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Abstract
Stereotactic brain biopsy is one of the most frequently performed brain surgeries. This review aimed to expose the latest 
cutting-edge and updated technologies and innovations available to neurosurgeons to safely perform stereotactic brain biopsy 
by minimizing the risks of complications and ensuring that the procedure is successful, leading to a histological diagnosis. 
We also examined methods for improving preoperative, intraoperative, and postoperative workflows. We performed a com-
prehensive state-of-the-art literature review. Intraoperative histology, fluorescence, and imaging techniques appear as smart 
tools to improve the diagnostic yield of biopsy. Constant innovations such as optical methods and augmented reality are 
also being made to increase patient safety. Robotics and integrated imaging techniques provide an enhanced intraoperative 
workflow. Patients’ management algorithms based on early discharge after biopsy optimize the patient’s personal experi-
ence and make the most efficient possible use of the available hospital resources. Many new trends are emerging, constantly 
improving patient care and safety, as well as surgical workflow. A parameter that must be considered is the cost-effectiveness 
of these devices and the possibility of using them on a daily basis. The decision to implement a new instrument in the surgi-
cal workflow should also be dependent on the number of procedures per year, the existing stereotactic equipment, and the 
experience of each center. Research on patients’ postbiopsy management is another mandatory approach to enhance the 
safety profile of stereotactic brain biopsy and patient satisfaction, as well as to reduce healthcare costs.
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Introduction

Brain biopsy is one of the most frequently performed brain 
surgeries in neurosurgical centers that manage patients with 
brain tumors or non-neoplastic cryptogenic neurological dis-
eases [11]. Various surgical methodologies can be employed 

to achieve a brain biopsy [32]. Among these, stereotactic 
brain biopsy is a minimally invasive neurosurgical technique 
used to acquire pathological brain tissue using a dedicated 
stereotactic needle. This procedure is indicated for multiple, 
deep-seated brain lesions and/or frail patients or those with 
poor prognosis. The goal of surgery is to obtain viable tissue 
representative of the lesion in order to provide a compre-
hensive histological analysis. The procedure uses imaging 
technologies, such as magnetic resonance imaging (MRI) or 
computed tomography (CT), to safely and precisely reach 
specific areas of the brain. Image-guided brain biopsy began 
with frame-based approaches incorporating CT scans for 
surgical planning [66]. For the past several years, frameless 
stereotactic systems using preoperative MRI have tended to 
supplant frame-based methods. The standard-of-care method 
for stereotactic brain needle biopsy involves the insertion 
of a 1.6- to 2-mm diameter needle cannula through a burr 
hole placed along a predetermined trajectory. The two can-
nulas had side windows that aligned when the target point 
was reached. The brain tissue was lodged into the cannula 
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using suction and then cut by sliding the inner cannula up 
into the mandrel.

Complications following a brain biopsy are rare, but like 
all neurosurgical procedures, they carry some risks, such 
as seizures, brain edema, or infection [52]. The most spe-
cific and frequent complications related to this procedure 
are negative sampling, requiring a second biopsy procedure 
[8], and brain hemorrhage with potentially serious conse-
quences [53]. In a mission to become safer and more effec-
tive, constant innovations are being made in this field of 
neurosurgery.

This literature review aims to expose the latest cutting-
edge and updated technologies and innovations available to 
neurosurgeons to safely perform stereotactic brain biopsy 
by minimizing the risks of complications and ensuring that 
the procedure is successful, leading to a histological diagno-
sis. We also examined methods for improving preoperative, 
intraoperative, and postoperative workflows.

Innovations to increase biopsy diagnostic 
yield

One of the main risks of stereotactic biopsy is to provide 
a sample that is non-contributory to a diagnosis. In a case 
series of patients with brain tumors, the rate of negative 
biopsies is close to 5%, exposing the patient to a second 
biopsy with potential morbidity and additional health care 

costs [8, 20, 53]. In patients biopsied for cryptogenic neu-
rological disease, this rate reaches 30% [3, 36–38]. Innova-
tions are partly driven by the causes of biopsy failures, from 
misguidance of the biopsy needle due to technical pitfalls 
and limitations [69] to uncertainties surrounding the patho-
logical nature of the biopsy samples during the procedure 
(Fig. 1).

