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OBJECTIVE In the brainstem, there are concerns regarding volumetric alterations following convection-enhanced delivery (CED). The relationship between distribution volume and infusion volume is predictably greater than one. Whether
this translates into deformational changes and influences clinical management is unknown. As part of a trial using CED
for diffuse intrinsic pontine glioma (DIPG), the authors measured treatment-related volumetric alterations in the brainstem and ventricles.
METHODS Enrolled patients underwent a single infusion of radioimmunotherapy. Between 2012 and 2019, 23 patients
with volumetric pre- and postoperative day 1 (POD1) and day 30 (POD30) MRI scans were analyzed using iPlan® Flow
software for semiautomated volumetric measurements of the ventricles and pontine segment of the brainstem.
RESULTS Children in the study had a mean age of 7.7 years (range 2–18 years). The mean infusion volume was 3.9
± 1.7 ml (range 0.8–8.8 ml). Paired t-tests demonstrated a significant increase in pontine volume immediately following
infusion (p < 0.0001), which trended back toward baseline by POD30 (p = 0.046; preoperative 27.6 ± 8.4 ml, POD1 30.2
± 9.0 ml, POD30 29.5 ± 9.4 ml). Lateral ventricle volume increased (p = 0.02) and remained elevated on POD30 (p =
0.04; preoperative 23.5 ± 15.4 ml, POD1 26.3 ± 16.0, POD30 28.6 ± 21.2). Infusion volume had a weak, positive correlation with pontine and lateral ventricle volume change (r2 = 0.22 and 0.27, respectively). Four of the 23 patients had an
increase in preoperative neurological deficits at POD30. No patients required shunt placement within 90 days.
CONCLUSIONS CED infusion into the brainstem correlates with immediate but self-limited deformation changes in the
pons. The persistence of increased ventricular volume and no need for CSF diversion post-CED are inconsistent with
obstructive hydrocephalus. Defining the degree and time course of these deformational changes can assist in the interpretation of neuroimaging along the DIPG disease continuum when CED is incorporated into the treatment algorithm.
https://thejns.org/doi/abs/10.3171/2019.10.FOCUS19679
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C

onvection-enhanced delivery (CED) is currently
under investigation as a technique to bypass the
blood-brain barrier and maximize drug delivery to
the brain. Preclinical and initial clinical work has demonstrated that the relationship between infusion volume and
distribution volume is greater than one and can be affected
by a number of factors including infusion rate, cannula
size, tissue substrate, and other variables.2,4,8,10,11,14,16,21,22
The conformational or pressure alterations that occur fol-

lowing infusion of interstitial fluid during CED treatment
remain poorly understood.1,10,21,24 These concerns are justifiably heightened in compact compartments such as the
brainstem. Conformational changes could risk compression of important brainstem structures including cranial
nerve nuclei or corticospinal tracts, could pose a risk of
hydrocephalus due to compression of the fourth ventricle,
and could have an influence on the interpretation of posttreatment imaging.

ABBREVIATIONS CED = convection-enhanced delivery; CTCAE = Clinical Terminology Criteria for Adverse Events; DIPG = diffuse intrinsic pontine glioma; POD = postoperative day.
SUBMITTED August 28, 2019. ACCEPTED October 7, 2019.
INCLUDE WHEN CITING DOI: 10.3171/2019.10.FOCUS19679.
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As part of an ongoing clinical trial using CED for children with diffuse intrinsic pontine glioma (DIPG),20 we
sought to measure any treatment-related volumetric alterations in the human brainstem and determine if those
changes had bearing on the patient’s clinical condition and
CSF circulation. Using a semiautomated algorithm, volumetric measurements were performed and results were
correlated with preoperative findings, infusion volume,
and clinical outcomes.

