
LABORATORY INVESTIGATION
J Neurosurg 134:1064–1071, 2021

AccurAte targeting and surgical placement of deep 
brain stimulation (DBS) leads is key to maximiz-
ing benefit for patients with Parkinson’s disease 

or other approved indications.17,22,31 This is also true for 
chronic, in vivo preclinical research, where efforts to ad-
vance DBS indications, refine current approaches, or bet-
ter understand the pathophysiological and treatment-relat-
ed changes in neural activity across subcortical circuits 
depend similarly on precise electrode placement, typically 

within targets that are substantially smaller than their 
analogous targets in the human brain. In the case of mech-
anistic research, the need for precision typically extends 
beyond placement of the DBS lead to also include depth 
probes implanted across key nodal points of the relevant 
neural circuit for the purpose of characterizing electro-
physiological changes.9,11,24 Moreover, subcortical targets 
may go beyond locations within the cerebral hemispheres 
to include deep cerebellar nuclei,32 which can be more dif-
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OBJECTIVE Deep brain stimulation (DBS) is an effective therapy for different neurological diseases, despite the lack 
of comprehension of its mechanism of action. The use of nonhuman primates (NHPs) has been historically important 
in advancing this field and presents a unique opportunity to uncover the therapeutic mechanisms of DBS, opening the 
way for optimization of current applications and the development of new ones. To be informative, research using NHPs 
should make use of appropriate electrode implantation tools. In the present work, the authors report on the feasibility and 
accuracy of targeting different deep brain regions in NHPs using a commercially available frameless stereotactic system 
(microTargeting platform).
METHODS Seven NHPs were implanted with DBS electrodes, either in the subthalamic nucleus or in the cerebellar 
dentate nucleus. A microTargeting platform was designed for each animal and used to guide implantation of the elec-
trode. Imaging studies were acquired preoperatively for each animal, and were subsequently analyzed by two indepen-
dent evaluators to estimate the electrode placement error (EPE). The interobserver variability was assessed as well.
RESULTS The radial and vector components of the EPE were estimated separately. The magnitude of the vector of 
EPE was 1.29 ± 0.41 mm and the mean radial EPE was 0.96 ± 0.63 mm. The interobserver variability was considered 
negligible.
CONCLUSIONS These results reveal the suitability of this commercial system to enhance the surgical insertion of DBS 
leads in the primate brain, in comparison to rigid traditional frames. Furthermore, our results open up the possibility of 
performing frameless stereotaxy in primates without the necessity of relying on expensive methods based on intraopera-
tive imaging.
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ficult to target with traditional stereotactic frame-based 
approaches without penetrating the tentorium.

Depth electrodes have historically been implanted in 
preclinical models through frame-based stereotactic sur-
gery using target coordinates derived from published at-
lases,1,14 a process not unlike early human stereotaxy. It is 
well-established, however, that this methodology presents 
challenges that limit its overall precision,26,33 including its 
inability to correct for inherent variability in neuroanat-
omy across specimens. Human neurosurgery has made 
progress in enhancing targeting accuracy through the use 
of patient-specific anatomical imaging to refine surgical 
target localization.7,12,21 A similar approach has been de-
veloped for preclinical animal models, however it contin-
ues to require the use of the fixed, stereotactic frames.23 
More recent efforts in human surgery combining patient-
specific localization with enhanced targeting flexibility 
have yielded “frameless” approaches,2,3 including FHC’s 
microTargeting platform (FHC Inc.). The targeting plat-
form is custom-made to the target, and trajectory plans 
created upon coregistration of preoperative MR images 
with a CT dataset, acquired following the placement of 
a series of skull fiducials. Prior research suggests this ap-
proach is a safe and effective alternative to traditional ste-
reotactic frame systems and demonstrates comparable ac-
curacy and outcomes.18 In the present study, we report on 
the feasibility and accuracy of targeting basal ganglia as 
well as cerebellar nuclei using the platform for placement 
of depth electrodes in the nonhuman primate research 
model.

Methods
Animals

A total of 5 female rhesus monkeys (Macaca mulatta) 
and 2 female cynomolgus monkeys (Macaca fascicularis) 
ranging from 10 to 16 years of age were used in this study. 
The study was performed in accordance with protocols 
approved by the institutional animal care and use commit-
tee of the Cleveland Clinic.

