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ConveCtion-enhanCed delivery (CED) is used to 
directly deliver putative therapeutic agents to the 
central nervous system.2,6,7,18 This delivery method 

utilizes fluid convection, which is bulk flow of infusate 
from a single point source (infusion cannula tip) into the 
surrounding extracellular spaces, driven by a small hydro-
static pressure gradient.17 Consequently, accurate place-
ment of infusion cannulae is critical to precisely place 
the infusion point source in a location that ensures opti-
mum distribution of the infusate.19 Specifically, emerging 
data indicate that it is critical that the infusion cannulae 
be placed with a high degree of accuracy to selectively 
and completely perfuse diseased deep brain anatomical re-

gions (including nuclear and subnuclear targets) for maxi-
mal pharmacological effect.11,14,19

To avoid accuracy errors associated with conventional 
stereotaxy and to provide real-time feedback during can-
nula placement, intraoperative MRI (iMRI) technology 
has been developed that enables 3D targeting and place-
ment of infusion cannulae during contemporaneous imag-
ing. Originally called “prospective stereotaxy,” the meth-
od was first used to perform brain biopsies of deep brain 
structures with real-time iMRI.12 The method has been 
adapted to achieve submillimeter accuracy with real-time 
high-field iMRI for insertion of deep brain stimulation 
(DBS) electrodes.4,10 The current iMRI platform uses in-
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An intraoperative MRI (iMRI)–compatible system has been developed for direct placement of convection-enhanced 
delivery (CED) cannulae using real-time imaging. To establish the precision and feasibility of this technology, the authors 
analyzed findings in patients who underwent direct iMRI CED cannula placement.
Three consecutive patients underwent iMRI-guided placement of CED infusion cannulae (6 cannulae) for treatment 
of diffuse intrinsic brainstem glioma (2 patients) or Parkinson’s disease (1 patient). Convective infusion cannulae were 
guided to the target using the ClearPoint iMRI-based navigation platform (MRI Interventions, Inc.). Placement accuracy 
was analyzed.
Real-time iMRI during infusion cannula insertion allowed for monitoring of trajectory accuracy during placement. During 
cannula insertion, no reinsertions or changes due to errors in targeting were necessary. The mean radial error was 
1.0 ± 0.5 mm (± SD). There was no correlation between the total length of the planned trajectory and the radial error 
(Pearson’s coefficient: -0.40; p = 0.5). The mean anteroposterior and lateral errors were 0.9 ± 0.5 and 0.3 ± 0.2 mm, 
respectively. The mean in-plane distance error was 1.0 ± 0.4 mm. The mean tip error (scalar distance between the 
planned target and actual tip) was 1.9 ± 0.9 mm. There was no correlation between the length of the planned trajectory 
and any of the measured errors. No complications were associated with cannula placement.
Real-time iMRI-based targeting and monitoring of infusion cannula placement is a safe, effective, and accurate tech-
nique that should enable more selective perfusion of brain regions.
http://thejns.org/doi/abs/10.3171/2014.11.JNS131888
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traoperative imaging to progressively align a guide frame 
with the target and to assess the postimplantation position 
of infusion cannulae relative to the target.

While this infusion cannula placement paradigm has 
been described in nonhuman primates,13,14 it had not been 
applied clinically. We describe and analyze the applica-
tion of this technology in patients undergoing convective 
drug delivery for diffuse intrinsic pontine glioma (DIPG) 
and Parkinson’s disease (PD).

methods
patients

The combined Neuroscience Institutional Review 
Board of the National Institutes of Health approved this 
study. Two consecutive pediatric patients enrolled in a 
Phase 1, open-label, dose-escalation study of interleukin 
13–Pseudomonas exotoxin (IL13-PE) coinfused with Gd-
DTPA were included. The mean age of pediatric patients 
undergoing CED for DIPG was 10.5 years (ages 5 and 16 
years). One adult patient enrolled in a Phase 1, open-label, 
dose escalation study of adeno-associated virus encoding 
glial cell line-derived neurotrophic factor (AAV2-GDNF) 
coinfused with Gd-DTPA in PD was included. The age of 
this patient was 67 years. Informed consent was obtained 
from the legal guardians of pediatric patients with DIPG 
and from the adult patient with PD.

