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Abstract
Background Brain biopsies are required to establish a definitive histological diagnosis for brain lesions that have been identified
on imaging in order to guide further treatment for patients.
Objective Various navigation systems are in use but little up to date evidence is available regarding the safety and accuracy of a
frameless, electromagnetic technique to target brain lesions.
Methods Data was collected retrospectively on all patients that had brain biopsies at our institution from 01/01/2010 to 31/12/
2017. Operation notes, neuropathology reports, and clinical notes on electronic patient record were used to determine whether
biopsy of adequate identifiable abnormal tissue was achieved, whether a definitive diagnosis was established, any adverse events
occurred, and if a repeat biopsy was carried out.
Results Three hundred seventy-one AxiEM (Medtronic, Minneapolis, USA)-guided brain tumor biopsies were performed in this
8-year period. Three hundred forty-nine (94.07%) procedures provided definitive tissue diagnosis, 22 (5.93%) were non diag-
nostic; in 6 cases (1.62%), repeat biopsywas performed and adverse events which caused clinical compromise were observed in 4
patients (1.08%).
Conclusions The AxiEM is a fast, effective, and safe frameless and pinless neuronavigational system. It offers a high degree of
accuracy required for the establishment of a definitive diagnosis, permitting optimal further treatment, and thus improving patient
outcomes.
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Introduction

With the advent of ever more specialized technology, ad-
vanced neurosurgical techniques abound in this current era.
Such technology has been designed to improve patient safety
and surgical outcomes, and there is little that requires better
safety and outcomes than brain tumor surgery. Making a di-

agnosis via a successful biopsy is the first step in many
patients.

Brain biopsies are required to establish a definitive diagno-
sis for brain lesions that have been identified on imaging, to
guide further treatment for patients. In 2006, the National
Institute of Clinical Excellence in the UK recommended that,
following a multidisciplinary meeting, a histopathological di-
agnosis should be achieved if a central nervous system neo-
plasm is suspected [12]. To that end for those tumors not
amenable to open surgery and thus excision biopsy, three
key methods of stereotactic neuronavigation are used in this
current era: frame based, frameless, and intraoperative MRI
(IoMRI) based. The key focus of this article will be that of
frameless technology by the Medtronic © StealthStation
AxiEM navigation system (Minneapolis, USA) developed in
2003, which has been in use at our hospital for more than a
decade.
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Frameless technology works on the principle of tracking
the movement of instruments in space by virtue of electromag-
netic field generation, optics, and ultrasound. Pioneered in
Japan in 1986, it has since gone through multiple iterations
to reach its current state [17]. The technique now has multiple
uses, both in brain tumor surgery and biopsy and outside of
that—such as in paediatric complex hydrocephalus [3].
Unfortunately, with regard to tumor surgery and biopsy, most
of the data collected for frameless technology has several dis-
advantages. Whilst still valid, the bulk of the best data was
taken in the early-to-mid 2000s [18] with little up-to-date in-
formation having been produced since, particularly on the
newer biopsy systems. Regarding AxiEM-guided brain biop-
sies, to the best of our knowledge, there is only one previous
study [4, 8]. Thus, this large, single-unit study seeks to provide
updated information on the safety, accuracy, and efficacy of
the frameless AxiEM system over a clearly outlined 8-year
period.

Methods

Data was collected retrospectively on all patients who had
brain biopsies using AxiEM navigation system at our hospital
over the date range 01/01/2010 to 31/12/2017. Operation
notes, neuropathology reports, and clinical notes on electronic
patient records were used to determine whether biopsy of
adequate identifiable abnormal tissue was achieved, whether
this was consistent with the final definitive diagnosis, any
adverse events directly related to the procedure, and if a repeat
biopsy was carried out.

Pre-operative planning MR or CT imaging was performed
for each patient on the day of the procedure or the day before,
and the Medtronic AxiEM workstation was used to plan the
target site, entry point, and the needle trajectory. There was no
intraoperative imaging used. Biopsies were performed under
general anesthesia with the head of the patient positioned on a
horse shoe. Registration to the system involved attachment of
a small reference electromagnet on the surface of the patient’s
head using stickers followed by a combination of point-
merged anatomic and surface-merged registration.

Data on complications directly occurring as a result of the
intervention was also collected.

All data are unidentifiable and the collection retrospective;
therefore, no IRB/ethics committee approval and patient con-
sent were required.

Results

Three hundred seventy-one AxiEM-guided brain tumor biop-
sies were conducted in our Unit from January 2010 to
December 2017. The patients ranged in age from 1 to 82 years,

with a median of 59 years. There were 223 males and 148
females (Table 1).

A positive final definitive diagnosis was obtained in 349 of
371 biopsies (94.07%). Twenty-two biopsies were non diag-
nostic (normal brain tissue) (5.93%). Six patients (1.62%)
received repeat biopsies, 100% of which were successful in
returning abnormal tissue fromwhich a definitive pathological
diagnosis could be achieved (Table 2).

