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ABBREVIATIONS

5-ALA – 5-aminolaevulinic acid 
BJGA – Ball Joint Guide Array 
CB – Cintredekin besudotox 
CED – convection-enhanced delivery 
CHO – choline 
CRE – creatine 
CRM107 – diphtheria toxin 
CST – corticospinal tract 
CT – computed tomography 
DTI – diffusion tensor imaging 
DTI-FT – diffusion tensor imaging 
fMRI – functional MRI 
FSRT – fractionated stereotactic radiotherapy 
GA – general anesthesia 
GBM – glioblastoma multiforme 
GK – gamma knife 
GTR – gross total resection 
GW – gliadel wafers 
Gy – grays 
HGG – malignant gliomas 
iMRI – Intraoperative Magnetic Resonance 

LAC – lactate 
MRI – magnetic resonance imaging  
MRS – magnetic resonance spectroscopy 
NAA – N-acetyl aspartate 
PE – Pseudomonas  
SRS – stereotactic radiosurgery 
T2-FLAIR – T2-fluid-attenuated inversion recovery 
TF – human transferrin 
WHO – World Health Organization

 
INTRODUCTION

Malignant gliomas (HGG) are the most common primary ma-
lignant brain tumors arising from glial cells, and occurred in up 
to 80% of cancer patients [1]. Malignant gliomas are classified as 
either grade III or IV tumors and can be divided into anaplastic 
astrocytoma, anaplastic oligodendroglioma, anaplastic oligoas-
trocytoma, anaplastic ependymoma, and glioblastoma multi-
forme (GBM) [2]. Primary malignant gliomas are quite rare and 
account for 1.4% of new cancers, based on statistics from the  
United States, but morbidity and mortality related to that incidence are  
disproportionately high [2]. 
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anatomic variability of language sites between patients. Therefore, 
highly variable results have been observed in papers concerning  
language mapping and sensitivity and specificity ranging from 59% to 
100% and 0% to 97%, respectively [19, 20]. Bizzi et al. showed that pre-
surgical fMRI mapping for the motor and language cortex may change 
with glioma grade: sensitivity was higher and specificity was lower 
in WHO grade II and III gliomas than in glioblastoma multiforme.

Functional MRI is a highly practical, advanced and noninvasive neu-
roimaging modality. In patients affected by brain tumor, fMRI has 
demonstrated to be a highly sensitive tool for localizing eloquent cor-
tical areas within the motor and language regions [18].

MRS is a very useful neuroimaging technique which could be done 
simultaneously with regular magnetic resonance of the brain. By 
detecting some changes in metabolite levels in specific brain vox-
els, it allows for dedifferentiating tumors from other brain lesions, 
e.g. inflammatory [21, 22]. Moreover, MRS could be a good non-
invasive tool for classifying and grading brain tumors. Howev-
er, there are also papers suggesting that MRS could be effective as  
a prognostic tool for monitoring patient response to chemotherapy by 
localizing tumor regression or progression during oncological treat-
ment [23–28]. In a study of 39 patients with malignant gliomas, Li et 
al. observed that high levels of CHO and LAC and low levels of NAA 
and CRE were associated with poor prognosis [23]. In another study 
conducted by Preul et al., in patients with malignant gliomas treated 
with tamoxifen, the authors found that prior to treatment, respond-
ers had higher levels of CRE and NAA compared with nonrespond-
ers but lower levels of LAC [26]. Matheus et al. [22] found increased 
CHO following treatment, indicating both recurrence and pyogenic 
infection in the tumor region in various patients.

Diffusion tensor imaging (DTI) is a commonly used technique for the 
visualization of subcortical white matter tracts, and the most impor-
tant corticospinal tract (CST). This is not a competing technique to 
the fMRI, but rather complementary since fMRI only allows for the 
cortical localization of the eloquent areas of the brain. This method 
of imaging enables to plan the optimal approach to the tumor and 
may help critically asses the resectability of the tumor before begin-
ning the operation. Then, during the operation thanks to close co-
operation with a neuronavigation system, it allows to provide good 
orientation in the operating field regarding when we should expect 
important white matter fibers [29]. The sensitivity of DTI in localiz-
ing the CST is very high and amounts to 93-95% in different papers 
[30, 31]. Some papers also showed that DTI was able to localize fiber 
tracts which run inside the tumor with high sensitivity; this helps to 
decrease the risk of neurological deterioration due to surgery [32]. An 
important serious limitation of the intraoperative use of DTI-FT is  
a brain shift of more than 15 mm when using along with a neuronav-
igation system [33].