Methods

Patient Selection
Patients in this study were enrolled in a phase 1 singlecenter clinical trial using 124I-8H9 monoclonal antibody
(124I-Omburtamab, Y-mAbs Therapeutics) administered
by CED. All patients were radiographically diagnosed
with DIPG and were previously treated with external
beam radiation therapy. The trial was registered at http://
clinicaltrials.gov (no. NCT01502917) and was approved
by the IRB of the Memorial Sloan Kettering Cancer Center. Informed consent was obtained from all patients or
their parents/legal guardians. Between 2012 and 2019,
39 patients were enrolled in this trial. For this retrospective review, we excluded patients below dose level 3 due
to small infusion volumes (n = 7), patients who received
multiple infusions/treatments (n = 5), and patients lacking
volumetric pre- and postoperative imaging (n = 4). Twenty-three patients were included (13 girls and 10 boys, age
range 3–18 years, mean 7.7 years).
Surgical Technique/Complication Grading
The CED intervention was a single interstitial infusion of the radioimmunotherapeutic agent into the central
region of the DIPG. This was performed using a supratentorial trajectory with intraprocedural MRI-guided
stereotactic placement (Clearpoint®, MRI Interventions,
Inc.) of a small-caliber infusion catheter (Brainlab flexible
catheter, Brainlab), as previously described.20 The maximal infusion rate for all patients did not exceed 10 ml/min.
Volumes of infusion were prescribed according to the assigned dose level within the clinical trial.
An evaluation period of 30 days was used to report
on treatment-related toxicity. Toxicity was assessed and
graded according to the Clinical Terminology Criteria for
Adverse Events (CTCAE, version 4.0). Grade 2 or greater
adverse events were considered for postoperative analysis.
MRI and Analysis
For the imaging analysis, a 3D T1-weighted gradient
echo brain MRI scan (slice thickness 1 mm, matrix 256 ×
256, slice spacing 0.5 mm, field of view 22 cm) was performed within 14 days prior to catheter placement, as well
as on postoperative day 1 (POD1) and day 30 (POD30)
after drug infusion. Data were acquired using a 3-T GE
Signa scanner (GE Healthcare).
MRI scans were imported into iPlan® Flow planning
software (Brainlab) for analysis (Fig. 1). Volumetric measurements of the brainstem, pons, and ventricular system
were performed using the following method.
First, an automatic brainstem and ventricle segmenta2

tion was applied by means of a built-in knowledge-based
segmentation approach that identifies brain structures in
the patient’s data set and matches them to an atlas data
set, in which the structures are already outlined. Using the
atlas, the software finds the point-to-point correspondence
of the patient’s data set and the atlas data and transfers all
outlined structures of the atlas into the patient data. The
link between the patient’s data set and the atlas data is not
a rigid transformation, so that it recognizes the differences
in shape and size of the anatomical structures. The atlas set
is transformed elastically in such a way that the similarity
of the data sets increases. Although this method has been
successfully applied in adult brain segmentation, segmentation of the pediatric brain structures required modification of the automatically generated objects. Therefore, in a
second step, SmartShaper, an advanced tool incorporated
into iPlan for deformation of anatomical objects in three
dimensions, was applied. Using SmartShaper, the user can
elastically stretch and shrink contoured objects in axial,
coronal, and sagittal views at one time for the intelligent
update of objects in 3D space.5,23 Similar to atlas-based
segmentation, SmartShaper lays a grid of invisible control
points over the object to be adapted. The grid of control
points can be manually pushed or pulled. As the grid is deformed, so is the corresponding object, as it is connected
to the grid in all three dimensions.
In a third step, the brainstem object generated in step 2
was modified using SmartShaper to give the pons volume.
For segmentation of the pons we defined the pontomesencephalic and bulbopontine sulci as the limits between the
mesencephalon and the pons, and between the pons and
the medulla, respectively.
For evaluation of ventricular volumes, the ventricles
were separated into two objects: 1) lateral/third ventricles,
and 2) fourth ventricle. Due to direct compression of the
fourth ventricle, the volume of the fourth ventricle is expected to decrease after treatment. However, the lateral/
third ventricles are predicted to increase in overall volume, theoretically due to the indirect effect of diminished
CSF flow through the compressed fourth ventricle. Due
to these divergent volumetric changes in the lateral and
fourth ventricles, assessing the ventricular system as a
single object would dilute the expected changes. For parcellation of the ventricular system, an angulation of the
MRI scan parallel to the line through the anterior and posterior commissures (AC-PC line) was chosen. With this
angulation, we defined the upper level of the pons as the
axial boundary between the lateral/third ventricle and the
fourth ventricle. Using the splitting object functionality
in iPlan Flow, the ventricular system object was divided
along this boundary to give the lateral/third ventricle and
the fourth ventricle objects. The results were verified by
an experienced neurosurgeon (M.M.S.).
Volumes of each segmented object were automatically
calculated and displayed by iPlan Flow. These measurements were longitudinally determined and also reported
as a percentage change on POD1 and POD30 relative to
the preoperative baseline value.
Statistical Analysis
Paired t-tests were used to compare preoperative and
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FIG. 1. MR images showing semiautomated volumetric assessment of the brainstem (A–C), pons (D–F), and ventricles (G–I), and
3D representation of the brainstem and pons (J).

