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Abstract. – OBJECTIVE: Amidst the evident 
challenges posed by brain tumors and the evi-
dent limitations of conventional treatment meth-
odologies like surgery, radiotherapy, and che-
motherapy, our primary objective was to probe 
the therapeutic potential of high-intensity thera-
peutic ultrasound (HITU). The aim was to intro-
duce a safer, cost-effective, and efficient alter-
native to existing treatments, especially bene-
ficial for inaccessible brain tumor sites and re-
source-constrained medical facilities.

MATERIALS AND METHODS: Leveraging 
post-1990s MR technology advancements, we 
employed the non-invasive HITU technique, akin 
to high-intensity focused ultrasound. This meth-
od directs acoustic energy to tissues, primarily 
inducing coagulation necrosis by absorbing en-
ergy and elevating tissue temperatures. Glial tu-
mor cells were subjected to HITU to assess its 
effects.

RESULTS: Upon applying HITU to glial tumor 
cells, significant alterations in cellular structur-
al integrity were evident. The main action of HI-
TU was the absorption of acoustic energy, lead-
ing to a notable temperature rise and coagula-
tion necrosis. Flow cytometry indicated signif-
icant cellular changes post-HITU. ANOVA and 
t-test analyses showed a significant relationship 
between HITU application and time (p<0.05). 
The Shapiro-Wilk test revealed non-normal data 
distribution (p<0.05), leading to the use of non-
parametric methods. The t-test results after HI-
TU displayed significant differences (p<0.05) in 
cell counts and fluorescence intensity between 
control and treated groups. This result was con-
sistent across multiple tests, indicating the reli-
ability of the method in causing cellular damage 
to the tumor cells.

CONCLUSIONS: Our laboratory analyses of-
fer compelling evidence that HITU is not mere-
ly feasible but is also a promising non-invasive 
approach in the treatment paradigm of brain tu-
mors. Standing distinctively apart from radio-

therapy, HITU averts early, or late complications 
commonly associated with the former. While the 
path ahead mandates comprehensive research 
to ascertain its clinical utility, preliminary indi-
cations firmly posit HITU as a groundbreaking 
prospect in the management of brain tumors.
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sity focused ultrasound, High-intensity therapeutic ul-
trasound.

Introduction

Primary central nervous system (CNS) tumors 
originate from cells located in the CNS, including 
the sheath or nerves of this structure. Primary 
CNS tumors consist of a very heterogeneous 
group, and in the 2016 WHO classification1, there 
are 143 different histological subtypes under 17 
main titles. The treatments and prognosis of each 
of these tumors are quite different. Neuroepi-
thelial tumors constitute 30-43.5% of primary 
CNS tumors2,3. Primary CNS tumors are benign 
or malignant. High-grade neuroepithelial tumors 
have high morbidity and mortality. Glioblastoma 
is the most common type of high-grade tumor 
and constitutes 48.3% of malignant tumors1. In a 
study4 conducted in Canada, embryonal tumors 
were the most common type of malignant pri-
mary CNS tumor in childhood, and its incidence 
was reported as 3.36/105/year. Metastatic brain 
tumors are among the most common secondary 
malignant tumors of the brain, together with ma-
lignant glial tumors5. Their prevalence is between 
8% and 9.5%, and incidence varies from 8.3 to 
14.3/105/year5.
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Both conventional radiotherapy (RT) and ste-
reotactic radiosurgery (SRS) are an integral 
part of the treatment of malignant brain tumors 
today. However, auxiliary treatment methods 
such as chemotherapy and RT have serious side 
effects; they are not harmless6,7. Radiation toxic-
ity due to RT has serious side effects that occur 
in the acute, subacute, and late stages6,7. The 
complications that occur, especially in the late 
period, are called radiation necrosis or radiation 
myelopathy. Although the incidence of radiation 
necrosis is not known exactly, it varies between 
5% and 50% depending on the dose applied and 
the follow-up period of the patient6,7. In cases 
of Grade III lesions like anaplastic glial tumors 
or in some benign tumors such as meningiomas 
that cannot be operated on due to high surgical 
risk, serious complications like leukoencepha-
lopathy or radiation necrosis are evident after 
RT. These complications can also be a concern 
for patients who are expected to live a long 
time after treatment and in cases of childhood 
tumors. It restricts the application of this treat-
ment method in patients up to one year of age 
and causes complications and a decrease in the 
quality of life of the patient.

RT and SRS are used especially in the child-
hood age group when surgery and chemotherapy 
fail8. Many authors8,9 recommend that RT should 
be applied after the age of 5 and not applied to pa-
tients with neurofibromatosis type 1 (NF1). The 
relative risk of developing secondary malignancy 
in patients with NF1 who underwent RT was 
reported to be 3.04 compared to those with NF1 
who did not undergo RT6.