Intraoperative histopathological examination

Smear or frozen section

Intraoperative rapid smear or frozen-section histopathology 
is the oldest, but also the most reliable method to deter-
mine the presence of tumor or pathological tissue in biopsy 
specimens [10]. In 2019, Mathon et al. conducted a 2-year 
retrospective study on 145 patients for which a smear was 
performed during MRI-guided frame-based stereotac-
tic biopsies [35]. They compared the negative biopsy rate 
between a historical cohort of 1638 patients brain-biopsied 
over a 10-year period (2007–2016) and the group of patients 
for which an intraoperative smear was performed. In the his-
torical control group, the rate of negative biopsies was 2.6%, 
while there was no negative biopsy in the “smear group.” In 
five patients (3.4%), the first intraoperative smear was ini-
tially considered non-diagnostic; thus, further biopsies were 
performed deeper along the trajectory. The second smear 
resulted in a diagnosis in all patients. Another study reported 

Fig. 1   Advances and innovations in stereotactic brain biopsy diagnostic yield improvement. 5-ALA, 5-aminolevulinic acid; CT, computed 
tomography; MRI, magnetic resonance imaging. Figure created with BioRender.com
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that an intraoperative smear reduced the risk of negative 
biopsy from 11.1 to 3.7% [31].

Compared to frozen sections, the smear method has 
numerous advantages. It is faster and uses smaller amounts 
of tissue, allowing more tissue to be spared for definitive his-
topathological examination and molecular analysis. Moreo-
ver, contrary to frozen sections, the smear allows examina-
tion of the thin glial or neuronal cytoplasmic processes and 
identification of the glial or neuronal phenotype of tumor 
cells, or the presence of reactive astrocytes or a fibrillary 
background. Sharp nuclear details were also more visible 
in smears.

The intraoperative smear takes only a few minutes and 
does not unduly prolong the biopsy procedure [35]. How-
ever, the neuropathology laboratory must be located close 
to the operative room to receive the intraoperative sample 
without delay. The neuropathologist could also be in the 
operating room (OR) with a microscope because this gives 
the most reliable and instantaneous feedback to the operat-
ing surgeon [13]. Skilled and experienced neuropathologists 
should examine intraoperative smears to ensure a high level 
of reliability. This technique could thus be implemented in 
the surgical workflow to limit non-contributory biopsies and 
ultimately a second intervention.

Raman spectroscopy

Recently, stimulated Raman scattering microscopy, a label-
free optical imaging method, was developed to quickly gen-
erate in the OR digital hematoxylin-and-eosin-stained-like 
images for intraoperative near real-time histopathological 
tissue analysis. Using this new tool, Neidert et al. analyzed 
429 stimulated Raman histology (SRH) samples from 108 
patients and evaluated the use of this technology in the sur-
gical workflow. This device can be used for intraoperative 
diagnosis, research, and quality control. During the first 
experiments, they had to improve process optimization 
regarding the tissue treatment; nevertheless, it was easily 
implemented in the surgical workflow in a “plug-and-play” 
manner [44]. In a second study, the same team quantified the 
neuropathological interpretability in a routine clinical set-
ting without specialized training [61]. They tested the device 
on 117 samples of pathological tissue from 73 patients and 
a neuropathologist assessed image quality by scoring sub-
jective tumor infiltration and stated a diagnosis based on 
the SRH images. The SRH imaging quality was high, and 
the detection of tumor cells classified as inconclusive was 
observed only in 4.2% of the cases. The diagnostic accuracy 
of SRH images was 87.7%.

In a multicenter prospective clinical trial including 278 
patients, Hollon et al. combined SRH and artificial intel-
ligence (i.e., deep convolutional neural networks trained 
on over 2.5 million SRH images) and showed that this 

diagnostic method was non-inferior to pathologist-based 
interpretation of conventional histological images (accuracy 
94.6%) [21]. Using the same artificial intelligence process, 
Reinecke et al. demonstrated that SRH can reliably detect 
the microscopic presence of tumor and discriminate from 
non-neoplastic brain tissue in stereotactic biopsy specimens 
[49].

In conclusion, the interpretation of intraoperative histo-
logical images with SRH is rapid (within a few minutes) 
and independent of a traditional laboratory or an unevenly 
distributed pathology workforce. Hence, this new tool may 
pave the way for intraoperatively confirming the positivity 
of a biopsy sample.

