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Background: Preoperative identification of diffuse glioma boundaries remains an unsolved problem of modern neurooncology. The main problem is the heterogeneity of the tumor being manifested by simultaneous presence of both contrast-enhancing and non-contrasting but hyperperfused regions on imaging. Perfusion technologies are known to be a reliable tool in identifying areas with intact BBB and increased proliferative activity of vascular endothelium.

Aim: The purpose of this study is to evaluate the impact of MRI and CT perfusion data in preoperative planning of surgical resection in order to achieve the maximum volume of cytoreduction and to prolong relapse-free period.

Methods: The study included 74 patients with the morphologically and immunohistochemically verified diagnosis of “glioblastoma NOS.” The patients were divided into 2 groups depending on the perfusion data and the extent of tumor resection. Group 1 of patients had a surgery with the preoperative use of perfusion techniques and the resection of the contrast-enhancing and hyperperfused portion of the tumor (n = 42), group 2 of patients had a surgery with preoperative use of perfusion techniques and resection of only the contrast-enhancing component of the tumor (n = 32).

Results: The results of the study show that the surgery directed to the resection of contrast-positive and hyperperfused tumor portions has an advantage when compared with surgery aimed at removing only the contrast-enhancing part of the tumor. In group 1, the median relapse-free period was 15 months, while the relapse-free survival in 6 and 12 months was 92 and 55% which exceeded the results in the second group, in which the median was 9 months, and the relapse-free survival in 6 and 12 months was 66 and 9% (p < 0.001).

Conclusion: Our study shows that the use of perfusion techniques in preoperative planning of the resection volume has a favorable potential and high diagnostic value. Perfusion tools may be contribute to the most objective assessment of all tumor components. The prolongation of the relapse-free period was achieved by taking into account the factor as the resection of both the contrast-enhanced component and the contrast-negative component with high vascular permeability detected by perfusion techniques.
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1 Introduction

The key task of surgical treatment of glioblastomas is to ensure minimal residual tumor volume. The extent of surgical resection is limited by the infiltrative nature of glioma and the associated difficulties in assessing its boundaries. In order to achieve the maximum possible cytoreduction, the search for the most effective method of pre- and intraoperative navigation assistance is still ongoing (1–3). Malignant gliomas including in particular glioblastomas are characterized by a unique histoanatomical structure consisting of the simultaneous presence of malignant areas with both impaired and intact blood–brain barrier. The most aggressive regions are distinguished by high values of hemodynamic biomarkers: tumor blood volume (TBV) and tumor blood flow (TBF) as well as their normalized indicators: normalized blood volume (nTBV) and normalized blood flow (nTBF). Hemodynamic parameters are calculated using perfusion tools in computed tomography (CT) and magnetic resonance imaging (MRI) (4–6). CT and MRI perfusion techniques are interchangeable which have a high sensitivity and specificity for assessing the blood flow of malignant gliomas and they are able to depict qualitative and quantitative values of tumor hemodynamic parameters: TBF, TBV, nTBF and nTBV (7–9). According to numerous studies diffuse gliomas with high nTBV values are more malignant (the normalized value of volumetric cerebral blood flow for glioblastomas should be by 5 times higher than the value of intact white matter of the contralateral hemisphere) (10–13). In addition, the areas of microvascular proliferation are located not only in the contrast-enhancing part of the tumor, but also along the periphery, in the area of a combination of perifocal edema and infiltration, which are not distinguishable according to the results of post-contrast T1 series (3, 14). In our work we analyzed the effectiveness of CT and MRI perfusion techniques in preoperative determination of more malignant regions of the tumor and their boundaries and the effect of preoperative resection planning on the relapse-free patients` lifespan.



