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S
ince the early 1980s, robotic technology has evolved, 
starting from its initial use in the industrial sector 
to its use within medical and surgical practice. Over 

the next 3 decades, the use of medical robots has rapidly 
expanded to several speciic ields, such as soft-tissue, uro-
logical, orthopedic, general laparoscopic, and cardiac sur-
geries.38,45,56

Robotic assistance was developed in neurosurgical pro-
cedures with the aim of improving feasibility and effec-

tiveness of several procedures that require a high level of 
accuracy and safety, such as biopsy,36 neuroendoscopy,8,69,71 
radiosurgery,2 neuromodulation treatments,43,45 and other 
stereotactic procedures.7,37 Recently, more sophisticated 
systems have been proposed for other complex treatments, 
such as brain tumor removal,4,35,40,42,61,62 deep electrode 
placement for stereo-electroencephalography (SEEG) re-
cording,14,15,16,29 laser ablation in medically intractable epi-
lepsy,13,30,50 and other functional approaches.66
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OBJECTIVE During the last 3 decades, robotic technology has rapidly spread across several surgical ields due to the 
continuous evolution of its versatility, stability, dexterity, and haptic properties. Neurosurgery pioneered the development 
of robotics, with the aim of improving the quality of several procedures requiring a high degree of accuracy and safety. 
Moreover, robot-guided approaches are of special interest in pediatric patients, who often have altered anatomy and 
challenging relationships between the diseased and eloquent structures. Nevertheless, the use of robots has been rarely 
reported in children. In this work, the authors describe their experience using the ROSA device (Robotized Stereotactic 
Assistant) in the neurosurgical management of a pediatric population.

METHODS Between 2011 and 2016, 116 children underwent ROSA-assisted procedures for a variety of diseases (epi-
lepsy, brain tumors, intra- or extraventricular and tumor cysts, obstructive hydrocephalus, and movement and behavioral 
disorders). Each patient received accurate preoperative planning of optimal trajectories, intraoperative frameless regis-
tration, surgical treatment using speciic instruments held by the robotic arm, and postoperative CT or MR imaging.
RESULTS The authors performed 128 consecutive surgeries, including implantation of 386 electrodes for stereo-elec-
troencephalography (36 procedures), neuroendoscopy (42 procedures), stereotactic biopsy (26 procedures), pallidotomy 
(12 procedures), shunt placement (6 procedures), deep brain stimulation procedures (3 procedures), and stereotactic 
cyst aspiration (3 procedures). For each procedure, the authors analyzed and discussed accuracy, timing, and complica-
tions.

CONCLUSIONS To the best their knowledge, the authors present the largest reported series of pediatric neurosurgical 
cases assisted by robotic support. The ROSA system provided improved safety and feasibility of minimally invasive ap-
proaches, thus optimizing the surgical result, while minimizing postoperative morbidity.
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In this context, robotic technology is continuously 
improving, mainly in terms of versatility, adaptability, 
geometric accuracy, stability, repeatability, integration 
of extensive information, safety, dexterity, tactile feed-
back, and hand-eye coordination. The main goal of this 
technology is to enhance the surgeon’s skills so that he 
or she can perform microsurgical manipulations, mini-
mally invasive access procedures, accurate stereotactic 
approaches, and image-guided procedures. In particu-
lar, 3 possible surgeon-robot interaction modalities have 
been described, depending on whether the robot performs 
speciic preplanned motions under the supervision of the 
surgeon (supervisory-controlled system), if the surgeon 
directly controls the robotic manipulator through a haptic 
interface (telesurgical system), or if the robot and surgeon 
jointly control the surgical instrument (shared-control 
system).48

Moreover, robot-guided methods are of special inter-
est in pediatric neurosurgery. In fact, many brain diseases 
that occur during childhood, such as hydrocephalus, epi-
lepsy, tumors, and movement and behavioral disorders, 
often constitute a particular challenge for neurosurgeons. 
Developing structures are more vulnerable to injury than 
the developed structures in adults, especially with regard 
to small and deep targets.65 In addition, the normal anato-
my of a child’s brain is often altered by speciic constitu-
tional factors (e.g., malformations) or by the disease itself. 
Consequently, neurosurgical management of these cases 
requires careful preoperative planning and a high degree 
of intraoperative precision to correctly identify and reach 
the surgical target without damaging the surrounding elo-
quent neurovascular structures.

Nevertheless, robot-assisted approaches have been re-
ported infrequently in pediatric patients. Moreover, the 
cases described in the literature mainly concern urologi-
cal, abdominal, and cardiac experiences, with rare anec-
dotal reports on neurosurgical applications.1,69

Among the robotic systems currently used, the Robot-
ized Stereotactic Assistant (ROSA, Medtech) is a recently 
developed image-guided device that provides guidance for 
spatial positioning and orientation of several neurosurgi-
cal instruments according to a planned trajectory.