Intraoperative fluorescence

In the neurosurgical field, tumor delimitation based on 
5-aminolevulinic acid (5-ALA)-induced protoporphyrin 
IX (PpIX) or fluorescein sodium fluorescence is frequently 
used. Patients receive 5-ALA (20 mg/kg of body weight) 
approximately 4 h prior to the biopsy procedure. Adminis-
tration of 5-ALA to the patient leads to the accumulation of 
red fluorescent PpIX in highly proliferating cells, such as 
tumor cells. As PpIX is only produced by vital cells, necrotic 
parts of the tumor do not show PpIX fluorescence. This is 
a useful tool for tumor delineation in resection surgery and 
for verifying tissue specimens during stereotactic biopsy 
sampling [67]. Millesi et al. compared the diagnostic yield 
from stereotactic brain tumor biopsies with the assistance of 
5-ALA-induced fluorescence and those with the assistance 
of intraoperative histology [40]. The diagnostic rate was 
comparable between both strategies (98% vs. 100%, respec-
tively). In addition, a positive predictive value of 100% was 
reported by the same team for all samples with strong or 
vague fluorescence-containing diagnostic lymphoma tissue 
according to histopathological examination [25].

Singh et al. studied the use of intravenous fluorescein 
sodium fluorescence to confirm pathological tissue samples 
in brain biopsies of gadolinium-enhancing tumors [57]. 
Their prospective observational study included 23 consecu-
tive patients from whom 93 specimens were obtained and 
examined for the presence of fluorescence using a micro-
scope with this visualization capability. They calculated the 
sensitivity and specificity of fluorescein detection based on 
histopathological confirmation. Overall, of the 93 specimens 
obtained, 58 were fluorescent samples, and all contained 
diagnostic tissue useful for tumor grading. Of the 35 non-
fluorescent samples remaining, 12 (34.3%) did not contain 
any tumoral tissue, 11 (31.4%) contained minor hypercellu-
larity or gliosis, and 12 (34.3%) contained a high proportion 
of necrotic tumor tissue. They concluded that the sensitivity 
and specificity of fluorescein fluorescence were 83% and 
100%, respectively. This could be a useful and cost-effective 
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tool to improve diagnostic accuracy by detecting pathologi-
cal tissue in stereotactic brain biopsies and accelerating the 
procedure.

In a paper that was published in 2022, Xu and his team 
described their experience with 45 fluorescein-guided biop-
sies in 44 patients over a 5-year period and identified the 
distribution patterns in various histological diagnoses to 
create strategies to improve the effectiveness and precision 
of this procedure [68]. They carried out 25 frame-based and 
20 frameless Varioguide (BrainLAB AG, Feldkirchen, Ger-
many) image-guided biopsies. The intraoperative fluorescein 
uptake of 347 biopsy samples, with an average of eight sam-
ples per patient, was assessed, and the results were compared 
to the definitive histology. Sixty-three percent of the speci-
mens obtained were fluorescein-positive. The specificity was 
70%, and the sensitivity for high-grade gliomas was 85%. 
The specificity of fluorescein for contrast-enhancing lesions 
was 84%. Three samples were required to identify contrast-
enhancing lesions, and five samples were required to provide 
a definitive histological diagnosis. Even though there was no 
indication of gadolinium enhancement, it is interesting to 
note that in the IDH-mutant WHO grade III group, astrocy-
tomas showed fluorescein uptake. According to this patient 
series, fluorescein-guided stereotactic biopsy improves the 
chances of a successful neuropathological diagnosis and can 
reduce the number of samples required by half for contrast-
enhancing lesions.

These two previous studies are the largest and most 
recent, but fluorescence has already been investigated by 
Thien et al. a few years ago on a smaller cohort with simi-
lar results [62]. Additionally and more recently, Thien et al. 
developed a low-cost and stand-alone device called Fluo-
ropen to detect fluorescence in brain tumor tissue obtained 
by fluorescence-guided stereotactic needle biopsy [63]. The 
pen consisted of a light source fitted with color filters to 
create the required emission and visualization wavelengths. 
The proof-of-concept study consisted of four consecutive 
patients; a total of six samples were obtained, and each sam-
ple was examined for the presence of fluorescence using 
Fluoropen and compared with a microscope. Fluoropen was 
shown to have 100% concordance with the microscope and 
therefore could be a valid alternative to facilitate and expe-
dite the procedure.

In conclusion, the literature supports the value of pho-
todiagnosis and its high diagnostic yield, especially for 
high-grade tumors [50]. Although, its value seems more 
important in resection operations, fluorescence assistance 
during stereotactic biopsy of contrast-enhancing tumors may 
provide real-time confirmation of tumor tissue, increase the 
diagnostic yield, spare tissue samples, and reduce the time 
of intervention [7]. It represents a credible alternative for 
neurosurgical departments that have not undergone intraop-
erative histopathological examination by a neuropathologist.