The vast majority of the tumors were gliomata (grades I–
IV) at 73.04% (271) followed by lymphoma 9.97% (37) and
metastasis 3.23% (12) (Fig. 1).

In 70% of the cases, MRI guidance was used and in 30%,
CT imaging.

In 80% (298) of the cases, an intraoperative frozen sample
was sent and out of these, in 97% (288), abnormal tissue was
identified, and in 86% (257), the frozen sample was consistent
with the final histology (Fig. 2).

Almost in half cases 49.86% (185), the location sampled
was in frontal or temporal lobes (Fig. 3). The study was not
powered for localization prediction of definitive tissue
diagnosis.

In terms of complications, 4 patients (1.08%) suffered
biopsy-related significant clinical compromise and died with-
in 30 days (Table 3). Three patients died from postoperative
hematoma and cerebral edema in the region of the biopsy tract
within 24 h. One died from new onset postoperative status
epilepticus. Three had a diagnosis of Glioblastoma
Multiforme IV and the fourth had diffuse B cell lymphoma.
One patient was previously on prophylactic anti-platelet ther-
apy with aspirin which was stopped 7 days prior to the proce-
dure. In 2 cases, contrast MRI was used for navigation and in
the other 2, contrast CTwas used. The biopsy needle trajecto-
ry was appropriate avoiding vessels as confirmed from the
navigation station planning and the operation records.
Furthermore, the performing surgeons did not report multiple
attempts or other technical challenges. There were otherwise
no complications directly caused from the procedure such as
infection, seizures, or new neurological deficits in our series.

Discussion

The AxiEM navigation system was developed to use an elec-
tromagnetic field to guide biopsy sampling without the use of
a frame or pins. The field generator produces a three-
dimensional magnetic field encompassing the cranium, with
each point in the field having a unique magnetic strength. A
dynamic reference frame is then non-invasively attached to
the patient’s head via adhesive. The location of the real tip
of the probe is then calculated by its relative position from
the dynamic reference frame within the magnetic field.

Although traditionally frame-based technology is consid-
ered gold standard for accuracy, the accuracy of the various
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forms of frameless technology in tracking the real tip of the
probe is measured within 1–2 mm of its actual position, a
range essentially equivalent to that of frame-based
technology[11]. Dammers et al. comparing 227 frame based
versus 164 frameless biopsies performed in the 1996 to 2006
period found that in addition to having no differences in terms
of accuracy between procedures; there was also no difference
in safety (p = 0.81), with a statistically significant increase in
time of operation with frame-based operations [4]. Indeed,
time of operation is around 20 to 30 min shorter with
frameless technology [7].

Others have found advantages in frameless technology
compared with frame based in terms of operation theatre oc-
cupancy, anesthetic time, safety, ITU bed occupancy, hospital
stay, and overall cost incurred by the hospital [5]. Though not

statistically significant, the study by Dammers et al. also noted
a tendency towards quicker discharge, whilst the UK’s
AxiEM study also concluded that day-case biopsies were con-
sidered plausible with frameless technology. The lack of pins
further improves patient comfort with clear advantage in the
pediatric age group where concerns about damaging the skull
with the pin fixation are a real consideration [13].

The data from our large series regarding diagnostic yield and
postoperative mortality and morbidity is consistent with the lit-
erature from the smaller series (Table 4) [1, 2, 6, 8–10, 14, 16,
19] and supports a move from frame-based technology towards
applications such as theAxiEM. The primary advantage of using
a frameless setup during brain biopsy is its speed and flexibility.
Our experience revealed that the whole procedure takes under an
hour including general anesthesia and the approximately 20 min

Table 2 Features of non-diagnostic cases

Targeting imaging
modality

Size of the lesion Location of lesion Neuropathology consistent
with smear

MRI Diffuse white matter process Right peritrigonal and splenial area Yes

MRI 33 × 42 × 31 mm Right subcentral gyrus Yes

MRI 5 × 6 × 5 mm Right hippocampus No

MRI 20x18x20 mm Right cuneus n/a

MRI Diffuse white matter process Left lingual gyrus No

MRI 9 × 10 × 9 mm Right uncus n/a

MRI Diffuse signal change Left corpus striatum Yes

CT 20 × 16 × 19 mm Rright peritrigonal area Yes

MRI 12 × 7 × 9 mm Right middle frontal gyrus Yes

CT Diffuse white matter process Left peritrigonal area No

CT 26 × 19 × 21 mm Right supplementary motor area n/a

MRI Diffuse white matter process Right peritrigonal area Yes

MRI Diffuse white matter process Right peritrigonal area Yes

CT 34 × 50 × 48 mm Right insula No

MRI Diffuse white matter process Left mesial temporal lobe Yes

MRI 27 × 17 × 23 mm Right cerebellum No

MRI 14 × 10 × 12 mm Pineal region Yes

MRI 15 × 18 × 12 mm Right middle frontal gyrus Yes

MRI 19 × 10 × 14 mm Pineal region n/a

MRI 40 × 55 × 50 mm Right posterior thalamus n/a

MRI 21 × 16 × 18 mm Right thalamus n/a

MRI Diffuse white matter process Right middle frontal gyrus n/a

n/a: frozen sample was not sent

Table 1 Patient demographics and diagnostic yield

Median age (years) Total patients Number of male Number of female Non diagnostic (number) Diagnostic yield (%) Deaths from biopsy