PERIOPERATIVE MANAGEMENT

Intraoperative Electrical Stimulation Mapping and 
Monitoring

Intraoperative electrical stimulation techniques allow for maxi-
mal and safe resection of the tumor with a significantly decreased 
risk of neurological deterioration due to surgery. Intraoperative 
electrical stimulation allows for both mapping for intraoperative  

Moreover, these tumors are among the most feared types of cancer, 
not only because of their poor prognosis but also decreased quality 
of life and cognitive functions in the affected individuals. 

Glioblastoma is the most common and simultaneously the most ma-
lignant histological subtype with very poor prognosis. It is estimated 
that 17% of all primary brain tumors are GBMs, with only a 27% 2-year 
survival rate and a median survival of 10–11 months with standard 
treatment [3–5]. Survival in GBM patients depends on several factors, 
including age, histological tumor type, Karnofsky performance status, 
and location [6–8]. GBMs are found 1.5 times more commonly in men 
than in women and 2 times more commonly in whites than blacks. 

Current standard medical treatment of malignant gliomas includes 
surgical resection followed by external beam radiation and chemo-
therapy. Despite that complex approach, the outcome of that treat-
ment is still not satisfactory. When we compare the results of medi-
an survival in weeks between papers published between 1984 and 
2018 we can find out that there is no progress in life expectancy in 
patients with HGG (50 vs 40 weeks, respectively). Therefore, we think 
that present treatment may need some development and modifica-
tion. In this paper, we show the achievements of the Department of 
Neurosurgery at Brodno Masovian Hospital in the treatment of ma-
lignant gliomas, including safe and maximal surgical resection with 
state-of-the-art surgical modalities, such as intraoperative MRI, local 
intratumor infusions in the real time of magnetic field, and gamma 
knife radiosurgery.

PREPARATION FOR GLIOMA SURGERY

Preoperative neuroimaging

Nowadays there are new, fast-developing imaging techniques based 
on standard preoperative images to assess survival prognosis by the 
presence of some specific features, which is called the machine learn-
ing approach [9–11]. However, to date these have not been reliable 
biomarkers and therefore cannot be concurrent with surgical biopsy 
of the brain tumor.

Most patients with malignant glioma undergo computed tomography 
(CT) of the brain as the first screening examination before diagnosis. 
However, the final diagnosis in patients with glioma is based on mag-
netic resonance imaging (MRI), typically ordered with T2-weighted, 
T2-fluid-attenuated inversion recovery (T2-FLAIR), gradient echo, 
T1-weighted, and T1-weighted contrast-enhanced sequences [12, 13]. 
The appropriate standard preoperative imaging is obtained based on 
recently developed advances in imaging techniques, including func-
tional MRI (fMRI), magnetic resonance spectroscopy (MRS), and 
diffusion tensor imaging (DTI).

Functional MRI is essential in preoperative surgical planning in patients 
when the tumor disrupts eloquent areas of the brain. The T2-weighted 
signal that occurs in the eloquent cortex during its activation (patients 
follow specific commands during imaging) provides functional mapping 
of the eloquent cortex. Thanks to that modality, more aggressive but still 
safe resection could be performed with minimal postoperative disability 
[14]. The sensitivity and specificity of fMRI in the localization of mo-
tor areas is high and ranges from 71% to 100% and from 68% to 100%,  
respectively [15–18]. Locating the language cortex with fMRI is 
much more complicated than the motor cortex, since there is high 
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localization of the eloquent cortex and monitoring of the integrity 
of CST. Motor mapping can be performed in an asleep or awake 
patient, but for language mapping awake surgery is required. When 
this technique was introduced to the neurosurgical operating room 
many years ago, it was doubted by most of neurosurgeons; how-
ever it has become the gold standard in tumor resection with lo-
calization in the eloquent brain. Many papers concerning this is-
sue have been published since then. The largest analysis based on 
8091 patients showed that late severe neurological deficits were 
observed in 3.4% of patients with intraoperative mapping and in 
8.2% of patients after resections performed without mapping [34]. 
Moreover, GTR was 75% with and 58% without stimulation map-
ping [34]. The authors concluded that the use of electrical stim-
ulation mapping has an oncological benefit for patients with elo-
quently located tumors [34, 35].