system components
MRI-guided stereotactic CED procedures were per-

formed using the MRI-compatible ClearPoint system 
(MRI Interventions, Inc.). This system includes an infu-
sion cannula (SmartFlow), SmartFrame MRI-guided tra-
jectory frame, and SmartGrid MRI-guided planning grid. 
The ClearPoint Workstation is a dedicated laptop comput-
er that uses proprietary software to communicate with the 
MRI console. The surgeon uses the workstation for plan-
ning and target accuracy assessment. The SmartFrame 
MRI-guided trajectory frame contains a guide frame for 
the cannula that houses an MRI-visible fluid stem (Gd-im-
pregnated). The frame contains fiducials that are detected 
when MR images are obtained with the SmartFrame at-
tached. The procedure is performed within an iMRI suite 
(MR scanner: 1.5-T Achieva, Philips).

accuracy estimation
Accuracy of insertion was analyzed by comparing the 

position of the actual cannula tip with that of the planned 
insertion point (Fig. 1). Because the distal 18 mm of the 
cannula is not covered by ceramic and is not visible on 
MR images, the actual cannula tip position was deter-
mined by a line projecting 18 mm from the end of the 
MRI-visible ceramic component of the cannula. The loca-
tion of the actual cannula tip was confirmed at infusion 
initiation when imaging revealed contrast emanating from 
the actual cannula tip. Error measurements between the 
planned target and actual cannula tip were obtained in all 
3 planes. Errors are reported in terms of actual tip error 
(scalar distance between the planned target and actual 
cannula tip) and in-plane distance (the distance between 
the planned target and target plane projection in the plane 

of the planned target if the actual cannula tip were in the 
plane of the planned target [i.e., vertical distance between 
the planned target and actual cannula tip = 0 mm]). The 
primary measure for error reporting was the radial dis-
tance (radial distance: the scalar distance between the 
planned target and closest point on the actual trajectory).

statistical analysis
Error measurements were tested for linear correla-

tion by calculating the Pearson’s coefficient and using a 
1-tailed test for significance. For testing the relationship of 
errors to the sagittal and coronal angle, 2-tailed Spearman 
correlation was used.

technique
patient preparation

General anesthesia is administered. Two MRI sur-
face coils are placed on each side of the head with head 
clamp pins through the bore of the coils (“Princess Leia” 
configuration), and the patient’s head is fixed in an MRI-
compatible 3-pin head clamp, which is attached to the 
MR scanner table top. The table enters the MR scanner 
bore, placing the patient’s head at the isocenter of the MR 
scanner bore. Survey images are acquired. The patient 
is moved further through the MR scanner bore until the 
head is surgically accessible at the back of the scanner. 
The right and/or left frontal region is then prepared and 
draped. An accordion drape is fixed to the front and back 
of the scanner to allow movement of the patient’s head 
from the back end of the scanner to the isocenter of the 
bore, while maintaining sterility.

planning
A localizing grid is placed over the scalp, and a pre-

liminary volumetric scan is obtained. The anterior com-
missure, posterior commissure, and midsagittal plane are 
identified on imaging. An entry point, target, and surgi-
cal trajectory are chosen using the proprietary software. 
SmartGrid coordinates for the target are established. A 
parasagittal linear incision is made at the determined site. 
The SmartFrame aiming device is secured to the outer 
table of the skull. A volumetric image is obtained for ad-
justing the trajectory and to evaluate brain shift after bur 
hole placement (Fig. 2).