2 Materials and methods


2.1 Patients and sampling

Seventy-four patients at the age of 20 to 76 with a histologically and immunohistochemically verified diagnosis of glioblastoma were included in the study. The tumor status of isocitrate dehydrogenase (IDH) gene expression was not taken into account with the further assignment of the “not otherwise specified” (NOS) type. All tumors had a unilateral localization. None of the patients had undergone surgery before being included in the study. All patients underwent surgery at the Federal Center for Neurosurgery from 2018 to 2021. All patients had a postoperative chemotherapy and radiation therapy according to the Stupp-protocol based on data obtained during the immunohistochemical verification. The protocol included 2 steps: a six-week course with the combination of radiation therapy for 5 days with 2 Gray per fraction (session) and chemotherapy with Temozolomide continuously at 75 mg/m2, and a six-week course of adjuvant therapy with Temozolomide 150–200 mg/m2 for 5 days per month after a four-week break.



2.2 Multiparametric CT and MRI features

All patients included in the study underwent an MRI examination on the General Electric Discovery 3.0 T scanner using the following pulse sequences: T1WI, T2WI, T2-Flair, DWI (with ADC maps) with a slice thickness of 5 mm, DSC-T2* perfusion with parameters: T2* GRE with the coverage of the entire brain volume, with a slice thickness of 6 mm; FOV = 240×240 mm; 96×96 matrix, TR – 1,250 ms; TE – 45.0 ms; NEX = 1; pixel bandwidth – 250.0 Hz/pixel, phase per location 34. In cases where limitations of the DSC-T2* perfusion technique related to motion artifacts and magnetic susceptibility artifacts were identified, patients additionally underwent dynamic CT perfusion.

CT perfusion was performed using a 640-slice computed tomography scanner Canon Aquilion One model with the Bayesian algorithm. The perfusion examination parameters are the following: slice thickness 5 mm, 80 kV, 60 mA, tube rotation time 0.5 s with coverage of the entire brain volume.

The contrast agent for MRI examination was Gadovist 1.0 (Gadovist, Bayer) at the rate of 0.1 mL per 1 kg of the body weight. The contrast agent for CT examination was Ultravist–370 (Ultravist, Bayer) with an injection volume of 50 mL of contrast agent and 30 mL of 0.9% saline.



2.3 Image processing technique

The maximum tumor blood flow was measured using colored perfusion maps to assess the areas of the tumor to be resected, as well as the postoperative assessment of the resection degree. In hyperperfused zones a region of interest (ROI) with the area of 20–30 m2 was placed. Next, the ROI with the highest values of mean tumor blood flow and volume (TBF, TBV) in the contrast-enhancing and the contrast-negative portions of the tumor was selected for analysis. To obtain the normalized values (nTBF and nTBV), blood flow and volume in the contralateral white matter were measured in the area located contra-laterally relative to the tumor using a ROI of the same area (Figure 1). In all cases there were no regions of altered MRI signal in the contralateral hemisphere.

[image: Figure 1]

FIGURE 1
 Post-contrast T1 WI and MRI, and CT-perfusion of different patients (a–d). ROI segmentation with altered (yellow circles) and intact (white circles) BBB during comparison with post-contrast T1 series and DSC-T2* perfusion CBV map (a,b), and post-contrast T1 series with CT-perfusion CBV map (c,d). The parameters analysis was conducted both in affected and in specular contralateral hemisphere white matter.


In all patients included in this investigation the hyperperfused portions were located both inside and outside contrast—enhancing parts. Both marked portions were inside the zone of the high signal in Т2flair.

The size of the tumor was estimated according to preoperative MRI data using contrast enhancement and DSC perfusion. Taking into account the sizes the following subgroups were marked: tumor nodes ≤50 mm at the maximum linear size in the axial plane were included in the first subgroup, the tumor nodes >50 mm were in the second subgroup.

The results of MR perfusion were analyzed in the GE ReadyView 11.3 software system, CT perfusion was analyzed in the Vitrea 4.6 (Canon Medical Systems) software system using the CT Brain Perfusion software package with the assessment of biomarkers similar to DSC-T2* perfusion.