postoperative (POD1 or POD30) brainstem/pontine/ventricular volumes. Linear regressions were plotted and
Pearson’s coefficients calculated using Microsoft Excel
(Microsoft Corp.). Using two-tailed t-tests, univariate
analysis was performed to assess for a difference in preoperative factors of age at treatment, infusion volume, and
baseline tumor volume between patients who had greater
than the median or less than/equal to the median change
in pontine/ventricular volume on POD1. Correlation of
tumor volume and change in pontine or ventricular volume was restricted to a group of patients at dose levels 7,
7.1, and 7.2, all of whom had relatively constant infusion
volumes (range 3.8–4.5 ml), although escalating infusion
rates (n = 13). A p value < 0.05 was considered statistically
significant.

Results

Demographics
Twenty-three patients were included in this study (13
girls, 10 boys). The ages ranged from 3 to 18 years (mean
7.7 years). The mean CED infusion volume for the cohort

was 3.9 ± 1.7 ml (range 0.8–8.8 ml). Twelve patients had
preoperative neurological deficits, while the remaining 11
were neurologically intact at baseline. Preoperative volumetric data are displayed in Table 1. There was no statistical difference in baseline tumor volume in patients with
baseline neurological deficits compared to those without
baseline deficits (p = 0.21).
Deformation of Brainstem and Ventricular Change
Figures 2 and 3 demonstrate individual patients’ brainstem (Fig. 2, left), pontine (Fig. 2, right), lateral ventricle
(Fig. 3, left), and fourth ventricle (Fig. 3, right) volumes
over time (before CED, at POD1, and at POD30).
Compared to preoperatively, on POD1 there was a statistically significant increase in the volume of the brainstem (preoperative 39.5 ± 9.9 ml, POD1 41.9 ± 9.9 ml; p <
0.0001) and pons (preoperative 27.6 ± 8.4 ml, POD1 30.2
± 9.0 ml; p < 0.0001). By POD30, the volume of the brainstem compared to preoperatively was no longer significantly higher (POD30 41.3 ± 10.9 ml; p = 0.12), and while
the pons remained statistically different, that difference
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TABLE 1. Demographics of study population
CED
Preop Vol (ml)
Age Infusion
Variable (yrs) Vol (ml) Tumor Brainstem Ventricular Pontine
Average
Min
Max
SD