Navigation and cannula insertion
The location of the guide frame for the cannula within 

the aiming device is calculated on the workstation. With 
the patient at isocenter in the MR scanner, adjustments to 
the frame are made by changing the pitch, roll, and offset 
adjustment wheels on the guide frame using a hand con-
troller that extends from the Smart Frame to the back of 
the scanner (Fig. 3). MRI scans are obtained after each 
adjustment and until the guide frame is aligned with the 
anatomical target.

The cannula is then advanced through the guide frame 
to its final target. Images are acquired to evaluate the tra-
jectory during insertion to allow for trajectory revision. 
Before starting infusion, another MR image is obtained to 
confirm the trajectory and actual cannula tip position (Fig. 

J Neurosurg  Volume 122 • May 20151174

Unauthenticated | Downloaded 05/23/23 11:14 PM UTC



image-guided cannula placement

Fig. 1. A graphical depiction of the errors.  a and b: The location of the visible tip at the distal end of the ceramic cannula body. 
The silica inner lumen is not visible on MRI but is visualized at the start of the infusion.  c–e: The radial distance is the closest 
distance of the planned target to the actual cannula (C) and tip distance is the scalar distance between the actual catheter tip and 
planned target. The foot-head (FH) distance is the vertical distance between the planes of the actual tip and the planned target 
(D). The anteroposterior (AP) and right-left (RL) or lateral distance is calculated in the target plane from the target plane projection 
(TPP) of the catheter (E).

Fig. 2. Using the known entry and target points, the planned trajectory is calculated by the software. In this step, the trajectory is 
denoted by double yellow lines.  a and b: Coronal (A) and sagittal (B) trajectory views (parallel to the planned trajectory).  c and 
d: The plane orthogonal to the trajectory (trajectory axial; C) and the anatomical axial (D) views. A = anterior; H = head (superior); 
L = left.
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1). The infusion cannula is connected to the pump, and 
infusion is started. For multiple insertions on the ipsilat-
eral side, the guide frame was readjusted to the new target 
without detaching it from the outer table of the skull.

cannula design
The MRI-compatible cannula consists of a multistep 

tip design to minimize backflow during CED. The work-
ing length of the cannula is 27.2 cm, with a rigid ceramic 
body extending 25.4 cm. The distal 18 mm of the cannula 
is not visible on MR images. The silica inner lumen ex-
tends out unprotected for 3 mm and has an outer diameter 
of 0.665 mm. The inner diameter of the cannula is 200 mm 
throughout the total length of the cannula, resulting in a 
total priming volume of 0.04 ml.

infusate characteristics
IL13-PE38QQR (or IL13-PE: Cintredekin besudotox, 

IL-13-Pseudomonas exotoxin chimeric protein cytotoxin; 
NeoPharm, Inc.) infusate is a recombinant chimeric cy-
totoxin consisting of the enzymatically active portion of 
Pseudomonas exotoxin A (PE38, the cytotoxic agent) and 
human interleukin 13 (IL-13, the tumor-targeting mol-
ecule). The AAV2-GDNF infusate consists of an AAV2 

virus containing human GDNF complementary DNA, hu-
man cytolomegalovirus promoter, and 3ʹ UTR (untrans-
lated region) sequences (supplied by the University of Cal-
ifornia, San Francisco). A total of 450 ml AAV2-GDNF 
infusate is delivered to each side: 300 ml per anterior puta-
men and 150 ml per posterior putamen. Both infusates are 
coinfused with Gd-DTPA. The Gd-DTPA concentration 
is 5 mM for IL-13PE coinfusion and 1 mM for AAV2-
GDNF coinfusion.1,14

convective infusion
A Medfusion (Model 3500) syringe infusion pump is 

used to generate a hydrostatic (convective) pressure dur-
ing infusion that is transmitted from a therapeutic-filled 
syringe (5 ml total volume) to the inner infusion cannula 
via polyethylene tubing (inner diameter 0.023 in, outer di-
ameter 0.050 in). The infusion cannula is then placed in 
the targeted site.