In this work, we report on 116 pediatric patients who 
underwent surgical procedures for a variety of diseases 
with the assistance of the ROSA system at the Neurosur-
gery Unit of the Bambino Gesù Children’s Hospital, in 
Rome, Italy.

Methods
Patient Population

We retrospectively evaluated 116 consecutive pediatric 
patients (63 males and 53 females; mean age at surgery 
11.2 years), who, between 2011 and 2016, underwent a to-
tal of 128 robot-assisted procedures for the treatment of 
various diseases at our institution. The diagnoses are sum-
marized in Table 1.

Preoperative Planning

All patients underwent 3D Gd-enhanced T1-weighted 
MRI. For some speciic procedures, such as pallidotomy, 

deep brain stimulation (DBS), and hypothalamic hamar-
toma (HH) disconnection, we also used 3D T2-weighted 
and/or inversion recovery sequences to improve visualiza-
tion of the basal ganglia and midline structures. To opti-
mize skin rendering, a preoperative volumetric CT scan 
was performed in all patients.

The CT and MR images were imported to the dedi-
cated planning software and coregistered using a rigid and 
linear algorithm. The registration accuracy was validated 
by checking the correspondence of anatomical landmarks 
(ventricles, bone, venous sinus, and commissures) between 
the selected sequences. The entry and target points and the 
trajectory were selected on different possible views (axial, 
coronal, sagittal, perpendicular and along the trajectory, 
and anterior commissure–posterior commissure coordi-
nates). Once completed, the planning was copied into the 
same software on the robotic device.

Intraoperative Phase

The ROSA system is composed of a platform, includ-
ing a compact robotic arm and a touch screen, mounted on 
a mobile trolley. A mechanical arm ixes the robot to the 
3-pin support applied on the patient’s head. The position of 
the head depends on the procedure: neutral, slightly lexed 
in endoventricular procedures, pallidotomy, and DBS; and 
slightly rotated in intracranial electrode implantation for 
SEEG.

We used 2 types of registration: iducial marker regis-
tration using invasive bone iducials for DBS cases, and 
frameless surface registration for all other procedures. 
The irst is based on the recognition by a special pointer 
of the tip of 5 screws that were previously implanted in the 
patient’s skull. The surface registration includes different 

TABLE 1. Summary of diagnoses in 116 patients undergoing 

robot-assisted surgery

Diagnosis No. of Patients

Drug-resistant epilepsy 52

 HH 20

Brain tumor 40

 Basal ganglia/diencephalon tumor 11

 Brainstem tumor 10

 Pineal region tumor 4

 Temporal/temporomesial tumor 4

 Optic pathway glioma 3

 Sellar region tumor 3

 Intraventricular tumor 3

 Corpus callosum tumor 1

 Multilobar tumor 1

Dystonia 13

Obstructive hydrocephalus 6

Arachnoid cyst 2

Drug-resistant aggressive behavior 1

Diffuse white matter degenerative disease 1

Cerebral proliferative angiopathy 1

Total no. 116



Robot-assisted procedures in pediatric neurosurgery

Neurosurg Focus Volume 42 • May 2017 3

steps, namely: 1) arm calibration; 2) acquisition of facial 
landmarks by a contactless distance sensor held by the 
robot arm (midline frontal, bilateral lateral frontoorbital 
region, internal and external eye canthus, nasion, and tip 
of the nasal bone); 3) correction of registration errors by 
matching the intraoperative scanned 3D volume with the 
preoperative 3D MRI data; 4) automatic scanning of the 
relevant areas of the patient’s face; 5) manual scanning 
(lateral surface of the nose and lateral frontoorbital region 
bilaterally); 6) trajectory feasibility veriication according 
to the selected tool (sensor of distance, endoscope holder, 
microdescender holder); and 7) inal veriication of the 
correspondence between the patient and neuroimaging, by 
manually positioning the robot arm at the level of the ini-
tial facial landmarks.

During the operative phase, the robot arm moves to the 
selected entry point and is oriented according to the corre-
sponding trajectory. The arm movement can be controlled 
by the surgeon in 3 possible modes (axial, isocentric, and 
free) and 2 speeds (slow or fast). The robot arm has 6 df 
and has haptic features, based on force sensing and feed-
back.