Fluorescein-guided resection of glioma
In patients with malignant gliomas, progression-free survival and 
overall survival are highly dependent on the level of resection with 
the best results achieved with gross total resection (GTR). Esti-
mated GTR is achieved only in 36% of patients with malignant 
gliomas despite the availability of an intraoperative microscope, 
iMRI, or intraoperative electrical stimulation techniques. This low 
GTR rate in malignant gliomas is related to the major difficulty 
in recognizing the location of the tumor margin and where brain 
tissue starts. Thus, there have been many attempts to introduce 
some methods for improving the visualization of the tumor mar-
gin. This led to the introduction of 5-ALA (5-aminolaevulinic acid) 
and fluorescein sodium. Both agents accumulated in the tumor 
tissue and its margins, increasing the GTR rate. The 5-ALA has 
been proven in many papers as very effective, however at the same 
time its availability was low, mostly because of the high price. At 
the same time, fluorescein sodium has proved easily available and 
cheap as well as significantly increased the GTR rate in patients 
with malignant gliomas. Fluorescein sodium accumulates in dis-
rupted blood-brain barrier areas and highlights tumor tissue as 
green in the Yellow Filter 560 nm (option modality for Zeiss Pen-
tero 900). The GTR rate varies from paper to paper, amounting to 
68.4% to 100%; however, study groups were not numerous, from 
10 to 57 patients [36, 37]. The doses of fluorescein sodium used 
for operations varied among the studies and amounted to 3–20 
mg/kg, but interestingly no difference was found in the GTR rate 
between these marginal values [38, 36, 37]. The authors conclud-
ed that fluorescein sodium-guided resection of malignant gliomas 
is safe and significantly improves the GTR rate. In their review, 
Waqas et al. emphasized that the usefulness of any of the availa-
ble modalities is merely complementary, and depends upon sev-
eral factors, especially the surgeon’s experience and expertise [38].

Awake craniotomy
Awake trephination in the primitive form has been used in antiq-
uity for removing daemons from the head to treat several condi-
tions like severe headaches, head trauma, etc. [39]. Over the last 
decades, awake craniotomy has also become a very useful tool in 
the treatment of many neurosurgical conditions. In the era of so-
called modern neurosurgery, this technique was used for the first 
time by Penfield to surgically treat epilepsy [40]. Since the intro-
duction of neuro-monitoring techniques, awake craniotomy has 
become a very good option for neuro-oncology. It has been shown 

in several publications that this technique significantly decreased 
neurological morbidity, improved the GTR rate, and shortened 
the time to discharge from hospital (ref). However, there are many 
variables which have to be fulfilled for a patient to be qualified for 
this type of surgery, including a psychological test and a specific 
anesthesiology preparation.

The selection of patients for awake craniotomy is of the greatest 
importance. The first and at the same time the most important cri-
terion is the possibility of full perioperative cooperation, therefore 
the capacity for and the quality of cooperation have to be careful-
ly evaluated before final qualification for surgery. The main con-
traindications for AC is age younger than 11 years, tumor located 
in the posterior fossa, or the need for prone positioning of the pa-
tient. Another factor is highly vascularized tumor with expected 
large blood loss and expected very long-lasting surgery. Patients 
with significant co-morbidities, like obesity, sleep apnea, are not 
good candidates for AC either. 

All hitherto published studies have shown a positive effect of awake 
craniotomy compared with surgery under general anesthesia (GA) 
on reducing iatrogenic neurological injury during tumor resection. 
The rate of neurological deficit related to AC varied from the stud-
ies and was 4.6–19%, whereas it was 16–64% in the GA group. All 
of these studies also presented a significantly higher GTR rate in 
the AC group. For instance, Pinsker et al. presented that AC may 
be related to more than a 40% increase in tumor tissue resection 
compared with GA.

We may conclude that awake craniotomy is an effective and versa-
tile neurosurgical procedure with expanding applications in neu-
ro-oncology. 	

Intraoperative Magnetic Resonance (iMRI)
The first attempts to visualize the brain during a neurosurgical op-
eration took place in the mid-1990s in Boston and used a scanner 
with a magnetic field of 0.4 T. Technological progress and the need 
to obtain better image quality led to the introduction of high-tech 
devices into the neurosurgical operating room. The first reports 
were produced by a group from Erlangen in 2003. Since then, 
iMRI technology has become more accessible and the number of 
publications on this subject has been growing constantly, provid-
ing evidence of the benefits of iMRI in the treatment of gliomas. 