intraoperative mri
An initial standard volumetric scan (T1-weighted; TR 

16 msec, TE 3 msec, FOV 240 mm) is obtained for initial 
planning. Once anterior commissure and posterior com-
missure landmarks are identified, a bur hole is planned 

Fig. 3. The outer layer of the grid is peeled off (a), and a mark is made with an augur at the selected site (b). A bur hole is made 
after making a parasagittal incision (c). The SmartFrame is then attached to the outer table (d). Large adjustments are made with 
pitch and roll controls. Fine adjustments are made with x- and y-axis offset controls (e). Images courtesy MRI Interventions, Inc., 
Memphis, TN. Published with permission.
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based on the scalp grid. A second standard volumetric 
scan is acquired with the guide frame in position over the 
bur hole. A T1-weighted scan is obtained for targeting (T1-
weighted 3D turbo spin echo; TR 250 msec, TE 66 msec, 
FOV 80 mm). After the trajectory is defined, sequential 
scan plane images are obtained (T1-weighted align scan 
slab; TR 20 msec, TE 3.743 msec, FOV 100 mm). Fol-
lowing initial roll/pitch adjustments, T1-weighted coronal 
and sagittal images are acquired for offset adjustment (T1-
weighted spin echo; TR 300 msec, TE 45 msec, FOV 240 
mm). T2-weighted insertion scans are obtained to evaluate 
the actual trajectory of the catheter tip (T2 insert stylet 
scan; TR 2000 msec, TE 81 msec, FOV 240 mm). Final 
volumetric scans are obtained for error evaluation.

results
cannula insertion

Six cannulae were placed in the 3 patients included in 
this study (2 patients with DIPG and 1 patient with PD). 
In the PD patient, 4 CED cannulae (2 cannulae bilaterally 
into the putamen) were placed during 1 procedure (Table 
1). Real-time MRI was performed during placement of 
each cannula. This permitted confirmation of an accurate 
cannula trajectory during placement. Because each can-
nula followed the planned trajectory, no reinsertion or al-
terations during placement were required.

accuracy measurement
The mean radial error was 1.0 ± 0.5 mm. No corre-

lation between the total length of the planned trajectory 
and the radial error was found (Pearson’s coefficient: r = 
-0.40; p = 0.5). The mean tip error was 1.9 ± 0.9 mm. 
The anteroposterior and lateral errors were 0.9 ± 0.5 and 
0.3 ± 0.2 mm, respectively (errors are calculated in the 
plane of the planned target). The mean in-plane distance 
was 1.0 ± 0.4 mm. The superoinferior (foot-head) error 
is the distance between the planes of the MRI-visible tip 
and planned target. No correlation between the length of 
the planned trajectory and any of the measured errors was 
found (Pearson’s coefficient; tip error: r = 0.6, p = 0.1; in-
plane: r = -0.2, p = 0.3). No correlation between radial 
error (or other errors) and age (Pearson’s coefficient: r = 
0.5, p = 0.4), sex (Spearman: r = 0.5, p = 0.7), procedure 
side (r = -0.4, p = 0.1), or primary pathology (r = 0.4, p = 
0.7) was found. No correlation between the sagittal and 
coronal angle of the trajectory and the measured errors 
(radial error: sagittal, r = 0.03, p = 1.0; coronal, r = -0.09, 
p = 0.8) or in-plane distance was found (sagittal, r = -0.2, 
p = 1.0; coronal, r = -0.3, p = 0.7) (Table 2).

complications
No complications were associated with cannula place-

ment, including hemorrhage or infection.

discussion
prior reports

Use of this iMRI platform for placement of CED cannu-
lae has been reported in nonhuman primates.16,19 In these 
preclinical feasibility studies, the putamen and thalamus 

were selected as target sites, and Gd-DTPA was used as a 
surrogate imaging marker to evaluate targeting accuracy 
and volume of distribution of the infusate. These previous 
studies reported 11 cannula placements with satisfactory 
insertion on the first attempt in each case. No infusate re-
flux or distribution beyond the target structure was found. 
Similar to this current clinical trial, the mean targeting er-
ror was 0.8 mm, and the error was independent of depth 
of target structure from the cortical surface. The authors 
reported that no catheter-related hemorrhages or other ad-
verse events occurred.16,19