Prior to surgery, DSC-T2* was performed in all observed patients (n = 74). In 23 patients the study protocol was supplemented with CT perfusion due to artifacts from blood breakdown products. In the first 48 h after surgery all patients underwent an MRI scan with DSC-T2* perfusion. In the future dynamic monitoring was performed with the accomplishment of the DSC-T2* perfusion technique in 3-month interval.

The algorithm of the preoperative planning of surgical resection using perfusion techniques was assumed to have 3 stages.

The first stage. MRI is performed with intravenous (IV) contrast and DSC-perfusion and/or CT-perfusion and acquired data are analyzed.

The second stage. Preoperative post-contrast T1 series are compared with perfusion maps, the identification of tumor boundaries and cytoreduction volume planning are determined.

The third stage. Performing of postoperative MRI with IV contrast and DSC-perfusion with further evaluation of residual tumor volume.



2.4 Stages of surgery management

Before surgery the areas of interest were coordinated by the radiologist and the neurosurgeon with the absolute exclusion of functionally significant areas. Then MRI and CT data were integrated into the neuronavigation system. In all 74 patients tumor removal was performed using standard surgical instruments with a microscope and a neural navigation system. Before the tumor resection through a small trepanation window, tissue materials were obtained from the regions of interest corresponding to the areas with impaired and intact BBB. Neuronavigation control was performed using the Stryker frameless navigation system (Stryker NAV3i, Germany).



2.5 Morphological and immunohistochemical studies

The verification of malignant gliomas was performed using histological and immunohistochemical methods. The immunohistochemical analysis included routine staining such as Carazzi hematoxylin and eosin alcohol solution. The spectrum of used immunohistochemical (IHC) markers are the following: CD3, CD20, CD34, Ki-67, VEGF. Additionally, all materials from the region of interest were analyzed.

The cell counting was accomplished using the Aperio ImageScope—Pathology Slide Viewing Software program using the nuclear, cytoplasmic and membrane staining analysis module—Aperio Image Analysis Workstation.



2.6 Statistical analysis

The statistical analysis was performed using Excel spreadsheets as well as the STATISTICA software package (version 12.0 for Windows). The comparison of independent samples by qualitative characteristics was carried out during the analysis of conjugacy tables using the Pearson’s χ2 criterion. The comparison of two groups according to quantitative characteristics with normal and abnormal distributions was performed using the Kruskal–Wallis criterion adjusted for matching values. Descriptive statistics was calculated for numerical variables (proliferative activity index values, perfusion indices TBF, TBV, nTBF, nTBV) and the nonparametric Kruskal-Wallis test was used for the intergroup comparison of proliferation indices in groups. The Kaplan-Meyer multiplicative nonparametric method was used to analyze survival rates. Cox regression was used to determine the independent factors influencing on survival rates. The correlations between variables were calculated using the Spearman coefficient. The significance level was *p < 0.05, **p < 0.01 and ***p < 0.001 for all tests.



2.7 The evaluation of the neurological outcomes

Karnofsky scale was used (it was carried out in the pre- and postoperative periods). The appearance / increase of focal neurological symptoms were registered over the period of patients staying at the hospital. All patients were discharged from the hospital in the satisfactory state (the state according Karnofsky scale was 70–80 points).




3 Results

The generalized characteristics of the patients are presented in Table 1.



TABLE 1 Patient characteristics.
[image: Table1]

DSC-T2* perfusion was performed in all 74 patients and additional CT perfusion was carried out in 23 of 74 patients. The limitations associated with artifacts from blood degradation products are shown in Figure 2.

[image: Figure 2]

FIGURE 2
 Patient T., 42 y.o., left occipital lobe glioblastoma. (A) Post-contrast T1 WI and DSC-T2* perfusion. DSC-T2* perfusion demonstrates marked magnetic susceptibility artifacts with local signal loss due to blood degradation products. (В) CT with contrast (arterial phase) and CT-perfusion. CT-perfusion does not contain any artifacts and fully displays the tumor boundaries.