MRI Sequences
MR images (sagittal MP2RAGE, 0.47-mm isotropic 

voxels, 120 mm × 120 mm × 90 mm field of view, TE/
TR/TI1/TI2 = 3.29/6000/700/2700 msec) were acquired 
on a 7-T Siemens Magnetom machine (Siemens Medical) 
with a single-channel transmit/28-channel receive knee 
coil (Quality Electrodynamics). All animals were imaged 
in the naïve state, prior to surgical intervention. A second 
MRI scan was acquired only for animals that had their 
DBS leads revised, to verify that no structural brain dam-
age had been caused by the previous insertion or subse-
quent removal of the DBS leads.

Stereotactic Fiducial Implantation and Preoperative CT 
Scan

Approximately 2 weeks prior to the stereotactic lead 
placement surgery, each animal underwent a minor sur-
gical procedure during which a minimum of 4 WayPoint 
fiducial anchors (FHC Inc.) were implanted across the 
calvarium to serve as reference points for creating and, 

subsequently, securing the custom stereotactic platform. 
Under general anesthesia and local anesthetic, the head 
was shaved and prepared using standard sterile technique. 
Fiducials were placed in the frontotemporal and parietal 
areas in such fashion as to optimize the stability of the 
platform and remain clear of the planned entry point. Each 
screw was inserted and secured to the bone via a small (< 
1 cm) incision in the scalp. After placement, each scalp 
incision was closed with a simple suture. Because the skull 
of the nonhuman primate is significantly thinner than 
the skull of the human, care was taken to utilize smaller 
screws and to not drive the screws to the end. Rather, the 
screws were advanced into the bone just enough to achieve 
adequate stability.

Following fiducial placement, a noncontrast CT scan 
using a Dyna-CT (Axiom Artis system, Siemens Medical 
Solutions) was acquired while the animal remained under 
general anesthesia. Thereafter, the animal was weaned 
from anesthesia, extubated, and returned to its home cage. 
Prophylactic pain medication and antibiotics were admin-
istered according to institutional protocol under veteri-
nary oversight.

Platform Design
Preoperative MRI and postfiducial CT scans were 

coregistered using the WayPoint navigator software 
(FHC) and each implanted fiducial was identified using 
the CT dataset. The deep brain target was selected using 
the MR images with the aid of a primate stereotactic at-
las25 followed by selection of an entry point and trajectory 
that minimized the risk of intersecting cerebral vascula-
ture and sulci (Fig. 1). The manufacturer’s software was 
again used to render the platform model, which was then 
uploaded to its file transfer website. After approximately 
1 week, the custom-made platform and its phantom were 
delivered to our facility. The latter is a representation of 
the selected target point in the brain and of the fiducials 
selected to support the platform. It is prototyped to match 
the platform and allows for calibration of the stereotactic 
system before insertion of the DBS lead into the brain. It is 
an important resource for accurate targeting, particularly 
when microelectrode recording is not feasible to further 
refine surgical targeting.

DBS Lead Implantation
All animals underwent implantation of the DBS lead 

under general anesthesia. The head was immobilized us-
ing a large-animal stereotactic frame (David Kopf Instru-
ments). In cases targeting the cerebellar nuclei, the eye and 
palate components of the frame were not placed in order 
to allow flexion of the neck and exposure of the suboc-
cipital region.

Following shaving and surgical preparation, each bone 
fiducial was reexposed through a small incision in the 
scalp and the stereotactic platform was rigidly attached to 
the four fiducials. A manual microdrive (guide tube drive 
[60–00–1] and XY drive [60–02–0], FHC) was attached 
to the platform and a metal stylet used to mark the scalp 
entry point. After the scalp incision, this process was re-
peated to mark the entry point on the bone, followed by 
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creation of a 2–3-mm burr hole that left dura intact. Three 
screws were inserted into the calvaria around the burr hole 
to serve as anchor points for the bone cement that secures 
the implanted lead.