Intraoperative imaging techniques

Both frame-based and frameless stereotactic biopsies are 
dependent on preoperative images and intraoperative ana-
tomic registration to reach the target after careful planifica-
tion and precalculated measurements in 3-dimensional space 
[66]. The limitation of these techniques is correlated to their 
relative inability to adapt to the shift of intracranial struc-
tures, to the anatomy, or to assure accuracy through real-time 
imaging and sampling on the target.

To overcome these limitations, Mohyeldin et al. devel-
oped a platform to integrate high Tesla intraoperative MRI 
(iMRI) with percutaneous frameless stereotactic biopsy [41]. 
Before that, the advantage of real-time feedback using iMRI 
technology in phantom experience [43, 55], non-human pri-
mate studies [51], and deep brain stimulation surgeries [30, 
56, 59] has been investigated. The use of their platform was 
performed on five consecutive patients and showed that it 
would considerably lower the rate of misdiagnosis due to 
faulty targeting using real-time feedback, correction of the 
needle trajectory, confirmation of accurate position, and 
direct imaging of eventual complications [42]. This tech-
nology is best suited for small deep brain lesions found 
near important neurovascular structures. As the system 
works percutaneously, it can also be used for targets that 
may require an anterior starting point, such as the subfrontal 
approach to the hairline. The average operating time was 
approximately 2 h and tended to decrease with increasing 
experience [41].

Using frameless stereotactic brain biopsy with intraop-
erative CT (iCT), Ikeda et al. studied the use of this adju-
vant technique to assess the real target registration error and 
reported their preliminary experience on 10 patients [23]. 
During the procedure the iCT was conducted twice: once 
immediately before the biopsy with the 3-pin head holder 
and reference frame in place for self-registration of the navi-
gation system and a second time for the precise confirma-
tion of the localization of the inserted biopsy needle [23]. 
It provides a more reliable and accurate registration tool 
avoiding registration errors, especially in a prone or lateral 
position. One of the shortcomings of this technique is the 
double radiation exposure in one surgery, but it can be aided 
by the use of a low-dose-irradiated iCT. A similar surgical 
workflow using intraoperative verification with a mobile CT 
unit in combination with frameless neuronavigation-guided 
stereotaxy and preoperative MRI-based trajectory planning 
confirmed targeting accuracy with minimal radial trajectory 
deviation [5].

Novel biopsy techniques and needles

Recently, Ogiwara et al. reported a preliminary study on 26 
patients of a novel biopsy method called “boring biopsy” 
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[45]. The technique is based on a biopsy needle with a cylin-
drical tool able to gather columnar continuous specimens 
from the surface in the normal brain tissue to the tumor 
margin and within the lesion. They believe that continuous 
specimens are useful for improving the accuracy of histo-
pathological diagnosis based on cellular changes and dif-
ferentiation from normal tissues to the core of the lesion. 
Diagnosis was established in all cases, and no major com-
plications were reported.

In an experimental on fresh swine brains, Trojanowski 
et al. compared the diagnostic histopathological quality 
obtained with different vacuum pressures (from 0 to 60 kPa), 
a novel needle rotation method, and using two needle types 
(Laitinen, Umea, Sweden, or Nashold, Radionics, USA) 
[64]. After analyzing 800 biopsy samples, they concluded 
that those are better for histopathological examination when 
obtained with higher vacuum pressure or with Laitinen 
needle.

Innovations to improve patient’s safety

The most serious consequences of minimally invasive ste-
reotactic biopsy are vessel damage and subsequent bleeding. 
The rate of postbiopsy symptomatic hemorrhage is reported 
to be between 0.9 and 8.6% [26, 53]. When considering all 

bleeding observed on systematic postoperative CT scans 
(symptomatic or asymptomatic), the range is much higher, 
up to 60% [27, 52].

The smooth and rounded tip of the biopsy needle protects 
the vessels by pushing them aside. Although the forward 
movement of the needle represents a risk of hemorrhage 
along the trajectory, the risk of vessel injury is higher with 
the suction and sliding movement of the biopsy needle dur-
ing tissue acquisition. Therefore, more than a preoperative 
examination for navigation at an anatomical level, neurosur-
geons need intraoperative feedback to improve the safety of 
biopsy sampling. Different techniques have been developed 
to enhance the safety of this critical step of the procedure 
(Fig. 2).