Several instruments can be connected to a speciic 
holder at the end of the arm, depending on the surgical 
procedure to be performed. During SEEG, the robot sup-
ported different speciic instruments (a skull drill, mono-
polar instruments, and a screwdriver). After checking the 
correct length, each electrode was introduced and ixed to 
the skull with a 20- or 25-mm screw. For endoscopic ap-
proaches, a bur hole was made according to the planned 
entry point. A rigid 30° endoscope (medium size, Karl 
Storz), integrated with the robot arm was moved from the 
cortex to the ventricles under navigation control. Once the 
ventricle was reached in iso-axial mode, the endoscope 
was moved to the target point by switching to the coopera-
tive or free mode. Third ventriculostomy was performed 
using a 3-Fr Fogarty balloon-tipped catheter. Disconnec-

tion of HHs was performed using a 2-μm thulium laser 
device (RevoLix) or by monopolar cauterization. Biopsies 
were performed using a Nashold needle (Medtronic). For 
DBS procedures and pallidotomy, the robot arm support-
ed a microdescender that guided the electrode for neu-
rophysiological mapping, microstimulation, and the inal 
DBS electrode at target. Pallidotomy was performed using 
a speciic electrode during repeated thermocoagulation 
sessions (70°C for 60 seconds, Cosman radiofrequency 
generator). After surgery, all patients underwent control 
CT or MR imaging to verify the target and exclude surgi-
cal complications.

Results
We performed 128 neurosurgical procedures assisted 

by the ROSA system. Eleven of 128 surgeries have been 
repeated in 10 patients, including SEEG implantation (4 
cases), pallidotomy (1 case), HH disconnection (4 proce-
dures), stereotactic biopsy (1 case).

The overall time, including registration and surgi-
cal phases, was 172.7 minutes. The mean follow-up was 
30.6 months (range 9.6–40.8 months). The procedure was 
ineffective in 3 cases (2.4%), namely, 1 tumor biopsy, 1 
intracystic catheter placement, and 1 DBS surgery. Five 
patients (3.9%) had a transient postoperative deicit. No 
permanent deicit was noted. The main results of each 
procedure are summarized in Table 2.

Intracranial SEEG Electrode Implantation

We implanted a total of 386 electrodes (mean 10.7 elec-
trodes per patient, range 6–16) in 36 patients suffering 
from drug-resistant epilepsy (Fig. 1). The mean surgical 
time was 204.3 minutes. No intracranial bleeding was ob-
served postoperatively.

To assess the accuracy of electrode positioning, we 
measured the entry point localization error (EPLE) and 

TABLE 2. Summary of 128 procedures, performed by using the ROSA robot

Procedure No. of Cases

Mean Op 

Time (mins)

Accuracy (mm)

No. of Failures/Complications

Mean FU  

(mos)EPLE TPLE

Electrode implan-

tation

36 (386 electrodes) 204.53 Median 1.5 (mean 

1.59 ± 1.1)

Median 1.96 (mean 

2.22 ± 1.71)

0 28.8

Stereotactic 

biopsy

26 107.3 No error Not diagnostic (n = 1); transient monopa-

resis (n = 2)

28.8

Stereotactic cyst 

aspiration

3 118.3 No error 0 9.6

HH disconnection 24 139.5 Transient deicits (n = 3); hemiparesis (n = 
1); hormonal imbalance (n = 2)

40.8

Endoscopy* 18 150.8 0 34.8

Shunt placement 6 123.5 Shunt not placed (tough cystic wall; n = 1) 38.4

Pallidotomy 12 287.7 Median 1.33 (mean 

1.45 ± 0.32)

0 40.8

DBS 3 (6 electrodes) 415 Median 1.60 (mean 

1.56 ± 0.35)

Infection (n = 1) 22.8

Total 128 172.7 3 failures/5 transient deicits 30.6

FU = follow-up.

* Eight endoscopic biopsies, 5 ETVs, 3 cyst ventriculostomies, and 2 septostomies.
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the target point localization error (TPLE). As previously 
described, EPLE is deined by calculating the Euclidean 
distance between the planned entry point and the major 
axis of the implanted electrode on postoperative CT scan-
ning. Similarly, TPLE is deined as the Euclidean distance 
between the planned target and the major axis of the elec-
trode at its tip. The Euclidean distance between 2 points 
is deined as the square root of the sum of the squares of 
the differences between the corresponding coordinates of 
the points on the 3 axes (x, y, and z).17 In our series, we re-
ported a median EPLE of 1.50 mm (mean 1.59 ± 1.10 mm 
[± SD]), with EPLE greater than 2 mm in 116 electrodes 
(30%). The median TPLE of each electrode was 1.96 mm 
(mean 2.22 ± 1.71 mm), with TPLE greater than 2 mm in 

162 electrodes (42.0%). When considering only the more 
recent 10 cases, the median EPLE and TPLE were 1.12 
mm (mean 1.09 ± 0.8 mm) and 1.50 mm (mean 1.84 ± 1.91 
mm), respectively.
Endoscopic Procedures