Based on the conducted research the following results were obtained. Group 1 including 42 patients (56.7%; Figure 3) had a surgical resection of the contrast-enhancing and hyperperfused portions of the tumor (total resection), Group 2 including 32 people (43.3%; Figure 4) had a surgical resection of only the contrast-enhancing part of the tumor (subtotal resection).

[image: Figure 3]

FIGURE 3
 (A) Preoperative tumor resection planning in 42-years old patient with glioblastoma with regard to comparison of post-contrast T1 series, CBV parameter obtained using DSC-T2* perfusion and T2-Flair. The tumor has 2 portions: contrast-accumulating (blue line) and contrast-negative with high CBV volume (yellow line), which correspond to each other. (B) Postoperative MRI control 24 h after operation, post-contrast T1 series, CBV indicator obtained during DSC-T2* perfusion and T2-Flair. MRI data reveal resection of the contrast-accumulating component and the component with high CBV values and non-accumulating contrast agent; a zone of perifocal edema-infiltration is visualized in T2-Flair.


[image: Figure 4]

FIGURE 4
 (A) Preoperative tumor resection planning in 52-year-old patient with left temporal lobe glioblastoma with regard to comparison of postcontrast T1 series, CBV parameter obtained using DSC-T2* perfusion and T2-Flair. The tumor compounds of 2 portions: contrast-accumulating (blue line) and contrast-negative with high CBV level (yellow line). (B) Postoperative MRI control 24 h after operation, post-contrast T1 series, CBV indicator obtained using DSC-T2* perfusion and T2-Flair. MRI data indicating resection of the contrast-enhancing tumor part and with residual hyperperfused fragment at the lower pole of resection zone (red circle).


On comparing with the classes of RANO the resection in both groups is worth estimating as class 2 (due to the contrast—enhancing component was removed except the whole Flair-component) (15). Thus, our type of resection in group 1 is the extended variant of class 2 according to RANO at the expense of hyperperfused component resection beyond the parts of accumulating contrast.

The obtained preoperative parameters of normalized tumor nTBV, nTBF in observed groups using the MRI perfusion and CT perfusion techniques are presented in Table 2 and had comparable values.



TABLE 2 Normalized perfusion parameters in glioblastomas depending on the observation group using MRI and CT perfusion.
[image: Table2]

We identified statistically significant differences in the duration of the relapse-free period depending on the residual tumor volume in the observed groups (p < 0.001). At the same time, the impact was exerted not only by the residual volume of the contrast-enhancing component but also by the residual volume of the hyperperfused tumor part (Figures 5–7).

[image: Figure 5]

FIGURE 5
 Patient N., 36-year-old, with a frontal lobes glioblastoma from group 1. (A) Preoperative MRI, post-contrast T1 series and CT-perfusion with CBF and CBV assessment: a tumor with characteristic “butterfly-like” contrast enhancement and central zone necrosis. The perfusion maps demonstrate high values of CBF and CBV both in the contrast-enhanced part and in the perifocal zone that does not accumulate contrast. (B) Postoperative MRI after 24 h, post-contrast T1 series, CBF and CBV obtainer using DSC-T2* perfusion, revealing resection of the contrast-accumulating compound and the compound with high CBV values. (C) Follow-up MRI 12 months after surgical treatment, post-contrast T1 series, CBF and CBV obtainer using DSC-T2* perfusion, there are no contrast-accumulating areas nor areas with high blood volume.


[image: Figure 6]

FIGURE 6
 Patient V., 45-year-old, with a left frontal lobe glioblastoma from group 2. (A) Preoperative MRI, post-contrast T1 series and DSC-T2* perfusion: multifocal tumor with the ring-like contrast enhancement, with solid nodes and necrotic areas. The perfusion maps demonstrate high values of CBF and CBV both in the contrast-enhanced part and in the perifocal part that does not accumulate contrast. (B) Postoperative MRI after 24 h, post-contrast T1 series, CBF and CBV parameters obtained using DSC-T2* perfusion show the hyperperfused area localized along the medial contour of the resection (white circle). (С) Follow-up MRI 6 months after surgical treatment: post-contrast T1 series, CBF and CBV parameters obtained using DSC-T2* perfusion: the tumor progression in the previously identified area, which demonstrated high values of perfusion.