Optical methods

Intravascular contrast detection

Göbel et al. conducted a clinical pilot trial on a minimally 
invasive endoscopic probe that can be inserted into the tissue 
through a regular biopsy needle [16]. The same fiber optics 
is used for both illumination and image detection enabling 
a clear demarcation of healthy tissue, tumorous tissue, and 
vasculature based on tissue autofluorescence, PpIX fluo-
rescence, and indocyanine green (ICG) fluorescence. For 
vasculature, a dose of 200 mg/kg body weight ICG was 

Fig. 2   Advances and innovations in safety of patients undergoing stereotactic brain biopsy. OCT, optical coherence tomography. Figure created 
with BioRender.com and Freepik.com
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administered intravenously immediately before starting the 
experiment, which allowed the surgeon to detect blood ves-
sels at distances below 1 mm, which would be sufficient 
to change the propulsion path. ICG is frequently used in 
open vascular neurosurgery, but the detection of deep vessels 
might be altered due to the fast redistribution and possible 
leakage of blood that, if in contact with the probe, would 
result in false-positive measurements.

Similarly, in a study published in 2021, Richter et al. used 
a forward-looking probe to get direct feedback on PpIX fluo-
rescence and blood flow detection on 20 stereotactic biopsies 
[54]. With this tool, they expect to shorten the time for the 
procedure, improve the diagnostic yield, and reduce the risk 
of bleeding complications.

Laser Doppler flowmetry

A 2.2-mm diameter forward-viewing probe that uses fluores-
cence detection in conjunction with laser Doppler flowmetry 
was described in two studies. The probe was designed to fit 
a Leksell stereotactic system. Laser Doppler flowmetry can 
assess brain perfusion and blood flow by measuring the fre-
quency shift in the 780-nm backscattered laser light caused 
by cell movements in the capillaries [1].

Haj-Hosseini et al. developed a forward-looking fiber 
optic probe integrating real-time fluorescence spectral detec-
tion and laser Doppler spectroscopy with the goal of reduc-
ing the risk of artery injury and securely targeting tumor 
tissue during stereotactic brain biopsy procedures [19]. They 
described the use of the dual-mode probe in three stereotac-
tic biopsy procedures. They measured PpIX fluorescence, 
autofluorescence, microvascular blood flow, and total light 
intensity along the trajectories in real-time in the OR. The 
signals were correlated with the radiology images and his-
topathology. The main goal of the studies was to establish 
whether there was a correlation between the measured blood 
flow and the anatomy along the trajectory, but it also showed 
that the system provided a clinically feasible method to 
increase the operational safety and efficiency.

These tools can aid in determining the optimal strategy 
for biopsy samples and patient safety by using real-time 
intraoperative information.

Optical coherence tomography

Optical coherence tomography (OCT) was initially pre-
sented by Kut et al. as a label-free technique for differen-
tiating pathological and non-pathological human brain 
tissues at 1- to 1.5-mm penetration depth [28]. Later on, 
Ramakonar et al. demonstrated that OCT can accurately 
identify solid tissue and vessels in live patients with only 
minimal disruption to the current clinical workflow [48]. In 
11 patients, they were able to intraoperatively detect blood 

vessels (diameter > 500 μm) with a sensitivity of 91.2% and 
a specificity of 97.7%. The only limitation of the device is 
that it is a side-viewing probe that performs imaging through 
the tissue-cutting window, so it does not prevent intracranial 
hemorrhage during needle penetration. Although the rate of 
hemorrhage is significantly reduced when there is no suc-
tion, indicating that bleeding occurs during tissue cutting, 
this does not completely eliminate the risk of hemorrhage.

Markwardt et al. conducted a study on ex vivo tissue 
using dual-wavelength remission spectrometry with a two-
fiber probe to detect ≥ 100–500-μm diameter vessels at a 
maximal distance of 800 μm within the suction window [34]. 
Similarly, Pichette et al. conducted a sensitivity analysis to 
establish intrinsic vessel detection limits of interstitial opti-
cal tomography using brain tissue phantoms. They showed 
that they could detect vessels with diameters of > 300 μm 
located up to > 2 mm from the outer surface of the biopsy 
needle, corresponding to the volume of tissue aspirated dur-
ing tissue extraction. The only limitation they pointed out 
was that when the surgeon had a high absorbance signal, 
they could not distinguish a single blood vessel from a dense 
cluster of small capillaries [46].

Augmented reality

The use of augmented reality is expanding at an exponential 
rate each year, and it is most likely to be used in numerous 
fields of neurosurgery in the future. In a neurosurgical OR, 
the surgeon needs to have 3D vision and precise knowledge 
of the anatomy to go beyond anatomical borders through 
small surgical corridors to avoid injuring important neural 
and vascular structures. The use of a virtual access pathway, 
which can then be superimposed to guide surgery, might be 
a useful tool for avoiding potential problems before starting 
the procedure.