Currently, ultra-high-field (3T) iMRI systems, located in a sepa-
rate part of the operating room with the possibility of perform-
ing outpatient tests when intraoperative functionality is not used, 
are the most technologically advanced, and at the same time more 
economically advantageous. Even before the era of intraoperative 
examinations, the Heidelberg group showed, by performing early 
postoperative examinations, a significant difference in the evaluation 
of an unresected part of a tumor in an intraoperative assessment 
by a neurosurgeon and magnetic resonance imaging performed 
1–5 days after surgery. In this study, the presence of a residual con-
trast-enhancing tumor had the greatest impact on survival [41].  
A significant effect of iMRI (1.5T) on the remaining tumor volume 
is documented by C. Nimsky, giving a volume reduction from 21.4% 
to 6.9%. In the study group it allowed to increase the amount of 
complete resections by 41%. The application of the iMRI method 
changed the course of 36.2% of procedures [42].
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The HGG Knauth series from the University of Heidelberg shows 
that the use of iMRI increased the number of patients with GTR 
from 36.6% to 75.6% [43]. Despite numerous reports confirming 
the beneficial effect of iMRI use, only one prospective randomized 
trial is available. It was carried out using low-field 0.15T iMRI on 
a small group of patients (n = 49). An increase in GTR from 68% 
to 96% was demonstrated, and thus a significant increase in PFS 
from 98 to 226 days [44].

The combination of the iMRI method with others, supporting the 
scope of resection, is a hope for the future of modern neurosur-
gery. Although both 5 ALA and iMRI have a positive effect on in-
creasing the extent of resection [45], a combination of iMRI and 
5 ALA methods was analyzed and no additional effect on EOR 
was demonstrated [46].

Glioma biopsy – novel perspectives
Stereotactic brain biopsies are widely used for establishing the 
diagnosis of intracranial lesions. Frame-based, frameless stereo-
tactic, and intraoperative MRI-guided brain needle biopsy tech-
niques have a comparable diagnostic yield for patients with no 
prior treatments (either radiation or surgery) [47]. Intraoperative 
MRI-guided brain biopsy is associated with fewer serious adverse 
events and shorter hospital stay [47]. 

Especially in brain lesions involving eloquent areas, high-field iMRI 
contributes to lower neurological complications [48]. Stereotac-
tic biopsy of smaller brain lesions, of less than 1 cubic centimeter  
(1 cc) in volume, is associated with lower (76.2% versus 94.8%) di-
agnostic yield and requires an experienced stereotactic neurosur-
geon using advanced neurosurgical techniques [49].

To improve accuracy and minimize morbidity, we have been uti-
lizing a new device called BJGA (Ball Joint Guide Array) for brain 
biopsies in real time 3T magnetic field imaging [50] (Fig. 1.). The 
accuracy and safety of this newly developed 3T compatible array 
was validated in nonhuman primates [50]. The main advantage of 
our surgical technique is visualization of the target and trajecto-
ry with high resolution 3T MRI scans just before inserting a bi-
opsy needle into the brain. Trajectory adjustment can be done at 
any moment during the procedure. Directly after tissue sampling, 
we confirm correct targeting and rule out early complications.  

The advanced operative technique utilizing 3T iMRI may result in 
higher diagnostic and accuracy rates and lower morbidity. Further 
investigations are necessary.

Convection-enhanced delivery in glioblastoma treatment
Lack of efficacy of chemotherapy drugs against brain tumors re-
sults partly from the inability of therapeutic agents with a molec-
ular weight greater than 180 kDa to pass through the BBB [51]. 
Intraparenchymal drug delivery includes the use of implantable 
polymers that slowly release drugs [52] and convection-enhanced 
delivery (CED) through rigid cannulas and/or soft catheters [53]. 
CED is powered by bulk flow kinetics from pressure gradients, with 
the infusates moving through the interstitial space, perivascularly, 
para-arterially, and in axonal transport [54–57].

Conceptual development and preclinical studies of CED started 
in 1994 [56]. First clinical trials with CED of targeted toxin TF-
CRM107, a human transferrin (TF) conjugated to diphtheria tox-
in (CRM107), in glioblastoma took place in 1997. In the group of 
the first 15 patients, 60% had a tumor size reduction. In the phase 
II arm only, 12 of 31 had a radiographic response. The phase III 
study involving TF-CRM107 was aborted because an intermedi-
ate analysis of 44 patients showed only a 39% response rate [56]. 