7.7
3.6
18.0
3.7

3.9
0.8
8.8
1.7

19.9
6.0
48.7
11.3

39.5
26.0
67.0
9.9

24.6
8.7
67.5
14.7

27.6
15.1
50.1
8.4

had decreased (POD30 29.5 ± 9.4 ml; p = 0.046). While
the brainstem and pontine volume changes on POD1 compared to preoperatively demonstrated a moderate correlation (r2 = 0.63), the percentage volume change in the pons
was significantly larger than that of the brainstem volume
change (p = 0.0005). This suggests that pontine volume
change is a more sensitive indicator for effects of CED
than brainstem volume change.
Ventricular volume was assessed at the level of both
the direct, compressive effect of CED on the infratentorial fourth ventricle, and the more global effect of the
CED treatment on the supratentorial lateral/third ventricle
size. The change in volume of the fourth ventricle trended toward significance on POD1 (p = 0.065) and was not
significant by POD30 (p = 0.25). In contrast, the lateral
ventricles demonstrated a significant increase in volume
POD1 (p = 0.02), and this remained statistically significant
on POD30 compared to preoperatively (p = 0.04; preop-

erative 23.5 ± 15.4 ml, POD1 26.3 ± 16.0 ml, POD30 28.6
± 21.2 ml).
Infusion Volume and Immediate Conformational Changes
Linear regression analysis demonstrated a weak, positive correlation of infusion volume with percentage change
in pontine volume on POD1 (R2 = 0.22). A similarly weak,
positive correlation existed between infusion volume and
change in lateral ventricle volume on POD1 (R2 = 0.27;
Fig. 4). However, the change in pontine or ventricle size
on POD30 compared to preoperatively had a negligible
correlation with infusion size (R2 = 0.01 and 0.07, respectively).
The percentage change in pontine volume on POD1
demonstrated a weak, positive correlation with percentage change in the lateral ventricle volume on POD1 (R2
= 0.26). Furthermore, while infusion volume did not correlate significantly with POD30 change in lateral ventricle
volume, there was a moderate, positive correlation between POD30 lateral ventricle volume percentage change
and POD1 percentage change in the lateral ventricle (R2
= 0.59), and weak positive correlations with percentage change in pontine volume on POD1 (R2 = 0.20) and
POD30 (R2 = 0.40; Fig. 5).
Univariate analysis was performed to assess factors
predictive of patients who had greater than the median percentage change in pontine or ventricular volume on POD1
(Table 2). We found a statistically significant difference in
infusion volume of patients with greater than the median
percentage change in pontine volume compared to those
with less than or equal to the median change in pontine

FIG. 2. Brainstem (left) and pontine (right) volume change over the course of treatment. The dotted red line represents the mean
for each time point in the cohort, with red error bars representing the standard error of the mean (SEM). The p values were calculated using the paired t-test.
4
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FIG. 3. Lateral (left) and fourth (right) ventricle volume change over the course of treatment. The dotted red line represents the
mean for each time point in the cohort, with red error bars representing the SEM. The p values were calculated using the paired
t-test.

volume (p = 0.009). There was no significant difference
in age between these two groups (p = 0.086), nor baseline
tumor volume (p = 0.18). For change in ventricular size,
patient age, infusion volume, and tumor volume were not
significantly different in patients with greater than the median percentage change in ventricular volume compared
to those with less than or equal to the median ventricular
volume change (p = 0.65, 0.084, and 0.13, respectively).
Preoperative Tumor Volume and Deformational Changes
Preoperative tumor volume demonstrated a weak, positive correlation with preoperative lateral ventricle volume
(R2 = 0.27). However, when controlling for infusion volume by examining only patients with a similar infusion
volume, the preoperative tumor volume demonstrated neg-

ligible correlation with POD1 percentage change in pontine (R2 = 0.09) or lateral ventricle (R2 = 0.005) volume.
These correlations also remained negligible when including the entire cohort for analysis.
Clinical Outcomes
In general, the CED infusions were tolerated without
long-term neurological compromise. In a subset of patients
(n = 6), CTCAE grade 2 or greater motor/cranial nerve
findings, such as hemiparesis, facial nerve palsy, or dysarthria/dysphagia, were observed on POD1. On POD30, 4 of
those patients (17%) still had grade 2 or greater worsened
neurological status (i.e., increased hemiparesis or cranial
nerve palsy) compared to pretreatment baseline. However,
patients with preoperative neurological deficits tended