A total of 42 endoscope-assisted procedures were per-
formed to treat different diseases, with a mean surgical 
time of 144 minutes (Figs. 2 and 3). In particular, 7 patients 
underwent third ventriculostomy (5 cases) or septostomy 
(2 cases) for obstructive hydrocephalus. An endoscopic 
approach was also used to perform 8 endoscope-assisted 
biopsies of intraventricular or midline tumors, and for 
fenestration of intraventricular or extraventricular cysts (3 

FIG. 1. Intracranial implantation of electrodes for SEEG. A: Screenshot of the preoperative planning. The imported images can 
be visualized according to different projections. To avoid hemorrhagic complications, the safest trajectories are built and veriied 
on the Gd T1-weighted sequence. The 3D rendering gives a useful general overview of the trajectories; the surgeon can verify the 
correct distance between the electrodes (left). Different tools for both the image rendering and trajectory planning (right). B and 
C: Coregistration of the MR image with the postoperative CT veriication of the correspondence between the planned trajectory 
and the implanted electrode, especially at the entry point (B) and the target point (C). D: Intraoperative photograph of the inal 
implantation.
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cases). The mean size of the lateral ventricle, measured at 
the frontal horn considering an axial plane from the inner 
margin of the medial ventricular wall to the inner margin 
of the lateral wall, was 4.64 mm for the right ventricle and 
5.1 mm for the left ventricle. No postoperative morbidity 
was noted in these patients.

Twenty-four endoscopic procedures were performed 
to disconnect the HH in 20 patients suffering from drug-
resistant epilepsy. Because of the epilepsy recurrence, the 
procedure was repeated twice in 2 patients, and 3 times 
in 1 patient. The mean surgical time was 139.5 minutes. 
The early surgical complication rate was 12.5%, due to 
left hemiparesis (1 case), inappropriate antidiuretic hor-
mone secretion (1 case), and postoperative hypernatremia 
(1 case). All these patients had complete clinical resolution 
after 1 month from surgery.

Stereotactic Biopsies

A total number of 26 robot-assisted stereotactic biop-
sies were performed in different brain regions, including 
the basal ganglia/diencephalon region (8 cases), the brain-
stem (10 cases), the pineal region (2 cases), and other su-
pratentorial lobar territories (6 cases) (Fig. 4). The mean 
trajectory length was 92 mm. The mean procedural time 
was 110.6 minutes. We did not ind any signiicant TPLE 
on postoperative imaging, and diagnosis based on histo-

logical results was obtained in 25 of 26 cases (tumor in 
24 cases and diffuse white matter degenerative disease in 
1 case). In the remaining case, the biopsy sample was in-
suficient for histopathological diagnosis. Early transient 
postoperative monoparesis developed in 2 (8%) biopsy 
cases (tumor within the globus pallidus in one patient and 
diffuse intrinsic pontine glioma in another patient). No 
long-term clinical consequences were noted.

Other Stereotactic Procedures

We used the ROSA device to place a catheter connect-
ed to a subcutaneous reservoir for the aspiration of tumor 
cysts (5 cases) and CSF shunting (1 case of intracranial 
hypertension due to diffuse proliferative angiopathy), with 
a mean time of 124 minutes. In 1 case, the intracystic cath-
eter placement failed because of a tough cystic wall. Three 
patients underwent stereotactic cyst aspiration through the 
biopsy needle, with a mean time of 118 minutes. No surgi-
cal complications were noted in this series.

Functional Procedures

We performed 2 bilateral globus pallidus internus (GPI) 
DBS procedures in 2 cases of primary dystonia and 1 bi-
lateral DBS procedure in the posterior hypothalamus in 1 
patient with drug-resistant aggressive behavior and autism 

FIG. 2. Endoscopic septostomy in a 4-year-old girl who experienced malfunction of a right-sided ventriculoperitoneal shunt that 
had been implanted at birth for a postinfection hydrocephalus. A: Preoperative axial (upper) and coronal (lower) MR images show-
ing the ventricular catheter (arrows) and an asymmetry between the lateral ventricles. B: We planned a robot-assisted transven-
tricular septostomy, and we selected the target point at the level of the right-sided catheter. C: Intraoperative endoscopic images 
showing the laser septostomy (left) and the relocation of the shunt within the left ventricle (right). D: Postoperative axial (left) and 
coronal (right) MR images demonstrating the resolution of the ventricular asymmetry and the correct position of the shunt (arrow).
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(Fig. 5). The mean surgical duration of DBS procedures 
was 415 minutes. There were no intraoperative complica-
tions. In 1 patient, the device was removed due to infection.