Very recently, Gibby et al. conducted a study to quantify 
the navigational accuracy of an advanced augmented real-
ity device combining the VisAR system with Hololens 2 
(Microsoft), a technology that converts DICOM data into 
holographic images [15]. With the help of this device, the 
surgeon has a virtual line of sight from which to design his 
route safely. More research is necessary for this new use 
of augmented reality, it could provide the surgeon with a 
significant advantage by eliminating the need to cognitively 
transform 2D data into a surgical field and enable safer target 
planning for stereotactic biopsies.

Measurement of aspiration pressure in cannula 
biopsy

Considering that excessive vacuum aspiration during ste-
reotactic biopsy increases the risk of hemorrhage, Chan 
et al. assessed the optimal aspiration vacuum pressure for 
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application in brain tumor biopsies and correlated this data 
with ultrasound elastography [9]. They recorded vacuum 
aspiration pressures using a T-connector pressure sensor 
during 11 biopsies. According to previous results provided 
by a preclinical study [64], they found that a vacuum pres-
sure range of 40–66 kPa is safe and adequate for sampling 
various types of tumors with heterogeneous elastographic 
properties. Ultrasonographic elastography is an afford-
able tool that can indicate the minimum vacuum pressure 
required to achieve stereotactic brain biopsy in real time.

Innovations to improve perioperative 
workflow

Several tools have recently been developed to improve 
operative workflow. The purpose of these technologies is to 
shorten surgeries, simplify the flow of actions, and improve 
the comfort of both the patients and workers. Most of the 
technologies described below have been developed in recent 
years, and this sector is constantly growing to assist surgeons 
in achieving their objectives.

Imaging techniques

Various imaging systems integrated into the surgical work-
flow can increase the efficiency and comfort of the patient 
and surgeon. Preoperative preparation for planning a frame-
based stereotactic brain biopsy is associated with important 
logistical effort and burden on the patient. Recently, Enders 
et al. developed and applied a new method for intraopera-
tive acquisition in the planning dataset using a multiaxial 
robotic C-arc system called Artis Zeego ((AZ) Siemens) 
[12]. Fourteen patients with an indication-customized dose-
reduced protocol underwent intraoperative imaging with AZ. 
The control group consisted of 10 patients who underwent 
conventional preoperative cranial computed tomography 
imaging. They compared the outcomes with regard to target 
deviation, diagnostic value of the biopsies, complications, 
and procedure time. A suitable intraoperative planning data-
set was acquired using AZ. The total procedure time was 
significantly shorter, and biopsy was contributory for 12 
patients (86%) in the AZ. Only 8 patients were diagnosed in 
the control group. There were no significant differences in 
target size, trajectory, or target deviation. They concluded 
that intraoperative imaging using AZ in frame-based stereo-
tactic biopsy is an easy and feasible method with an accu-
racy comparable to that of conventional CT, with reduced 
radiation exposure. This system can significantly reduce the 
procedure length and undeniably improve the comfort of the 
patient and staff.

In contrast, in a retrospective study of 33 patients, Algin 
et al. investigated the safety and feasibility of CT and 3-T 

MR-guided freehand biopsy with 18/20-gauge coaxial nee-
dles in a single imaging unit [2]. The procedure was con-
ducted under sedation and local anesthesia in their radiology 
department. They concluded that this technique was safe 
and feasible and that the biopsy workflow was simplified. 
This tool could be a valuable alternative for stereotaxic biop-
sies in centers that do not have stereotaxic equipment or 
experience.

In 2022, Sterk et al. reported the initial safety data and 
user experience of SmartFrame array (ClearPoint Neuro) 
on ten stereotactic procedures [60]. The SmartFrame array 
system is a MRI compatible frame placed on the skull with 
four 19-mm bone screws. After the placement of the frame, 
the next step of the procedure is optimization of the ste-
reotactic trajectory based on real-time MRI. The goal of 
the frame was to support multitrajectory biopsies without 
additional adjustments. The accuracy of the frame is good 
because the radial error of the system is < 2 mm, and they 
achieved diagnostic tissue for all subcentimeter lesions biop-
sied. The safety profile revealed no procedural morbidity or 
mortality. This series suggested an average time of 80 min 
for a single-trajectory procedure. One advantage of real-time 
MRI biopsy is that there is no ionizing radiation and the 
same imaging technique is used for treatment planning and 
intra- and postbiopsy control.

Robotics

For nearly two decades, robotics has profoundly modified 
the neurosurgical landscape, particularly for stereotactic pro-
cedures. In recent years, major advances in robotics have 
been made in terms of steric hindrance and ease of use.