FIG. 4. Infusion volume demonstrated weak, positive correlations with change in pontine (left) and lateral ventricle (right) volume
on POD1.
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FIG. 5. Lateral ventricle volume change demonstrated positive correlations with pontine volume change at POD1 and POD30 as
well as between POD1 and POD30 lateral ventricle volume change.

to have a higher risk of developing these post-CED deficits. All 4 patients with worsened neurological status on
POD30 had these deficits at baseline but to a lesser degree
(4/12, 33%), while patients who had no baseline deficits
never developed neurological deficits post-CED in this cohort (0/11, 0%; p = 0.09).
The percentage change in pontine volume did not demonstrate a significant relationship to postoperative deficits.
On POD1, patients with pontine volume changes below the
median had a higher proportion of neurological deficits
than those with pontine volume changes greater than the
median (4/13 [30%] vs 2/10 [20%]; p = 0.66). Patients with
increased pontine size on POD30 compared to baseline
also did not demonstrate a statistically significantly higher
proportion of postoperative deficits than patients with a
decreased pontine size compared to preoperative baseline
(28.6% vs 0%, p = 0.268).
Headaches occurred in 8 patients (34%). No patients
had symptomatic elevated intracranial pressure that necessitated medical or surgical treatment. No patients required
shunt placement within 90 days following the CED procedure.

Discussion

DIPG represents the most common form of brainstem
glioma in children and carries a dismal prognosis. The median survival duration for children with DIPGs is less than
12 months, despite decades of clinical trial development.3
6

Efficient drug delivery to the target tissue is commonly cited as a therapeutic obstacle in primary tumors of the brain
and brainstem. CED is one form of direct drug delivery
that bypasses the blood-brain barrier and potentiates drug
concentration in the site of interest while avoiding systemic exposure. Preclinical studies using CED paved the way
for clinical introduction.2,4,7,10,11,14,16–19,24–26 Limited clinical
experience led to development of a systematic clinical trial
aimed at assessing the tolerance of CED in the brainstem,
which has now validated the infusion parameters and theoretical principles in children with DIPG.20
Studies in nonhuman primates and canines with brain
tumors employing CED in the supratentorial compartments have demonstrated detectable but transient regional
increases in pressure with compression of the lateral ventricles.21 These changes have not been characterized in the
human brainstem. Furthermore, due to the more compact
nature of the brainstem, these types of alterations might
be less well tolerated. The objective of this study was to
characterize conformational alterations and effects on
clinical outcome and ventricular flow after CED in the human brainstem. Our findings as they relate to pontine volumetric changes are logical. Some proportional increase in
brainstem size per infused unit volume was anticipated.
This relationship, however, had not been previously characterized. The volumetric expansion of the pontine segment of the brainstem was also logically believed to impart physical stresses on the fourth ventricle with possible
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TABLE 2. Univariate analysis of factors related to greater than
the median change in pontine/lateral ventricular volume on POD1
Factor

Pontine Change

Lateral Ventricular Change

Age
Infusion vol
Preop tumor vol

0.086
0.009*
0.180

0.648
0.084
0.128

The p values were calculated using a two-tailed t-test.
* Statistically significant difference (p < 0.05).