As already described for SEEG, we measured TPLE 
considering a Y value = 0, as the depth of the electrode 
was conditioned by the intraoperative neurophysiologi-
cal investigation. In our cases, the median TPLE was 1.67 
mm (mean 1.59 ± 0.52 mm) for the left leads and 1.57 mm 
(mean 1.57 ± 0.14 mm) for the right electrodes.

Twelve patients affected by primary or secondary dys-
tonia underwent bilateral pallidotomy. The mean surgical 
time was 287.7 minutes. In these cases, the left median 
TPLE was 1.27 mm (mean 1.41 ± 0.28 mm), and the me-
dian right TPLE was 1.34 mm (mean 1.48 ± 0.38 mm). No 
postoperative complications occurred.

Discussion
To the best of our knowledge, this is the largest re-

ported series of pediatric neurosurgical cases that were 
performed using a robotic support. We used the ROSA 
system to assist 128 surgical procedures performed in 116 
children, including implantation of SEEG electrodes, neu-
roendoscopy, tumor biopsy, functional procedures (DBS 
and pallidotomy), and other stereotactic approaches. In all 
cases, the robot allowed us to reach the planned target and 
to provide stable support to the instruments during the op-
erative phase. The overall surgical success rate was 97.7%, 
with a 3.9% rate of early clinical transient complications.

General Considerations

The ROSA system is an image-guided device with ad-
vanced navigation functions and haptic capabilities for 
both stereotactic and nonstereotactic approaches.12 Ac-
cording to the classiication of Nathoo et al., ROSA be-
longs to both categories of supervisory-controlled and 

shared-controlled systems.48 In this modality, the surgeon, 
after ofline planning, can either supervise the robot per-
forming autonomously the motion or directly control and 
move the surgical instrument during the procedure.

During the planning phase, the safest trajectory can be 
calculated on MR images with respect to the vessels and 
eloquent deep structures. In this way, the surgical team can 
discuss the best surgical strategy before surgery, with a 
positive impact on the surgical and anesthesiological plan-
ning. The acquired plan is then transferred to analogous 
software included in the robotic system, and registration is 
performed in the operating room.

The device can perform all types of registrations: 
frame-based registration, frameless iducial marker (skin 
or bone) registration, and frameless surface registration, 
depending on the location of the disease and the selected 
surgical approach.38,39 We have mainly used frameless sur-
face registration, and bone iducial registration only for 
DBS procedures, as indicated by the manufacturer. More-
over, as suggested in the literature,5 we did not observe any 
inluence of other factors (such as the visual system, the 
height of the camera from the surface, and illumination) 
on the robot’s accuracy.

Because of its haptic properties, the robot can be used 
not only for stereotactic procedures, but also to support 
and guide several surgical instruments during nonstereo-
tactic approaches through 6 df and in 3 possible interac-
tion modes (axial, isocentric, and free). As demonstrated, 
the degrees of freedom value positively correlates with the 
time and error rate of the procedure.12

In the following sections, the main applications of the 
ROSA system are briely discussed.

Electrode Implantation for SEEG Recording

SEEG recording through intracerebral electrodes is 
presently considered to be the gold-standard technique for 

FIG. 4. A: Preoperative planning of a left transfrontal stereotactic biopsy 
of a diffuse intrapontine glioma in a 6-year-old girl. B: Intraoperative 
view of the biopsy needle, mounted on the robotic arm. C: Postopera-
tive CT scan demonstrating the correct targeting of the biopsy (arrow).

FIG. 3. Transventricular endoscopic disconnection of an HH in a 6-year-
old boy. A: Given the bilateral HH implantation (arrows), we selected 
a trajectory throughout the left lateral ventricle to safely reach the third 
ventricle. B: Photograph showing surface registration by laser scanning 
of the face. C: The endoscope is mounted on the robotic arm and can 
be easily handled by the surgeon.
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FIG. 5. A–C: ROSA-guided DBS in a 6-year-old girl affected by drug-resistant generalized dystonic-dyskinetic syndrome. Preop-
erative planning of the bilateral trajectory to the GPI, according to the anterior commissure–posterior commissure coordinates. 
The day before the procedure, the patient underwent implantation of 5 bone iducial markers, as shown in the 3D view (A). During 
the registration phase, a speciic pointer touches the iducial tip (B). The accuracy of the registration is veriied on a CT scan (C).  
D and E: Registration of the preoperative MR image with the postoperative CT scan, demonstrating the correct positioning of DBS 
electrodes on the right (D) and left (E) sides, according to the planned trajectory. F and G: Planning of bilateral pallidotomy in a 
4-year-old boy with secondary dystonia (F). Postoperative CT scan demonstrating the correct site of the thermocoagulation at the 
level of the GPI, without complications (G).
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preoperative workup in patients with drug-resistant epi-
lepsy, in whom the epileptogenic zone cannot be detected 
using the current noninvasive methods. In fact, compared 
with other invasive approaches, such as subdural grids, 
SEEG provides a more accurate direct intracerebral re-
cording of the electrical activity coming from supericial 
and deep structures, leading to a precise identiication and 
delimitation of the epileptogenic zone.14,15,16,20 Moreover, 
depth electrodes are used not only to record electrophysio-
logical ictal and interictal activity, but also to functionally 
map the brain area where they are inserted, which is cru-
cial when epileptogenic foci are supposed to be adjacent to 
eloquent brain territories.