Mallereau et al. conducted a 12-year long, prospective, 
single center study to compare two frameless systems for 
brain biopsies: ROSA (Zimmer Biomet) Robotic-Assisted 
Stereotaxy and BrainLab Varioguide (BrainLab) image-
guided stereotaxy [33]. They analyzed various parameters 
such as diagnosis, periprocedural complication, length of the 
procedure, and learning curve for each operator. They per-
formed 526 biopsies on 516 consecutive patients, 314 with 
the ROSA robot, and 212 with the Varioguide. They found 
that a positive histological diagnosis was achieved in 97.4% 
of cases in the ROSA group versus 93.3% in the Varioguide 
group. However, no statistically significant differences were 
found in the percentage of postoperative complications and 
length of the procedure. For example, the hemorrhagic com-
plication rate was 3.5% in the ROSA group and 4.7% in the 
Varioguide group. This study confirms that robotic surgery 
is safe, accurate, and reliable. A limitation of this study was 
that they compared two frameless robotic and image-guided 
surgery systems to prove the efficiency and safety of robotic 
surgery without a frame-based control group. In another 
study, Hu et al. compared the SINO (Sinovation Medical 
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Technology Co., Ltd., Beijing, China) surgical robot-assisted 
frameless brain biopsy with standard frame-based stereo-
tactic biopsy in terms of efficacy, accuracy, and compli-
cations [22]. Although there was no significant difference 
in diagnostic yield and postbiopsy complications between 
the frame-based group and the SINO robot-assisted group, 
the entry and target point errors were smaller in the robot-
assisted group.

Based on the same idea as in the previous study, Spyrantis 
et al. proposed an experimental phantom study to compare 
the mechanical accuracy of the ROSA robot and the Lek-
sell stereotactic frame [58]. Fifty trajectories were analyzed 
for each method. For both procedures, X-rays were used to 
precisely record the final cannula position; then, the coor-
dinates were merged with the planning data, and the devia-
tions were calculated. After analysis, similar to a previous 
study, they concluded that both methods proved to be very 
precise, but they recorded a higher degree of accuracy in 
robotic procedures.

The literature highlights the advantages of the robotized 
technique over the standard stereotactic technique. Robots 
have accurate, predefined, and reprogrammable trajectories. 
It minimizes the error that could be made by the surgeon in 
the various steps of manual settings or fixation and reduces 
inaccuracies due to the stereotactic frame or frameless sur-
face-matching registration. It also allows repetition of the 
same trajectory numerous times with the same precision, 
without tremor or tiredness. However, despite numerous 
studies proving the higher accuracy of stereotactic robots 
compared to frame-based or frameless procedures, the posi-
tive clinical impact of robotics on diagnostic yield and safety 
appears negligible.

YAG lasers

A new tool has recently been described by Ha et al. using 
laser technology to make brain biopsy less invasive, faster, 
and safer [18]. In this “proof of principle” study, they used 
the yttrium aluminum garnet (YAG) laser as a high preci-
sion bone cutting technology that would perform a minia-
turize necessary burr hole and also allow for a trajectory 
angulation much more tangential to the bone surface. The 
laser was used on a navigated multiaxial robotic arm and 
performs a “cold ablation” with a pulse energy of 650 mJ 
and pulse duration of 200 μs. Laser technology can be used 
to cut with high precision and low thermal strain to adja-
cent tissues when compared to mechanical bone drilling. 
The transmitted energy is nearly exclusively absorbed by the 
water molecules in the surrounding tissue. Potential future 
applications of this technology would be to miniaturize the 
hole in the skull bone to such an extent that the laser-created 
canal could serve as a guide for the biopsy needle with suf-
ficient accuracy. In addition, the necessary skin incision can 

either be created by the laser itself or be much shorter when 
using a conventional scalpel. This technological advance-
ment could provide neurosurgeons with the opportunity to 
sample biopsies of brain areas that are usually inaccessible 
or too hazardous.

Combined biopsy needle

Giannakou et al. studied phantoms using a new frameless 
MRI-guided robotic system that has the advantage that, with 
a single catheter insertion, the biopsy needle can perform 
both tissue suction and ablation of the lesion using high-
intensity therapeutic ultrasound in cases of localized malig-
nant tumors [14]. This new tool is useful for diagnosis, and 
if a tumor is proven malignant, its size allows it to ablate 
the lesion in a single surgery. It would reduce the surgical 
morbidity of multiple surgeries and possibly the hospitaliza-
tion time.

Advances to improve postbiopsy workflow 
and patient’s management

We showed above that technological innovation is the cor-
nerstone of stereotactic brain biopsy. Nevertheless, research 
on patients’ postbiopsy management is another fundamental 
way to optimize patient safety and personal experience and 
to make the most efficient possible use of the available hos-
pital resources.