The platform was disconnected from the fiducial an-
chors and connected to the platform phantom for calibra-
tion (Fig. 2), which was performed as follows: 1) a guide 
cannula was inserted in the microdrive and advanced 
toward the target representation in the phantom; 2) the 
guide cannula was positioned with its tip 2–3 mm from 
the phantom’s target; 3) the position of the cannula was 
marked and a cannula stopper secured to the cannula; and 
4) the stylet was removed from the cannula and the DBS 
lead inserted through the cannula until its tip reached the 
phantom target point. The position of the DBS lead was 
marked and a small vascular clip was used to avoid move-
ment of the DBS lead past the marked point. The DBS 
lead was removed from the cannula and replaced with a 
stylet. The cannula was then partially retracted to allow 
for movement of the platform and fixation onto the ani-

mal’s head. The platform, together with the microdrive 
and the cannula/stylet, was decoupled from the phantom 
and moved to the surgical field, where it was rigidly con-
nected to the skull fiducials. The cannula/stylet was low-
ered to the level of the dura and then advanced through 
the meninges into the brain. Once at depth, the stylet was 
removed and the DBS lead was inserted through the can-
nula and advanced to the premeasured depth. Thereafter, 
the cannula was slowly retracted until the body of the DBS 
lead was exposed at the level of the skull, whereupon it 
was secured in place using an initial coat of bone cement 
(PALACOS MV+G, Heraeus Co.). Thereafter, the can-
nula, microdrive, and frame assembly were removed and 
the extracranial end of the lead was buried under the scalp.

Targeting Error Analysis
To avoid distortion caused by pneumocephalus, the 

postoperative CT scan was acquired at least 2 weeks after 
implantation of the DBS lead. The pre- and postoperative 
CT scans were coregistered using the WayPoint software 
(Figs. 3 and 4). To calculate the electrode placement error 
(EPE), the coordinates from the tip of the electrode (x2, 
y2, z2) on the postoperative CT scan were compared to the 
coordinates of the intended target point (x1, y1, z1) on the 
preoperative CT scan and quantified as vector components 
in millimeters relative to the midcommissural (MC) point. 
The magnitude of the vector of error between the tip of 

FIG. 1. Reconstructed visualization of the skull from the preoperative 
CT scan containing the fiducials with potential microTargeting platform 
generated using WayPoint navigator software. Targeting the STN (up-
per) and DN (lower).

FIG. 2. The Microdrive loaded with a cannula and DBS lead anchored to 
the phantom for calibration prior to insertion.
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the DBS lead and the intended target point was calculated 
using the distance formula:

in which xn, yn, and zn correspond to the medial-lateral, 
anterior-posterior, and inferior-superior components, re-
spectively.

The radial distance between the DBS lead and the 
planned trajectory at a prespecified plane was calculated 
as well. The prespecified plane selected varied depend-
ing on the brain target. For subthalamic nucleus (STN) 
implantations, the axial plane 2 mm inferior to the MC 
point was selected. For cerebellar dentate nucleus (DN) 
implantations, the coronal plane 19 mm posterior to the 

MC point was selected. The calculation of the radial dis-
tance followed the same method used for determining the 
magnitude of the vector of error.

The EPE was estimated by two authors of this paper 
independently and the final EPE was calculated as the av-
erage between both observations as follows:

Observer 1:

Observer 2:

Final EPE:

Interobserver Variability
The mean of the difference between raters was evalu-

ated using the two 1-sided t-tests equivalence testing pro-
cedure,29 with upper and lower equivalence bounds set 
to −0.1 and 0.1 mm, respectively. The upper and lower 
equivalence bounds were selected to represent a negligi-
ble amount of error between raters based on the resolu-
tion of the image sets acquired.16 A significant result from 
the equivalence test indicates that the observed effect falls 
within the equivalence bounds, and thus the interrater er-
ror is considered negligible.

Results
Eleven leads were implanted in a total of 9 surgical 

procedures (Table 1). Six of the 9 procedures targeted the 
STN, with the remaining procedures targeting the DN. 
Two of the STN implantations targeted the nuclei bilater-
ally and one of the DN implantations targeted the right-
side nucleus, with the remaining 6 procedures targeting 
the left side of the brain. Rhesus monkeys (Macaca mu-
latta) were used for STN implantation, while cynomolgus 
monkeys (Macaca fascicularis) were used for DN implan-
tations.

Data from animal “T” were lost due to perioperative 
complications unrelated to the surgical technique, and 
therefore were excluded from the image analysis (proce-
dure X1). Animal “M” was initially implanted with DBS 
leads bilaterally in the STN, however, due to infection of 
the externalized electrodes, the hardware had to be ex-
planted and a single new electrode was inserted in the left 
STN after antibiotic treatment and recovery. Both implan-
tation procedures have been included in the image analy-
sis. Animal “B” was initially implanted with an electrode 
in the right DN (procedure X2). During the postoperative 
assessment it was noted that there was failure of adhesion 
of the bone cement securing the electrode. The electrode 
in the animal was explanted and a new DBS lead was im-
planted in the left DN after the animal recovered. Because 
of failure to secure the electrode in place, the first pro-
cedure was excluded from the image analysis. The selec-
tion of the surgical procedures included in the final image 
analysis of the EPE are described in Fig. 5.

