indicates no overlap and 1 indicates exact over-
lap.21 A value of 0.7 is defined as clinically acceptable22 ac-
cording to this equation, for which TP is true positive, FP 
is false positive, and FN is false negative: Dice coefficient 
= (2 × TP)/[(2 × TP) + FP + FN].

Overlap-based metrics defined as TPs, FPs, and FNs 
(Fig. 4A) were used for comparison of Vd Sim to Vd 
PET.23 Positive predictive value (PPV) was defined as the 
percentage of Vd Sim that was found to be covered by Vd 

FIG. 2. Screenshot showing the virtual trajectory (red dashed lines) overlaid on an axial view 2D T2-weighted MR image. A: Base-
line scan shows minor preexisting T2 signal abnormality at the injection site. B: Postinfusion scan shows outline (turquoise-out-
lined area) of visually increased signal area after injection of 124I-omburtamab.
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PET. The FN rate (FNR) was defined as the percentage of 
Vd PET that was outside Vd Sim.

The acceptance criteria were met if the comparison of 
Vd PET objects to the Vd Sim objects resulted in a Dice 
coefficient greater than or equal to 0.7, if the FN rate was 
lower than 50%, and if the mean PPV was higher than 
50%.10

The following distance metrics were not part of the 
acceptance criteria, but a smaller value suggests a lower 
distance and therefore greater similarity between the 
compared objects (Fig. 4B). The average surface distance 
(AD) is the average of all distances between the surfaces 
of the two objects A and B and is defined as AD(A, B) = 
max[d(A, B), d(B,A)], with

The center distance (CD) describes the Euclidean dis-
tance between the two centers of mass of two objects. 
Each center of mass is calculated using the volume of the 
individual object.

Results
Patient Demographics

Ten children (6 female, 4 male; age range 3–11 years, 
mean 7.0 ± 2.3 years) were treated at the same dose level, 
dose level 7, as in the NCT01502917 study and completed 
analysis in this subgroup study. The mean infusion vol-
ume in the 10 patients was 4.29 ml (range 3.84–4.48 ml), 
infused over several hours (mean 710 minutes, range 469–
918 minutes). This dose level within the trial was chosen 

for analysis in order to maintain uniformity in treatment 
parameters (prescribed dose of 4 mCi, maximal flow rate 
of 10 µl/min) and a clinically relevant infusion volume.

Determination of Vd After CED of 124I-Omburtamab
In order to define a threshold for Vd PET, 4 patients 

with minimal pre-CED T2 signal were used to identify 
the threshold that best matched Vd PET and Vd T2. De-
lineation of the T2 signals induced by CED in these 4 pa-
tients was robust. Interoperator variability showed an SD 
in volume of 1.3 cm3 for an average T2 volume of 11.5 cm3 
and a variance of 1.1 between the three operators. Dice co-
efficients ranging from 0.7 to 0.9 were measured between 
the outcomes of operators 1 and 3.

Vd T2 objects segmented by operator 1 were used as 
reference objects for quantitative comparison with objects 

FIG. 3. Screenshot of the images from a patient whose data were excluded from further analysis due to a software distance warn-
ing that the catheter tip was planned too close to the potential leakage pathway. A: Image showing the autosegmented fluid-filled 
areas (turquoise), as well as a virtual catheter trajectory (red dashed line) and the guideline (red circle at virtual catheter tip) of the 
recommended minimal distance of 0.5 cm from the catheter tip to the fluid-filled spaces overlaid on a coronal view 3D T1-weighted 
MR image. A warning text box (“Check distance from tip to CSF”) actively notifies the user that the catheter tip is planned too close 
to the potential leakage pathway. B: The actual infusion derived from this catheter is shown on the PET image. The focal increased 
PET activity corresponds with pooling of the infusate within the cystic compartment of the outlined area. C: Schematic of the 
catheter tip to the CSF distance guideline.

FIG. 4. A: Visualization of metrics used to compare simulated volume 
(Vd Sim) to distribution volume as determined based on PET imaging 
(Vd PET). The TP region was defined as the intersecting volume be-
tween Vd Sim and Vd PET. The FN volume was described by Vd PET 
minus the intersecting volume (TP). The FP was defined by Vd Sim 
minus the intersecting volume (TP). B: Visualization of the theory behind 
the CD and AD.
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generated at different PET thresholds. Table 1 shows each 
of the 4 patients with the PET threshold that best matched 
the volume of the reference object. The mean optimal 
threshold for these patients was 27% ± 1.4%. Dice coef-
ficients of 0.9 ± 0.1 were measured between the volumes 
generated with a 27% threshold and the volumes of the ref-
erence objects (Table 1). This result led to the conclusion 
that a threshold of 27% was useful for autosegmentation of 
the distribution of 124I-omburtamab based on PET signal.