The platform used in this study has also been validated 
for placement of subthalamic nucleus DBS electrodes for 
PD. Consistent with the accuracy found in the current re-
port, Larson and colleagues10 described 53 electrode im-
plantations in 29 patients. These authors found a mean ra-
dial error of 1.2 ± 0.65 mm and an absolute DBS tip error 
of 2.2 ± 0.92 mm (between planned and actual DBS lead 
tip placement). When the authors compared their data to 
historical controls in the literature, they found improved 
targeting accuracy using the ClearPoint system for DBS 
lead placement.

current system
General

We describe the use of the iMRI platform for the deliv-
ery of CED infusate to the supratentorial and infratento-
rial brain structures. Patients in this study underwent con-
vective infusion to the brainstem and putamen. The patient 
who received infusion of AAV2-GDNF for PD underwent 
safe and successful targeted placement of multiple cannu-
lae (4 cannulae) during a single setting. One patient under-
went a repeat CED procedure performed 6 weeks after the 
initial procedure. For the second procedure, the same inci-
sion and bur hole were used. The planning stage included 
an entry point and trajectory that were displaced by 1 mm 
posterior to the previous cannula tract. Due to differences 
in planning and the workflow of the second procedure, it 
was excluded from this study.

Accuracy of the System
Consistent with preclinical data, we found that the 

mean radial error for the final catheter position was 1.0 ± 

table 1. targeting details

Case 
No.

Age 
(yrs), 
Sex Diagnosis Target Entry

Cannula 
Insertion 

Time (mins)

1 16, M DIPG Right pons Right frontal 161
2 5, F DIPG Right pons Right frontal 118
3 67, M PD Right anterior 

  putamen
Right frontal   55/cannula

Left anterior 
  putamen

Left frontal

Right posterior 
  putamen

Right frontal

Left posterior 
  putamen

Left frontal
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0.5 mm. This and other error measurements indicated that 
the iMRI platform had sufficient accuracy to successfully 
place the tip of the infusion cannula to the planned tar-
get repeatedly. There was no correlation of the errors with 
depth, age, or diagnosis. During a preliminary evaluation 
of the iMRI system for DBS lead placement, small ante-
rior (0.5 ± 0.3 mm) and lateral (0.4 ± 0.3 mm) errors were 
reported by Larson and colleagues.10 Similarly, we found 
anterior (0.9 ± 0.5 mm) and lateral (0.3 ± 0.2 mm) biases 
in the system. Previously, these biases were attributed to 
slight nonlinearities in the MR space.10 Further investi-
gation with larger studies of CED catheter implantations 
may be necessary to characterize these biases accurately 
enough to warrant changes in the methodology or hard-
ware.

Imaging of Distribution
The advantage of real-time imaging of drug distribution 

includes the ability to accurately track infusate volume of 
distribution and troubleshoot delivery problems. A surro-
gate tracer method for MRI has been developed for CED 
that coinfuses Gd-DTPA (469 mg/ml, Magnevist) with 
the therapeutic agent.6 As such, iMRI will be increasingly 
used for monitoring drug delivery and preventing poor and 
ineffective distribution of the infusate.15 The iMRI-guided 
trajectory frame used in this study is an integrated plat-
form that provides accurate targeting and is compatible 
with real-time monitoring of CED infusate.