FIG. 3. Postexplant MRI of an animal with a prior implant in the DN 
shown in grayscale and color based on voxel intensity. Original target 
marked with a red cross.
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The EPE measured by each independent observer and 
the final EPE are shown in Tables 2 and 3. The medial-lat-
eral, anterior-posterior, and inferior-superior components 
of the EPE are also detailed in Tables 2 and 3. The mean 
vector error was 1.29 ± 0.41 mm and the mean radial error 
was 0.96 ± 0.63 mm.

Interobserver Variability
The mean vector interrater error was 0.012 ± 0.069 mm 

and the mean radial interrater error was −0.017 ± 0.077 
mm. Both vector and radial interrater errors were found 
to fall within the a priori–defined equivalence region (p = 
0.003 for vector, p = 0.009 for radial), indicating negligible 
error.

Discussion
Our data corroborate the feasibility and accuracy of 

adopting the microTargeting platform used in human ste-
reotactic procedures in the NHP research model. DBS is 
an important therapeutic modality for a growing number 
of neurological and psychiatric diseases and extensive 
preclinical investigation will be required to guide hu-
man translation, the validity of which depends heavily on 
achieving precise and accurate placement of depth elec-
trodes.

The rigid stereotactic frame has been widely used in 
preclinical experiments in conjunction with stereotactic 
atlases, but the results of this strategy are frequently inac-
curate (see Zhu et al., 201633) despite recent advances in 
customizing atlas-based coordinates. In addition, a rigid, 
frame-based approach may not allow for the selection of 

a variety of trajectories tailored to an individual animal’s 
anatomy, which limits the development of preclinical pro-
tocols that emulate human procedures.

To improve accuracy in relation to atlas-based target-
ing, fiducial markers have been traditionally implement-
ed in animal studies in conjunction with subject-specific 
MRI.15,27 Fiducials can be placed in the skull and used to 
calculate stereotactic coordinates without using the frame. 
This strategy eliminates the necessity of scanning the ani-
mal with the frame in place immediately prior to the sur-
gical procedure, allowing for reduction of anesthesia time 
and complications related to transportation of the anesthe-
tized animal fixed to the frame. However, fiducials need to 
be positioned in a specific fashion to place their fixation 
points close to the target region in the brain during the 

FIG. 4. Coregistered MRI, fiducial scan, and postsurgical CT scan showing DBS lead artifact relative to planned location (STN). 
Planned trajectory marked by yellow lines (A and B) with target location marked by a red cross. Panels C and D show the same 
coregistration, but without the trajectory (the target location is also marked by a red cross).

TABLE 1. Animal specifications and surgical targets

Procedure Animal ID Species Target Side

1 M Rhesus STN Bilat
2 I Rhesus STN Lt
3 S Rhesus STN Lt
4 B Cynomolgus DN Lt
5 M Rhesus STN Lt
6 N Rhesus STN Lt
7 Sp Rhesus STN Bilat
X1 T Cynomolgus DN Lt
X2 B Cynomolgus DN Rt
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co-registration process and thus minimize implantation 
errors.13

Alternatives to overcome the difficulties imposed by 
the inflexibility of conventional rigid frames in animal 
studies involve the construction of special adaptors and 
frames.6,15,30 Such devices are usually cumbersome and 
frequently difficult to reproduce, requiring the fabrication 
of complex parts.6,30 In addition, many frameless adaptors 
used in animal research have been developed for intra-
operative MRI guidance,28,30 an emerging technique that 
presents high costs, several restrictions, and is not widely 
available, especially in a preclinical scenario.20 Further-
more, many of these stereotactic devices have been built 
for specific neurosurgical procedures10,15,24,30 and it is in-
correct to infer easy and direct adaptability of these de-
vices to DBS lead implantation.