Early postbiopsy imaging

As little consensus exists on the postoperative care of 
patients undergoing stereotactic biopsy, several teams have 
sought to establish novel algorithms for their postopera-
tive management and notably investigated the location of 
postbiopsy imaging. Recently, Riche et al. retrospectively 
examined 1500 consecutive cases to analyze the sever-
ity, timeline, risks factors, and management of compli-
cations after stereotactic brain biopsies [53]. The team 
proposed an algorithm for a better and safer postoperative 
management of stereotactic biopsy based on the results 
of the study and their experience. They pointed out that 
half of the symptomatic complications occurred within 
the first hour and three-quarters of complications occurred 
within the first 2 h following the biopsy. Consequently, 
they recommend close monitoring for 2 h in the recov-
ery unit or the intensive care unit (ICU) and systematic 
CT scan after 2 h. The few existing studies on this topic 
also tended toward a short postbiopsy observation time to 
spot a complication or not in the patient [24, 29, 65]. ICU 
monitoring is continued for patients with a postbiopsy new 
neurological deficit. They also showed that more than 80% 
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of delayed complications (i.e., after 2 h) occurred after 
48 h and were mainly related to brain edema and seizures, 
which might have been prevented if cases were consid-
ered in the group of patients at risk using their algorithm. 
Indeed, the authors highlighted the strong value of a CT 
scan 2 h after the procedure. Thus, asymptomatic hem-
orrhage visible on CT scan was associated with delayed 
complications, and they recommended prescriptions of 
corticosteroids and antiepileptic medications to prevent 
brain edema and/or seizures.

Outpatient biopsy

The concept of outpatient management for stereotactic 
brain biopsies was introduced in the 2000s in North Amer-
ica [4, 24]. Early studies investigated the feasibility of 
outpatient care. This practice for patient management has 
become increasingly popular because it improves patient 
satisfaction and, ultimately, reduces costs and has been 
developed by several teams in the USA [6, 47], before 
reaching the British healthcare system [17].

More recently, another European team refined the out-
patient stereotactic brain biopsy protocol by taking into 
account the location and findings of the systematic early 
postbiopsy CT scan. As discussed above [39], following 
the outpatient care management provided for 40 patients 
who underwent stereotactic brain biopsy, the authors indi-
cated that all of the patients were discharged the same day 
and no patients had to be readmitted for complications in 
the month after the procedure. To safely perform ambula-
tory stereotactic brain biopsies, the latter suggested man-
agement recommendations and a prebiopsy checklist. The 
patient’s willingness, the distance between the hospital 
and the patient’s house, an overnight caregiver, and early 
morning surgery were some of the elements on the check-
list. Other medical comorbidities, poor neurological state, 
uncontrolled seizures, and age > 80 years were excluded.

For selected cases, this is a promising adaptation to 
improve patient care; it can be easily implemented in other 
neurosurgical centers without lowering the level of care or 
endangering patient safety. A shorter hospital stay limits 
the risk of hospital-based complications, such as throm-
boembolic events and nosocomial infections, in addition 
to the well-known psychological benefits of the patient 
and family. This is particularly true during the COVID-19 
pandemic, when patients are exposed to hospital clusters 
and, consequently, nosocomial contamination. However, 
the neurosurgical community should remember that early 
discharge should not be the primary aim, but rather the 
result of effective care and satisfying patient health status. 
Neurosurgeons must decide if outpatient brain biopsy is 
feasible in each individual case.

Conclusion

Many new trends are emerging, constantly improving patient 
care and safety, as well as surgical workflow. In particular, 
future advances in augmented reality as well as in artificial 
intelligence could enhance both preoperative planning of the 
biopsy trajectory and its intraoperative real-time viewing. A 
parameter that must be considered is the cost-effectiveness 
of these devices and the possibility of using them on a daily 
basis. Some of the technologies, such as 5-ALA to increase 
the diagnostic yield, ICG fluorescence to prevent vascular 
injury, or robotized stereotactic systems, are already used 
in other fields of neurosurgery, and an extension to the ste-
reotactic biopsy procedures might be easily implemented. 
The decision to implement a new instrument in the surgical 
workflow should also be dependent on the number of proce-
dures per year, the existing stereotactic equipment, and the 
experience of each center. Research on patients’ postbiopsy 
management is another mandatory approach to enhance the 
safety profile of stereotactic brain biopsy and patient satis-
faction, as well as to reduce healthcare costs.
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