potential advantages of real-time imri cannula 
placement

Using conventional stereotactic (frame-based and 
frameless) methods, CED cannula placement is performed 
based on preoperative imaging.3,9,15 During cannula place-
ment, significant shifts in the position of cortical and sub-
cortical structures correlating with the amount of pneu-
mocephalus can occur.5 There are several advantages to 
using an iMRI-based system for cannula placement. First, 
imaging during cannula placement permits assessment of 
cannula placement/trajectory accuracy in real time that al-
lows for contemporaneous adjustments. Second, the use of 
an iMRI system for cannula placement allows for evalu-
ation of significant shift of subcortical structures before 

and during infusion, which permits adjustment to plan-
ning.12 Similarly, in patients requiring multiple infusions, 
an iMRI targeting platform can identify brain shift during 
or caused by previous CED infusions and potential read-
justment. Third, an integrated iMRI platform allows the 
surgeon to perform the entire procedure, including plan-
ning, insertion, and monitoring of infusate, with maximal 
efficiency. Fourth, in patients with planned multiple infu-
sions, bilateral cannulae can be placed through the use of 
2 simultaneously placed frames. Multiple ipsilateral sites 
can be targeted simply by changing the trajectory of a uni-
laterally placed guide frame, while leaving the base undis-
turbed. Finally, this system allows for adaptive planning 
and insertion of additional catheters if inadequate coverage 
of the target region was detected during a single setting. 
Currently available (frame-based and frameless) stereotac-
tic systems, in the absence of updated MRI during cannula 
placement and infusion, have limited flexibility based on 
static preoperative imaging.

potential limitations
Consistent with any new technology, there are poten-

tial limitations. First, while iMRI is an intuitive system 
to use, there is a learning curve associated with using it. 
Use of the system may initially take more time than a rou-
tinely applied and more familiar frame-based or frameless 
stereotactic apparatus. However, with increased use, this 
technology should enhance the speed of cannula place-
ment compared with other available methods. Second, this 
system requires use of an MR scanner in an operative en-
vironment for placement of the cannula(e). Nevertheless, 
there are significant advantages to real-time imaging dur-
ing placement of infusion cannula(e), including the ability 
to contemporaneously correct the cannula trajectory and 
placement. Finally, further application of this technology 
for cannula placement in a larger number of patients will 
be necessary to determine its ultimate accuracy under a 
variety of pathological conditions.

conclusions
Intraoperative MRI–based targeting and CED cannula 

placement is a safe and accurate technique that can be used 

table 2. summary of accuracy evaluation

Case 
No. Target

Trajectory 
Length (mm) Radial (mm)

Corrected 
Depth (mm)

RL Error 
(mm)

AP Error 
(mm)

In-Plane 
Distance 
(mm) FH Error (mm)

Tip Error 
(mm)

1 Right pons 119.23 1 −0.3 0.7 0.8 1.1 −16.8 1.04
2 Right pons 105.08 0.5 −1.3 0.2 0.6 0.6 −16.9 1.39
3 Right anterior putamen 72.18 1.7 −2.3 0.2 1.5 1.5 −18.9 2.86

Left anterior putamen 75.19 1 −0.9 0.3 0.9 0.9 −18.1 1.35
Right posterior putamen 72.92 1.3 −0.9 0.1 1.3 1.3 −18.2 1.58
Left posterior putamen 77.17 0.5 3.2 0.4 0.1 0.5 −10.6 3.24

Summary statistics (mean ± SD) 86.96 ± 20.10 1.00 ± 0.46 −0.42 ± 1.89 0.32 ± 0.21 0.87 ± 0.50 0.98 ± 0.39 −16.58 ± 3.04 1.91 ± 0.90
AP = anteroposterior error; FH = foot-head (or superoinferior); RL = right-left (or lateral).
*  Final errors calculated from MR images by comparing the final position of the catheter with the planned target. All errors (except foot-head error) are calculated by 
estimating the actual catheter tip 18 mm beyond the visible catheter tip. The foot-head error is calculated between the planned target and the MRI-visible distal end of 
the ceramic cannula body.
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in both supratentorial and infratentorial locations. Errors 
in targeting were minimal and permitted selective perfu-
sion of brain pathology for pharmacological manipulation.
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