[image: Figure 7]

FIGURE 7
 Patient Z., 56-year-old, with a right temporal lobe glioblastoma from group 2. (A) Preoperative MRI, post-contrast T1 series and DSC-T2* perfusion: tumor with the ring-like contrast enhancement and central necrotic area. Analyzing the perfusion maps, high CBF and CBV in contrasted tumor part and in area of edema and infiltration are noted. (B) Postoperative MRI after 24 h show the residual tumor parts along the resection border, which accumulate the contrast material, as well as areas demonstrating high perfusion values (С) Follow-up MRI 3 months after surgical treatment: the tumor show pronounced progression of both the contrast-positive (red arrow) and contrast-negative (white arrow) portions.


On analyzing Kaplan-Meyer model we obtained data indicating a prolongation of the relapse-free life expectancy of the patients during surgery with resection of the contrast-enhancing and hyperperfused tumor’s compounds. In Group 1 the median of disease–free period was up to 15 months, in Group 2 it was 9 months (Table 3; Figure 8; p < 0.001).



TABLE 3 Mean and median relapse-free survival rates distribution and relapse-free survival rates after 6 and 12 months in observation groups.
[image: Table3]
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FIGURE 8
 Survival time in post-operative patients with “Group 1” in comparison to “Group 2” (in months).


We analyzed the relationship between the duration of disease-free survival in the groups and the combination of factors which included extent of resection and the Ki-67 proliferative activity index in malignant gliomas. We found that low Ki values of 67% and the minimum residual tumor volume in the groups significantly influenced on the period of disease-free survival (p < 0.01; Figure 9; Table 4). In addition we analyzed the affect of the perfusion application in combination with the achievement of total resection using a multifactorial regression analysis of proportional Cox risks. The proportional risk for patients from group 2 with resection of only the contrast-accumulating portion was almost by 4 times higher than in group 1. The results are presented in Table 5.

[image: Figure 9]

FIGURE 9
 Survival Time in post-operative patients with “Group 1” in comparison to “Group 2” (in months) depending on proliferative index Ki67.




TABLE 4 Relapse-free survival rate distribution after 6 and 12 months in observation groups depending on proliferative index Ki67.
[image: Table4]



TABLE 5 Kaplan–Meier estimation, single-factor and multi-factor Cox regression analysis results.
[image: Table5]



4 Discussion

The key factor influencing the prognosis of the disease is the extent of resection of malignant glioma (16–18, 52). It is known that overall survival is associated with total resection (total removal of the contrast-enhancing part of the tumor) which is considered to be a threshold (19). The main prognostic landmark for the effectiveness of the treatment used by neurosurgeons in practice is the residual volume of the contrast–enhancing component of diffuse glioma (20–23). However, some parts of glioblastomas are not able to accumulate the contrast agent and in rare cases, they do not accumulate it at all (24–27). The contrast-positive components of glioblastomas in the post-contrast series reflect the areas with an disrupted BBB which may or may not correspond to the most aggressive part histopathologically (28–32). Besides necrosis glioblastomas have the areas with both the increased proliferative endothelium activity in their structure and an intact BBB (33–36). The intratumoral heterogeneity of glioblastomas and the infiltrative nature of growth make it difficult to assess its boundaries (6, 19, 20, 37, 38). Surgery aimed at only resection of the contrast-enhancing part of the tumor is attended with the risk of early relapses. Implemented perfusion methods using CT and MRI have a unique ability to identify the areas with the vascular proliferation using noninvasive biomarkers of tumor hemodynamics (TBF, TBV, nTBF, nTBV). There are a number of studies examining the blood flow of a tumor in the most malignant areas (13, 39, 40). The aim of the current study is to estimate the contrast-positive and hyperperfused contrast-negative components of glioblastomas for preoperative resection volume planning. In our study data obtained are accomplished with the help of CT and MRI perfusion techniques. Perfusion parameters are taken into account both in contrast-positive components of gliomas and in components without the contrast accumulation. Besides the main stage of the tumor resection matching preoperative perfusion data including histological and immunohistochemical ones taken from the sampled tissue having the regions of interest and their interconnection is performed (Figure 10). All the samples obtained from the zone which do not accumulate the contrast agent are infiltrated by tumor cells without damage to the BBB which demonstrates the importance of perfusion CBF and CBV parameters in the contrast-negative zone and does not contradict the previously published works concerning the most malignant areas (23, 39, 40, 53).