Comparison of Vd PET at the 27% Threshold and Vd Sim
Applying the 27% threshold, Vd PET volumes were cal-

culated for all patients in the cohort. These volumes were 
then compared with the iPlan Flow simulated volumes for 

the 10 patients that met inclusion criteria (Fig. 5). Table 2 
characterizes the similarity and spatial overlap of distribu-
tion determined based on iPlan Flow simulation and PET 
imaging using the 27% threshold. Eight of the 10 patients 
met all acceptance criteria. For 9 of 10 patients, more than 
50% of the Vd Sim was found to be covered by the PET 
volume (PPV) and less than 50% of the PET volume was 
outside the simulated volume (FNR). For 2 patients, the 
Dice coefficient was less than 0.7. These 2 patients were 
just outside the combined acceptance criteria. The Dice 
coefficient for both of these patients was 0.6, and the per-
centage of Vd PET that was outside Vd Sim (FNR) was not 
below 50% for 1 patient. The mean PPVs for these patients 
were still high, 70% and 80%, respectively. Vd Sim corre-

TABLE 1. Definition of PET threshold for segmentation of the distribution of 124I-omburtamab, based on PET signal, and comparison 
between Vd PET at 27% and operator 1 reference Vd T2 object

PET Threshold Definition* Vd PET at 27% & OP 1 Ref Vd T2 Object comparison
Object Vol of OP 1 
Ref T2 Object (cm3)

Optimal PET 
Threshold† (%)

Object Vol at Optimal 
PET Threshold (cm3)

Object Vol Vd PET 
at 27%‡ (cm3)

Intersecting 
Vol (cm3)

Union Vol 
(cm3)

Dice 
Coeff

CD 
(mm)

Vol  
Diff (cm3)

Pt no.
  23 11.8 26 10.7 10.5 9.5 12.4 0.9 1.7 1.2
  25 12.7 27 12.9 12.9 10.0 15.0 0.8 2.7 0.2
  27 9.7 29 9.8 10.6 8.5 11.3 0.8 1.5 0.9
  31 9.8 26 9.9 9.6 8.3 10.7 0.9 1.4 0.2
Mean 11.0 27 10.8 10.9 9.1 12.4 0.9 1.8 0.6
SD 1.5 1.4 1.4 1.4 0.8 1.9 0.1 0.6 0.5

Coeff = coefficient; Diff = difference; OP = operator; pt = patient; ref = reference. 
* To define a threshold for Vd PET, 4 patients with minimal pre-CED T2 signal were used to identify the threshold that best matched Vd PET and Vd T2.
† PET threshold resulting in best volumetric match between Vd PET and OP 1 reference T2 object. 
‡ 27% = mean optimal PET threshold. 

FIG. 5. Screenshot of the simulation software showing simulated volume (green) and Vd PET at 27% (yellow) overlaid on 3-plane 
view 3D T1-weighted MR images in 2 representative patients. A: The combined acceptance criteria were met in this patient. Infu-
sion of 3.84 ml over a duration of 13 hours produced a Vd PET volume of 10.5 cm3, similar to the Vd Sim of 10.4 cm3; 76% of the 
simulated volume was found to be covered by the PET volume (PPV), and 25% of the PET volume was not part of the simulated 
volume (FNR). B: Infusion of 4.38 ml into the brainstem over a duration of 8 hours produced a Vd PET at 27% volume of 16.2 cm3, 
whereas the Vd Sim was 9.0 cm3. The PPV was acceptable at 84%; however, the FNR was 53% and therefore the combined ac-
ceptance criteria were not met in this patient.
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lated with the geometry of Vd PET at 27%, but the volume 
difference was too high and caused the mismatch. Overall, 
the mean PPV for all 10 patients was 77% ± 8% and the 
mean FNR was 34% ± 10%. The mean Dice coefficient 
was 0.7 ± 0.05, the average CD was 3.9 ± 1.3 mm, and 
AD was 2.4 ± 0.5 mm. These data show a strong overall 
agreement. Figure 5 shows two representative cases, one 
in which the patient met the combined acceptance criteria 
(Fig. 5A) and one in which the patient did not (Fig. 5B).

Discussion
In this study, the iPlan Flow infusion simulation algo-

rithm was evaluated for use in the pediatric brainstem by 
comparing simulated outcomes with actual radiolabeled 
antibody infusions for the treatment of DIPG. The distri-
bution of 124I-omburtamab as determined on PET im-
ages was compared to the distribution estimated by the 
simulation algorithm. Similarity metrics were used to 
quantify the similarity between the actual and the esti-
mated infusate distribution. The combined acceptance 
criteria were met for 8 out of the 10 evaluated patients. 
In addition, the mean PPV (77%) and FNR (34%) were 
better than the values found in the previous validation 
of this algorithm for putamen and thalamus applications 
(73% and 40%, respectively).10 However, there were some 
deviations in volume and shape between Vd PET and Vd 
Sim that were likely due to the cumulative effect of mul-
tiple variables. The outcome of the interuser variability 
for T2 volumes demonstrated good overlap between us-
ers. Nevertheless, small differences could influence the 
accuracy of the defined PET threshold and therefore the 
reference standard. In addition, the method to define a 
PET percentage threshold has not been externally vali-
dated. Furthermore, resolution of PET imaging compared 
to MRI is relatively low and may lead to differences. It 
also remains unknown if predictive algorithms or actual 
distribution patterns may differ depending on differences 
in cellular affinity of therapeutic agents, even if infusion 
parameters remain constant. In this particular trial, the 