Over the last decade, due to the development of neuro-
navigation systems and robotic technologies, the tradition-
al Talairach stereotactic frame-based SEEG methodology 
has been implemented, in terms of accuracy and safety, 
with a more multimodal approach and with frameless im-
plantation procedures.14,17

So far, the application of ROSA in supporting SEEG 
has been described in some preliminary cases in adult 
and pediatric patients. Hughes et al. presented promis-
ing results from robot-assisted procedures performed in 4 
adults (GL Hughes et al: Frameless stereotactic robot as-
sistance in epilepsy surgery: preliminary results. Presenta-
tion to the Congress of Neurological Surgeons, Washing-
ton DC, October 1–6, 2011). In 2010, Ferrand-Sorbets et 
al. described good results in 15 children who underwent 
placement of 172 electrodes under ROSA control, also for 
bilateral exploration (S Ferrand Sorbets et al: Frameless 
stereotactic robot-guided placement of depth electrodes 
for stereo-electroencephalography in the presurgical eval-
uation of children with drug-resistant focal epilepsy. Pre-
sentation to the Congress of Neurological Surgeons, San 
Francisco, CA, 2010). Later, the same group reported the 
eficacy of SEEG in presurgical evaluation in an extended 
series of 65 children with drug-resistant epilepsy. Even if 
the surgical method was not speciically discussed in this 
paper, the results indicated a positive contribution of the 
robotic technique in optimizing diagnostic accuracy.63

We implanted a total of 386 electrodes in 36 children 
(mean 11 electrodes per patient, range 6–16) (Fig. 1). Four 
patients underwent a second SEEG procedure, because the 
irst exploration was not conclusive about the deinition of 
the epileptogenic network. The median errors were 1.5 
mm at the entry point, and 1.96 mm at the target point. Re-
cently, González-Martínez et al. reported a median EPLE 
of 1.2 mm and TPLE of 1.7 mm (major bleeding: 1%) for 
500 electrodes implanted at the Cleveland Clinic.29 More-
over, the patient series by Cardinale accounted for 1050 
electrodes implanted under assistance of a different robot-
ic system and frame-based registration (EPLE: 0.78 mm, 
complications: 0%).14 Although our results are slightly dif-
ferent in comparison with these groups, in our series we 
did not note any hemorrhagic intracranial complications, 
and we noted a reduction in the median error value with 
time, which is likely due to a progressive learning curve. 
In fact, in the last 15 cases, we observed an EPLE and a 
TPLE of 1.12 mm and 1.50 mm, respectively.

As previously described, in addition to the learning 
curve, different factors can inluence the discrepancy be-

tween the planned trajectory and the actual one, including 
the inaccuracy of the CT scan merging process and the 
frameless optical tracking system, the possible skull shift 
during the bone drilling, especially when the planned tra-
jectory is tangential to the skull surface, and the nonuse of 
the stylet to insert the electrodes.54

Endoscopy-Guided Procedures

Neuroendoscopy is a common treatment, with several 
possible applications in both adult and pediatric patients, 
such as management of obstructive hydrocephalus and in-
tracranial cysts, resection or biopsy of tumors, and malfor-
mations.19,27,69

The use of robotic assistance for endoscopic approach-
es was irst described by Benabid et al. in 1992.8 In 2002, 
Zimmermann reported encouraging preliminary data for 
3 patients who underwent neuroendoscopic procedures 
under robotic assistance.73 These positive results were 
conirmed in a subsequent series of 6 adults affected by 
triventricular obstructive hydrocephalus, who underwent 
robot-assisted endoscopic third ventriculostomy.34,72 Pe-
diatric patients often represent a particular challenge, not 
only because of the high incidence of hydrocephalus-re-
lated diseases, but also for the frequent inding of an al-
tered ventricular anatomy due to morphological variants 
or pathological distortions.

We performed 42 endoscopic procedures under ROSA 
guidance to manage different diseases, including second-
ary obstructive hydrocephalus (7 cases), arachnoid cyst 
(3 cases), intraventricular tumors (8 cases), and HHs (24 
cases).