Further CED in glioblastoma studies used conjugated toxins (8), 
gene-bearing liposomal vectors (1) [58], or conventional chemo-
therapies (5) [56]. 

CED of IL-4(38-37)-PE38KDEL, a chimeric protein composed of 
a circularly permuted IL-4 and a truncated form of Pseudomonas 
exotoxin (PE), into recurrent malignant high-grade gliomas was 
investigated. No apparent systemic toxicity occurred, but seven 
of nine patients underwent craniotomy because of increased in-
tracranial pressure at 16–101 days after the beginning of infusion. 
Histological evidence of severe tumor necrosis was found but no 
toxicity to the normal brain was observed [59]. Further studies are 
being conducted to determine the maximal tolerated concentra-
tion and volume of IL-4(38-37)-PE38KDEL.

The randomized phase III trial of CED compared to Gliadel wafers 
(GW) in glioblastoma, Cintredekin besudotox (CB), a chimeric 
protein made up of IL-13 and a truncated form of Pseudomonas 
exotoxin A, was delivered through 2–4 catheters inserted into the 
brain parenchyma during tumor resection. Infusion started 96 h 
afterwards. There was no survival difference between CB admin-
istered via CED and GW [60]. 

Preclinical studies suggest that the anatomical location determines 
the severity of toxicity after local delivery of therapeutic agents via 
CED and that caution should be used when translating data from 
supratentorial CED studies to treat infratentorial tumors [61]. 

Convection-enhanced delivery appears to represent an effec-
tive method for administering therapeutic agents in patients 
with malignant brain tumors [62]. Moreover, accurate cathe-
ter placement with intraoperative MRI confirmation and infu-
sion monitoring combined with establishing a maximal tolerated 
concentration and volume of therapeutic agents for this route of ad-
ministration will undoubtedly improve the effectiveness of CED in  
glioma treatment (Fig. 2.).

Fig. 1. �IMRI enables direct confirmation of correct targeting and detection of early 
complications.
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Fig. 2. �Convection-enhanced delivery appears to represent an effective method for administering therapeutic agents in patients with malignant brain tumors.

Gamma knife – a novel approach in the treatment of 
malignant gliomas

Despite all the hitherto available treatment modalities, malignant 
gliomas tend to recur. Salvage treatment of patients with recurrent 
HGG after initial radiation therapy can include surgical re-resec-
tion, re-irradiation, systemic agent administration, and brain tu-
mor infusions. Stereotactic radiosurgery (SRS) may be appealing 
because it can deliver a high dose in a small volume in one (SRS) or 
just a few sessions (fractionated stereotactic radiotherapy, FSRT). 
The strong gradient limits the dose to the edges of the irradiated 
area and therefore reduces the risk of complications. Therefore, 
SRS has been considered the last resort in patients with recurrent 
high-grade gliomas. Thus in our Gamma Knife Centre, we also put 
our attention to treat those patients, and so far 19 consecutive pa-
tients with 23 lesions were treated with gamma knife SRS (stereo-
tactic radiosurgery) as salvage treatment for recurrent glioblastoma. 
The primary goal was overall survival duration from the time of 
the actual salvage radiosurgery. All patients included in this study 
received a standard course of radiotherapy after surgical resection 
or biopsy with a median dose of 54 grays (Gy) (range, 42–60 Gy) 

in conventional fractionations of 2 Gy per day. After radiotherapy,  
14 patients had subsequently received temozolomide. The mean 
time from the initial diagnosis to salvage radiosurgery was 15.6 
months (range 1–66 months). An actuarial survival analysis for 
all patients revealed a median overall survival duration of 32.2 
months after the initial diagnosis (95% CI, 24.8–39.5 months) and 
16.6 months after the date of SRS (95% CI, 12.5–20.6 months).

Conclusions
In this paper, we presented the achievements of the Department 
of Neurosurgery at Brodno Masovian Hospital in the treatment of 
high-grade gliomas. Our Department is equipped in all the possi-
ble up-to-date and state-of-the-art surgical modalities, including 
e.g. intraoperative MRI and gamma knife. Therefore, we can serve 
our patients with all types of brain tumors, including all types of 
high-grade gliomas. As the first Department in Europe with close 
cooperation with the Department of Neurosurgery in San Francis-
co, we have started local infusions of exotoxin A of Pseudomonas 
Aeruginosa directly to the tumor, and we think that technology 
may change all approaches to the treatment of high-grade gliomas.
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