59 (1–82) 371 223 148 22 94.07008086 4

% non diagnostic 5.929919137

% deaths 1.081081081
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waiting time for the analysis of the frozen sample. The main
advantage over other frameless pinless systems is the free-hand
technique and the lack of adjunct intraoperative equipment.

One disadvantage of neuronavigation systems is that whilst
the surgical instrument is tracked in real time, it does not track
the brain in real time, so changes causing a shift in the neuro-
anatomy can lead to inaccuracies. Such changes include main-
ly brain shift from cerebrospinal fluid loss changing the ge-
ometry of the target lesion [15]. Furthermore, accuracy of
frameless systems can be compromised by accuracy of probe
tracking, quality of pre-operative imaging, and method of

image-to-patient registration, though the latter is less likely
with electromagnetic tracking. Clearly such issues are most
likely to lead to miss targeting when the lesions are small.
The vast majority of the non-diagnostic cases in our study
were tumors of size < 20 mm or diffuse white matter process-
es, deep seated in eloquent areas and periventricular regions.
Particular care therefore is required when targeting such
lesions.

Patients undergoing a biopsy in whom the histology returns
as non diagnostic or normal brain tissue present difficult chal-
lenges. In our series of 22 non-diagnostic samples, the neuro
oncology multidisciplinary team (MDT) requested a repeat
biopsy in 6 patients. In the remaining, the decision was made
against a repeat biopsy either because of patients’ significant
co morbidities or because the non-diagnostic sample put into
the context of the radiology was judged sufficient to guide
management decisions. For example, in some cases, presence
of no specific necrosis on the histology together with the typ-
ical appearance of a high-grade glioma on the MRI was
deemed sufficient to start adjuvant therapy, whilst in others,
nonspecific inflammation on histology in the presence ofMRI
features of intracranial inflammation was convincing enough
for our MDT neurologist to commence appropriate therapy.
This further underpins the importance of an experiencedMDT
in the management of patients with brain tumors, working
together to integrate the clinical, radiological, and neuropath-
ological data for optimal management decision-making.
Another point to highlight is that in one-third of the non-
diagnostic cases, a frozen sample was not sent, primarily due
to the availability of the neuropathologist. We strongly

Fig. 1 Histopathological
diagnoses

Fig. 2 Consistency of frozen section with the final histology
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Fig. 3 Anatomical locations of
tumors sampled

Table 3 Feature of patients who
died Targeting

imaging
Diagnosis Location Neuropathology

consistent
with smear

MRI GBM IV Posterior corpus callosum Yes

MRI diffuse large B cell lymphoma Left temporal lobe n/a

CT GBM IV Left temporal lobe Yes

CT GBM IV Right frontal lobe Yes
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recommend doing so to minimize the risk of the final samples
being non diagnostic. Interestingly, from this non-diagnostic
group of 22 cases, in 5 occasions, the frozen sample raised the
possibility of abnormal tissue, mainly due to increased cellu-
larity or presence of atypical cells, but the final histopathology
revealed normal brain tissue. Thus, even when arrangements
for intraoperative frozen section are in place, there is still a risk
of non-diagnosis and patients should be told of this small risk
when obtaining informed consent. In keeping with other se-
ries, we found 1% risk of significant morbidity/mortality, pri-
marily due to hemorrhage, which should also be highlighted at
consent.

Notwithstanding the small burr hole and durotomy when
performing a biopsy, given the concerns over brain shift,
IoMRI-guided biopsy is recommended by some. Lu Y et al.
compared the three methods of IoMRI, frameless, and frame-
based biopsy technologies. Overall, the diagnostic yield of the
IoMRI-guided technique was the lowest at 82.1%, compared
with the frame-based (95.2%) and frameless (89.4%) techniques,
although there was a significant selection bias in that a large
proportion of IoMRI patients had already received radiation or
prior resection which could have made the targeting difficult.
The complication rate with the IoMRI technique was however
slightly less than the other two techniques, warranting further
research in defining its role in patients requiring biopsies.

Nevertheless, the up to date and large volume data of our
study support currently the clear efficacy of the AxiEM sys-
tem but wewould also consider other techniques, such as open
biopsy, in case the target lesion appears highly vascular or lies
in a superficial area.

Conclusions

The AxiEM is a fast, effective, and safe frameless and pinless
neuronavigational system. It offers a high degree of accuracy
required for the establishment of a definitive diagnosis, permitting
optimal further treatment, and thus improving patient outcomes.
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