Despite the well-documented application of nonrobotic 
stereotactic approaches in neuroendoscopy,46,53,55 we opted 
for the robotic assistance to validate this technique in easi-
er cases, (e.g., third ventriculostomy for obstructive hydro-
cephalus), especially at the beginning of our experience. 
More recently, we progressively changed the indications to 
more complex cases. In fact, pediatric patients often con-
stitute a special challenge, not only because of the high 
incidence of hydrocephalus-related diseases, but also for 
the frequent inding of a tight ventricular system, deeply 
located lesions, and altered ventricular anatomy due to a 
morphological variant or pathological distortion.

In all of these cases, the robotic system guided the en-
doscope to the planned target.72,73 After reaching the ven-
tricular or intracystic space, we switched the control of the 
robotic arm to the isocentric or manual mode for more 
precise and stable control of the instrument, according 
to freer trajectories, including rotations and axial transla-
tions.69 For example, for 2 patients in whom an excluded 
ventricle developed due to previous shunt malfunction, 
shunt infection, or multiloculated hydrocephalus, despite 
the limited ventricular sizes, we successfully performed a 
ROSA-guided endoscopic laser septostomy to restore the 
correct CSF circulation (Fig. 2).

Nine patients underwent transventricular biopsy for tu-
mor located in or pushing into the ventricle. Histological 
diagnosis was achieved in all patients, without complica-
tions. The positive diagnostic yield of neuroendoscopy for 
brain tumors has been previously documented.58 Moreover, 
similar to nonrobotic stereotactic methods, the ROSA de-
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vice offers the possibility of verifying, during the entire 
procedure, the position of the endoscope through MRI, in 
addition to the direct endoscopic view.

HHs are congenital benign lesions, often associated 
with a typical medically resistant epileptic syndrome. En-
doscopic disconnection represents an effective treatment 
for HHs, especially when the lesion bulges into the third 
ventricle.18,22,24 Moreover, in cases of persistent seizures, 
repetition of disconnection can be safely proposed to im-
prove the epilepsy outcome.22,24,50 In this context, promis-
ing results of laser disconnection under ROSA assistance 
have been recently reported,13,50 and the possible use of the 
ROSA system in frameless stereotactic laser ablation as 
well has been described in an adult patient in whom ste-
reotactic radiosurgery for HH failed.11

We used the ROSA system to treat 24 HH cases (Fig. 3). 
In particular, the robot was useful in safely accessing the 
lateral ventricle, which is usually small in these cases, and 
in easily guiding the laser or the monopolar system when 
performing multiple coagulations, not only along the base 
of intraventricular HH bulging, but also within the lesion. 
We repeated the procedure twice in 2 patients and 3 times 
in 1 patient, without additional complications. We believe 
that a robot-assisted approach and a combined technique 
of both disconnection and intralesional coagulation may 
be safely proposed as the irst and repeatable option for 
optimizing the quality of surgical treatment of HH and the 
outcome of epilepsy, while minimizing the risk of postop-
erative morbidity.

Stereotactic Biopsy

Stereotactic biopsy is a minimally invasive technique 
and is used with the aim of obtaining a reliable histologi-
cal diagnosis, especially in cases of small and deeply lo-
cated brain tumors, and avoiding adjunctive and perma-
nent morbidity.26,31,47 Traditionally, 2 possible approaches, 
including frame-based and frameless techniques, have 
been used, and many authors have discussed the differenc-
es and relative advantages of the 2 techniques. In general, 
frameless biopsy offers more ergonomic properties and 
an easier surgical worklow,21,25,71 especially in cases of 
supratentorial tumors and lesions larger than 15 mm.3,49,57 
On the other hand, frame-based biopsy envisages a more 
complex surgical worklow,23,51,57 and it is still preferred in 
many centers for the deepest and smallest lesions, or for 
lesions located close to highly vascular areas, such as the 
pineal region.39

So far, robot-assisted biopsies have been routinely 
performed at only a few centers in a limited number of 
patients.6,23,32,39 Only one group has recently reported the 
use of the ROSA device for stereotactic biopsies in a se-
ries of 100 tumors with various locations and histological 
types. Different registration modalities have been adopted 
(frameless robotic surface registration, robotic bone idu-
cial marker registration, and scalp iducial marker registra-
tion) for both supine and prone approaches. The authors 
reported a high diagnostic yield (97%), with a small rate 
of postoperative bleeding (10%, 2% symptomatic) and a 
general transient neurological morbidity (6%).38,39