[image: Figure 10]

FIGURE 10
 The most aggressive morphological components of glioblastoma, their relationships and pathological substrates. (A) MRI of the brain of a patient with right frontal lobe glioblastoma. Compared post-contrast T1 WI and CBV perfusion map, demonstrating a large contrast-enhancing component and areas with high TBV located inside and outside the high signal on the post-contrast T1 WI. (B) Schematic representation of the relationship between malignant components. The gray circle represents a tumor component with a disrupted BBB (the part of the tumor that accumulates contrast). The pink circle reflects the tumor component with microvascular proliferation (the part of the tumor with high TBV values). The overlap of both components represents the largest area which is coded in ivory color. The study focuses on the part with high TBV values located outside the contrast accumulation (part of the pink circle) and the investigation of the effect of its resection along with the contrast-enhancing portion on the duration of the recurrence-free period. (C,D) Histological examination, magnification × 10, staining with hematoxylin and eosin. Comparison of MRI data with microscopic substrates of glioblastoma radiological features. (C) The upper figure shows tumor cells with nuclear atypia and a large area of necrosis (asterisk), corresponding to the area of accumulation of contrast in the lower figure. The lower figure is a post-contrast T1 WI, a component of a glioblastoma with a necrosis cavity (the area highlighted by the dotted line). (D) The upper figure dipicts the proliferation of the endothelium of the tumor vessel (arrows), which causes high TBV values on the CBV perfusion map (lower figure). The lower figure is a CBV perfusion map, the area highlighted by the dotted line is located outside the contrasted part of the tumor.


Thus, the information given to the neurosurgeon about areas of glioma with vascular proliferation contributes to an additional and selective increase in the resection volume which, accordingly, makes it possible to predict the prolongation of patients’ life expectancy without relapse. In our study, in group with preoperative usage of perfusion mapping techniques and resection of contrast–enhancing and hyperperfused portions of the tumor, the median recurrence-free period is up to 15 months and recurrence-free survival in 6 and 12 months is up to 92 and 55%, respectively, which exceeds the recurrence-free survival periods described in the world literature which is 10.6 months with the average survival rate of 14 months (41–45).

The current study allows to assume that the practical significance of perfusion indices as biomarkers of hemodynamics of malignant gliomas remains underestimated. Perfusion data allow to plan the volume of resection individually at the preoperative stage as well as estimate more objectively the residual volume at the postoperative stage.

To determine the spread of diffuse malignant glioma MRI quantitative methods such as diffusion-weighted imaging and relaxometric are used (39).

On the basis of diffusion-weighted imaging (DWI, DTI) the gradient of the diffusion coefficient can be determined in the perifocal edema as a sign of the tumor infiltration due to solid cellularity tumor.

Diffusion kurtosis imaging (DKI) is a more sensitive method to the changes of brain tissue microstructure than a routine DWI because in this method the water diffusion in the biological tissues does not keep to Gaussian distribution (39).

The parameters of diffusion analysis are still a subject of the researches and they are not used in the daily practice due to the long term period of data receiving as well as labor and time consuming post processing (39).