The microTargeting platform is built using subject-
specific imaging and delivered with a short turnaround 
time. It has already been tested and validated in phantom 
and clinical studies, but this is the first study to directly 
address its use in preclinical research using a large ani-
mal model. Previous studies of this platform have shown 
varied results,5 which is expected because results must be 
interpreted taking not only the type of study into account, 
but also the methodology. One phantom study found an av-
erage vector error of 0.42 ± 0.15 mm for the microTarget-

ing platform,2 however, reported errors have been larger 
in clinical studies.7,18 Notably, while phantom studies only 
measure the mechanical accuracy of the hardware, clini-
cal studies involve extra sources of error such as impreci-
sions of the imaging method, inaccuracy of localization of 
the electrode, electrode fixation error, and brain shift. The 
analysis of a large series of 263 patients who underwent 
implantation of a total of 497 DBS electrodes using the 
microTargeting platform showed an average error of 1.99 
± 0.9 mm.18 A subgroup analysis of this series showed that 
brain shift related to pneumocephalus leads to overestima-
tion of the error. The average vector error magnitude was 
reduced from 1.99 ± 0.92 mm to 1.24 ± 0.37 mm when 
pneumocephalus was taken into account,8 a result similar 
to the mean vector error magnitude that we report in this 
work. Brain shift can also be caused by factors other than 
pneumocephalus, which suggests that the true vector error 
magnitude of this platform in a clinical setting might be 
smaller than 1.24 ± 0.37 mm.

The frameless stereotactic technique described here is 
feasible, easily adaptable to NHPs, and less costly than ac-
quiring other commercially available alternatives such as 
intraoperative imaging-guided surgery. The only financial 
expense in executing this approach was the cost of printing 
each single-use platform. The phantom study results2 indi-
cate that the mechanical accuracy built into the platform 

TABLE 2. Vector error

Procedure
Observer Rating (x2 − x1) Observer Rating (y2 − y1) Observer Rating (z2 − z1) Observer Vector Magnitudes Final Vector  

EPE MagnitudeO1 O2 O1 O2 O1 O2 O1 O2

1
 Lt 1.09 0.97 0.89 0.77 0.08 0.01 1.41 1.24 1.32
 Rt 0.47 0.48 −0.12 −0.13 1.21 1.15 1.30 1.25 1.28
2, Lt −0.05 −0.03 −0.27 −0.42 −0.69 −0.69 0.74 0.81 0.78
3, Lt 0.23 0.25 0.57 0.57 0.89 0.87 1.08 1.07 1.07
4, Lt −0.16 −0.18 −0.77 −0.78 0.38 0.37 0.87 0.88 0.88
5, Lt 0.72 0.75 −1.70 −1.69 0.71 0.76 1.98 2.00 1.99
6, Lt 1.30 1.32 1.37 1.33 0.28 0.23 1.91 1.89 1.90
7
 Lt 0.73 0.70 0.64 0.64 0.67 0.67 1.18 1.16 1.17
 Rt −0.20 −0.20 0.34 0.36 1.14 1.19 1.20 1.26 1.23

Mean ± SD 1.29 ± 0.41

O1 = observer 1; O2 = observer 2.

FIG. 5. Procedures included in the final analysis of the EPE.
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is enough to target a small nucleus such as the primate 
STN, which is shorter than 3 mm in its longest axis,25 and 
support our efforts to apply this method in preclinical re-
search. Accordingly, we report a vector error magnitude 
slightly larger than 1 mm, which is a result comparable 
to what has been observed in the clinical setting, where 
the accuracy of this platform leads to outcomes compa-
rable to those associated with traditional human stereotac-
tic systems.18 Additionally, the methodology used here in 
the verification of target accuracy parallels that of clinical 
methods for evaluating lead placement and its connection 
to therapeutic efficacy.16 Comparable clinical and preclini-
cal accuracy as demonstrated in this study regarding the 
placement of DBS leads is essential for the continued im-
provement and evaluation of DBS therapy.

Limitations of our work involve limited visualization 
of the macaque STN on MRI and lack of intraoperative 
neurophysiological evaluation to confirm placement of the 
DBS lead in the motor region of the STN. However, our 
data characterize the accuracy of the stereotactic tech-
nique in relation to the selected target point in the brain 
and, in this way, poor characterization of the STN in the 
image sets does not invalidate our results. Concerning 
the use of intraoperative neurophysiological evaluation, 
even though it constitutes a standard practice used to re-
fine placement of the DBS lead in humans,4 it requires the 
subject to be awake19 and preferentially cooperative during 
surgery, something hardly achievable with NHPs.

Conclusions
The microTargeting stereotactic system can be suc-

cessfully and reproducibly adapted for the primate DBS 
model. The results are comparable to those observed in 
the clinical setting.
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