interruption of CSF circulatory pathways. Our results suggest that this is also, in fact, true.
The relevance of our findings is threefold. First, it provides clarity in the interpretation of MRI scans performed
shortly after CED. Specifically, increases in brainstem
volume detected on postinfusion imaging can be more
confidently attributed to treatment effect and not disease
progression. Other imaging features including the degree
of contrast enhancement or new exophytic components,
which were not systematically reviewed in our study,
might be important in distinguishing between expected
infusion-related brainstem increases and disease progression. Furthermore, understanding the dynamic readjustments in brainstem volume with more frequent data points
will be important in interpreting the timeline of disease
response or progression. The return toward baseline in
brainstem volume does support the feasibility to use serial,
repeat infusions.9,12,15 However, multiple factors will play a
role in the safety of repeat infusions, and the timeline for
these repeat infusions remains unclear. The relationship
we detailed between infusion volume and pontine/ventricular changes suggests a need for caution with continuous large-volume infusions within the brainstem. There
remains a concern that large-volume, continuous infusion
could cause large conformation/pressure changes, with no
clear plateau in these changes yet identified.
A second meaningful finding was the consistent but
modest increase in the ventricular size, presumably resulting from some diminution of the fourth-ventricle compartment. Notably, ventricular volumes did not show as much
resolution compared with brainstem volumes at 30 days.
This could be related to continued pressure changes interrupting ventricular flow, as there was some correlation
between patients with persistent pontine volume increase
and ventricular volume increase on POD30. However,
this phenomenon may also be explained by a more protracted return to baseline or variations in patient-specific
ventricular compliance, or may be secondary to general
treatment-related volume loss. Alternatively, this change in
ventricular size may be unrelated to the treatment intervention. Use of steroid therapy or non-CED treatment-related changes could affect a diminution of cerebral parenchymal volume. This possibility is somewhat supported by
the lack of hydrocephalus symptoms and the persistence of
ventriculomegaly in the face of the brainstem volumes returning to baseline. Regardless of the cause, the persistent
changes described should be monitored in patient followup. Beyond POD30, we cannot comment on volumetric
changes due to lack of standardized imaging in the trial

beyond that time point. Based on the lack of symptomatic
hydrocephalus in our cohort, there is no need for pre-CED
shunting and the decision to place a shunt should continue
to be based on clinical factors as opposed to ventricular
volume changes.
Lastly, posttreatment parenchymal and ventricular
volumetric changes were more apparent when the analysis
was limited to the pons compared with the entire brainstem. In addition to the pons being the site of infusion,
there is also reduced interstitial fluid within the tumor that
would impart a greater expansion per unit volume of infusate compared with unaffected parenchyma. This result
dissuades the use of automated imaging algorithms based
on predetermined aggregate components of the brainstem
including the mesencephalon, metencephalon, and myelencephalon. Therefore, the use of a manual adjustment
tool or the creation of a more defined pontine algorithm
for patients undergoing brainstem CED is needed to enhance the detection of anatomical changes. Our findings
paradoxically demonstrate that larger volume changes in
the pons did not relate significantly with higher likelihood/
occurrence of neurological complications, supporting the
safety of this treatment. This suggests that other risk factors must still be identified. Baseline neurological deficits
do appear to portend a higher risk of post-CED neurological deficit in our cohort. Factors such as the spatial
relationship of the catheter tract with motor fibers, tumor
characteristics related to aggressive disease, infusion rate,
etc., are still being evaluated.4,6,7,13 Ultimately, comparing
volumetric changes observed after CED to matched nonCED treated control patients will be vital in understanding
the long-term results of CED.
Our results and interpretation are applicable only within the infusion parameters and disease continuum in this
phase 1 clinical trial. The results are also limited by the
small sample size and low statistical power of this study.
As volumes of infusion or disease status changes, volumetric deformations and clinical tolerance may not be consistent with our results.

Conclusions

Our findings demonstrate that CED infusions into the
brainstem of children with DIPG cause anatomical deformation. Specifically, increases in the brainstem volume and attenuation of the fourth ventricle with resultant
ventriculomegaly occur with some correlation to infusion
volume. Our findings are expected to contribute to more
accurate interpretations of posttreatment MR scans. The
results support a heightened awareness for hydrocephalus
in children undergoing this therapeutic strategy. However,
CED caused no symptomatic hydrocephalus in this cohort,
and no patients required shunt placement. It remains uncertain if different infusion parameters will follow similar
trends.
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