We performed 26 biopsies with ROSA assistance for 
deeply located lesions (Fig. 4). We used surface registra-

tion; all patients were in the supine position. A histological 
diagnosis was achieved in 96% of procedures. In 4 cases of 
cystic tumor component causing mass effect, we aspirated 
the cystic content through the biopsy needle. Similar to 
other procedures, we recorded a progressive reduction in 
surgery duration (mean time 122.7 minutes), mainly be-
cause of the vast experience gained with ROSA assistance 
and a faster registration phase. There were no deaths, in-
fections, or permanent postsurgical sequelae. These results 
are in line with those of Lefranc et al.38,39 and other groups 
that have reported a complication rate ranging between 
0% and 9.3%.9,28,36,57

In summary, our results conirm that stereotactic biop-
sy under ROSA guidance combines the advantages of both 
frameless and frame-based methods, in terms of technical 
aspects, timing, and diagnostic accuracy.

Functional Procedures

DBS and pallidotomy are common treatments, with 
several applications for movement disorders and psychi-
atric diseases.43,67,74 In contrast to SEEG, in which the goal 
is electrical exploration of supericial and deep brain re-
gions along the implanted electrode according to the epi-
leptogenic hypothesis, in DBS and pallidotomy the focus 
is the correct target identiication. For this reason, these 
procedures require the utmost accuracy of lead placement 
in order to achieve the best clinical eficacy while avoiding 
side effects.10,44,60,64

In our preliminary experience, we treated 3 patients 
for primary dystonia (2 cases) and behavioral disorder (1 
case). In all cases, we used bone iducial registration. We 
registered a mean EPLE of 1.59 ± 0.52 mm and TPLE of 
1.57 ± 0.14 mm (Fig. 5A–E).

The application of robotic technology in DBS proce-
dures has already been reported with the use of the Neu-
roMate robot (Renishaw Inc.).66 Recently, von Langsdorff 
et al. evaluated the accuracy of the system in vitro and in 
vivo and registered mean values of 0.44 ± 0.23 mm for 
in vitro application and of 0.86 ± 0.32 mm during in vivo 
procedures.68

Moreover, our results are acceptable, in comparison 
with traditional frame-based and frameless techniques for 
deep electrode positioning. In fact, a previous comparative 
evaluation of the in vitro targeting accuracy of 4 frame-
based systems showed a mean error ranging between 1.7 
and 1.9 mm,41 and a mean targeting error of 1.4 ± 0.9 mm 
was found in a large clinical series of frame-based DBS 
procedures.33 In a later review regarding frameless ste-
reotactic methods, Widmann et al. reported a mean tar-
get positioning error ranging between 1.1 and 1.3 mm for 
phantom studies, and between 1.99 and 3.2 mm for clinical 
observations, depending on the adopted targeting device.70 
More recently, Bot et al. compared the accuracy between 
the Nexframe and the Leksell frame after location of 194 
DBS leads, accounting for mean Euclidean errors of 2.71 
± 1.23 and 2.63 ± 1.07 mm, respectively.10

In one of our cases, we removed the implant due to a de-
vice-related infection. As previously reported,52,59 the inci-
dence of DBS complications may be even greater in pedi-
atric patients, mainly due to soft-tissue coverage and poor 
general condition, such as in cases of status dystonicus.43 
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For this reason, pallidotomy represents a viable alternative 
for the management of movement disorders, especially in 
children in severe clinical condition, with the advantage of 
a decreased need of specialists and clinical follow-up and 
a lower risk of infection.

In our series, 11 dystonic patients underwent ROSA-
assisted pallidotomy (Fig. 5F and G). The mean EPLE and 
TPLE were 1.41 ± 0.28 mm and 1.48 ± 0.38 mm, respec-
tively, without complications. Refractory status dystonicus 
developed in 5 of these patients. Our group previously de-
scribed the eficacy of pallidotomy in restoring the pre–
status dystonicus condition, by controlling dystonic pos-
tures and movements of trunk and limbs.43

Conclusions
In this study, we demonstrated the usefulness of robot 

technology in supporting the neurosurgical management 
of several pediatric diseases. The ROSA system combines 
human decision making with the accuracy of machine 
technology by improving ergonomics, visualization, and 
the haptic ability of the surgeon, especially in cases of 
smaller targets, narrower corridors, and procedures re-
quiring the highest level of precision, such as functional 
procedures and electrode implantation. Our results showed 
the versatility of the ROSA device, which, given the pos-
sibility to integrate different tools, improves the safety 
and feasibility of several minimally invasive procedures, 
while minimizing risks and surgical time. Further studies, 
involving larger case series, are needed to validate previ-
ous results, to improve current technology, and to optimize 
the impact of robotic stereotactic systems on the quality of 
neurosurgical procedures.
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