Amino acid PET-CT plays a definite role in the diffuse glioma diagnostics. This method allows to grade a tumor as well its spread (46). To have a proper interpretation it is necessary to have an MRI brain preliminary data for the anatomical comparison with PET-CT structural and functional results (46). As a rule, PET-CT centers are independent structures, so a patient has to spend a lot of time for MRI, PET-CT and further neurosurgeon’s consultation to determine a tactics. This results in wasting time to begin a treatment of an aggressive tumors. There are often observations of the negative influence of radio pharmaceuticals on the brain tumor. Non-metabolic areas occur in 30% of gliomas and they do not differ from uninjured brain and it does not allow a tumor to be visualized (47, 48). There are various readings of determining a border value of the index of accumulation (49, 50). There are discrepancies in the definition of the threshold value of the accumulation index for differentiation of tumor infiltration zones and uninjured brain matter (51). Besides, the metabolic tumor volume in PET-CT with amino acids usually is not beyond the borders of zones of MRI signal on T2-FLAIR that does not allow to estimate the tumor infiltration borders as a whole (47, 48).

There is a technique called FLAIRectomy that promises high efficiency. But the ability to remove the entire T2-Flair hyperintensive zone is often not feasible (23).

We believe that a unified analysis of a complex of diffusion, perfusion parameters and PET data using labeled amino acids will allow more accurate determination of the boundaries of high-grade gliomas in areas with an intact blood–brain barrier that do not enhance. Knowledge of the extent of the tumor, in turn, will allow the development of a personalized navigation algorithm for surgical removal of the tumor with subsequent determination of an individual plan for radiation and chemotherapy, as well as the ability to predict the course of the disease.



5 Limitations

In the context of the 2021 WHO Classification of Tumors of the Central Nervous System in our work, we dealt with GBM or Diffuse Astrocytoma Grade 4. The histological diagnosis of malignant glioma grade 4 was made based on a paraffin section stained with hematoxylin and eosin. Given the lack of genetic research methods at the clinic’s disposal, the diagnosis was given the abbreviation “NOS.”

The study did not consider separate measurements of the volumes of the intratumoral contrast-enhancing part and the non-enhancing but hyperperfused part. The lack of this information may be a limiting factor for comparison with other studies.

The both mentioned limitations could affect on the overall survival and progression-free survival.

The technique itself has several significant limitations also. The first and the most difficult limit is the phenomenon of brain shifting after dissecting the dura mater. The shift caused by cerebrospinal fluid leakage and the changes in the intracranial pressure distort the position of the planned “coordinates” of resection. The solution of the displacement problem can be the intraoperative determination of perfusion parameters after opening the dura mater in a hybrid operating room equipped with a CT scanner on rails. The second problem is that the performance of contrast studies (DSC-perfusion and CT-perfusion) is limited after nephrectomy and the significant increase in creatinine and urea levels (glomerular filtration rate <30 mL/min).



6 Conclusion

The study confirms the efficiency and potential of using perfusion MRI and CT techniques in the preoperative planning of glioblastoma resection. Perfusion markers allow to determine the boundaries of the tumor objectively and evaluate its most aggressive components including both contrast-enhancing and hyperperfused areas. We have demonstrated the relationship of markers with histological and immunohistochemical data. The usage of perfusion technologies contributes to a significant increase in the volume of cytoreduction expressed in lengthening the duration of the relapse-free period. The analysis of the relationship between resection volume and disease-free survival confirm the key role of minimizing residual tumor volume in disease prognosis. In our opinion, perfusion methods have proven to be tactically significant tools in preoperative planning. We recommend integrating perfusion techniques into standard protocols for the preoperative diagnosis and surgical intervention planning for glioblastomas. The usage of perfusion in intraoperative monitoring as a navigation assistant can offset the phenomenon of displacement after opening the dura mater and support the preliminary results reliably. At the next stage of our study the significance of resection of the hypervascular component of glioblastoma will be studied using intraoperative perfusion.
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