monoclonal antibody is a known bioactive substrate and 
the distribution of inert antineoplastics may differ. Even 
with all of these contributing factors, the simulation al-
gorithm achieved strong overall agreement with actual 
distribution. For all patients, Vd Sim correlated with the 
geometry of Vd PET at 27%. The mean distance between 
the centroids of the two objects, 3.9 mm, was small. For 
context, the average longest diameter of the Vd PET ob-
ject at 27% was 35.5 mm, which is approximately 9 times 
higher than the average centroid shift between the Vd 
PET and Vd Sim objects. This gives a broad comparative 
measure of the objects and relative differences and shows 
a good match. This evaluation was based on one cohort 
within this study that had sufficient uniformity of infusion 
parameters in a large enough data set for analysis. While 
this is a limitation of how broadly this algorithm applies to 
different clinical settings, it should be noted that previous 
validations have been performed for different molecules 
and volumes/clinical parameters.9,10 Catheters in this study 
with their tips less than 0.5 cm from cystic/necrotic re-
gions were excluded from analysis due to the likelihood of 
leakage and/or pooling (Fig. 3B). Catheter tip placement 
should be planned to be more than 0.5 cm from fluid-filled 
leakage pathways in order to avoid potential leakage and/
or pooling.20 The software can provide a warning during 
the planning phase to minimize the risk of this complica-
tion (Fig. 3A and B).

The purpose for utilizing the software prospectively 
for planning CED within the brainstem is twofold: first, to 
warn of trajectories unlikely to provide intraparenchymal 
convection, due to leakage, and second, to estimate the 
likely fluid distribution and target coverage for acceptable 
trajectories. Segmentation of potential leakage pathways 
and 3D visualization of user-defined minimal distances 
from the catheter tip to a defined leakage pathway while 
planning support the user in identifying suitable trajecto-
ries. A warning will appear automatically if the catheter is 
too close to fluid-filled regions. For target coverage evalua-
tion, a 1- or 2-cm margin around a predefined target object 

TABLE 2. Volume, similarity, and spatial overlap of Vd PET at 27% and Vd Sim 

Vd PET  
27% (cm3)

Vd Sim 
(cm3)

Intersecting 
Vol (cm3)

CD  
(mm)

AD  
(mm)

Vol Diff 
(cm3)

Acceptance criteria for similarity
Dice Coeff FNR (%) PPV (%)

Pt no.
  23 10.5 10.4 7.9 3.7 1.9 0.2 0.8 25 76
  24 13.9 10.9 7.6 4.3 3.4 3.0 0.6 45 70
  25 12.9 11.8 8.4 2.9 2.5 1.1 0.7 35 71
  26 11.0 10.8 7.9 3.6 2.2 0.2 0.7 29 73
  27 10.6 11.1 7.8 4.5 2.3 0.6 0.7 26 71
  30 14.5 9.0 8.1 2.2 2.3 5.5 0.7 44 90
  31 9.6 11.6 7.3 5.1 2.6 2.0 0.7 23 63
  32 11.6 10.7 8.2 4.1 2.1 0.9 0.7 30 76
  36 15.2 11.7 10.2 1.7 1.8 3.5 0.8 33 88
  37 16.2 9.0 7.5 6.4 3.2 7.2 0.6 53 84
Mean 12.6 10.7 8.1 3.9 2.4 2.4 0.7 34 77
SD 2.2 1.0 0.8 1.3 0.5 2.3 0.05 10 8
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can be visualized and the predicted coverage information, 
based on the percentage of target volume that overlaps 
with the simulation result for a given trajectory, is calcu-
lated and shown. Given the demonstrated similarity be-
tween simulated and actual infusion volumes described in 
this study, testing a few different infusion scenarios allows 
the user to estimate and optimize target coverage prior to 
the procedure.

Conclusions
In conclusion, implemented guidelines in iPlan Flow 

aid to minimize the risk of infusate leakage and therefore 
support planning of trajectories that produce intraparen-
chymal convection. The simulation algorithm models the 
likely infusate distribution for a CED treatment in DIPG 
patients. The combination of trajectory planning guide-
lines and infusion simulation in the software can be used 
prospectively to enable optimization of personalized CED 
treatment.
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