As RT has serious side effects, can only be 
applied in limited doses, and cannot be applied 
to recurrent tumors, it has become necessary to 
develop alternative treatment methods.

Interest in acoustics, the science of sound, 
started with Pythagoras’s work “Mathematics of 
Stringed Instruments” in the 6th century BC. Ul-
trasound is the name given to high frequencies 
outside the hearing limits of the human ear. The 
first technological application of ultrasound was 
developed by Paul Langevin in 1917 for the de-
tection of submarines using ultrasonic methods. 
Discovered by Jacques and Pierre Curie in 1880, 
the piezoelectric effect was developed further 
with the use of transducers developed to generate 
and detect ultrasonic sound waves. Diagnostic 
ultrasonography has been used in medicine for 
about 50 years. It is a very cheap and high-qual-
ity alternative to magnetic resonance (MR) and 

computed tomography among medical diagnostic 
methods; it is also portable and provides re-
al-time images. Intensified ultrasonography was 
first used by Lindstrom and Fry10,11 for tumor ab-
lation purposes in 1954, but technical deficiencies 
prevented its development. Extracorporeal shock 
wave lithotripsy (ESWL) was developed in 1980 
based on the principle of concentrated ultrasonic 
waves and received approval from the Food and 
Drug Administration in 198410,11.

High-intensity focused ultrasound (HIFU) 
does not cause acute, subacute, or late radia-
tion complications, which are among the most 
common complications of RT-based treatment 
methods, but it provides effective treatment12,13. 
The basic mechanism of action is that it causes 
the death of tumor cells as a result of protein de-
naturation by creating an increase in temperature 
at the application site14-16.

It is anticipated that it will be a popular treat-
ment option worldwide in the near future because 
it is easy to apply and does not have serious side 
effects. The effect of high acoustic intensity on 
the tissue and coagulation necrosis due to high 
temperature because of the absorption of acoustic 
energy constitutes the main mechanism of action 
of HIFU.

The main advantages of HIFU are as follows:
-	 It is a non-invasive method, does not require 

hospitalization.
-	 Can be repeated as required.
-	 Early or late radiation complications such as 

RT are not seen.
-	 Low complication and morbidity.
-	 It can be applied to pediatric patients under 

appropriate conditions.
-	 Antitumor, induces an immune response17.

There are many publications in the literature 
reporting that HIFU is applied for cancers of var-
ious tissues, and its results are beneficial for pa-
tients. In 2006, Illing18 applied HIFU to patients 
with prostate cancer, and after they published 
their findings that the tumor had shrunk and no 
side effects were encountered, it was accepted 
as a treatment option in Europe11. Mottet et al19 
demonstrated in their studies that HIFU could 
be used in patients with prostate cancer to target 
cancer cells under MRI guidance without the 
need for anesthesia or surgical intervention20. By 
controlling the temperature increase in the af-
fected region, tumor cells were destroyed. Their 
findings19 were published in 2014 and served as 
an application guide for the treatment of prostate 
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cancer. The same team made it a non-invasive 
treatment method by obtaining approval from 
the US FDA. It is currently used as a method 
for treating prostate cancer in some centers in 
this country. The device named “Sonablate 200” 
has received the Conformité Européenné (CE) 
approval for benign prostatic hyperplasia in Eu-
rope18.

As a result of successful research in prostate 
cancer, studies21-25 have also been initiated for 
bone, liver, and lung cancer, bleeding control, 
and abdominal and gynecological pathologies. 
Dobrakowski et al26, who performed research on 
the brain in the United States in 2014, created an 
MRI-guided lesion with HIFU in Parkinson’s dis-
ease. It is currently an FDA-approved treatment 
for Parkinson’s disease. Various studies17,27 on its 
use in various movement disorders and psychi-
atric diseases have also been conducted and are 
ongoing.

Coluccia et al28 showed that the tumor shrinks 
radiologically using HIFU in patients with lung 
cancer and brain metastasis. Successful results 
in metastatic brain tumor ablation with subse-
quent studies led to an increase in research in-
vestigating the effect of HIFU on brain tumors. 
In a study15 conducted in Zurich in 2014, it was 
applied to three high-grade brain tumors, and it 
was reported that it can be applied safely and is 
beneficial for the patient. In many studies29, FDA 
approval was granted on 18.07.2019, depending 
on the promising results of the use of HIFU in 
metastatic or malignant brain tumors.

Besides thermal effects, mechanical effects are 
seen in high-density applications. These include 
the emergence of additional destructive forces 
such as cavitation, microcurrent, and radiation 
forces. The HIFU transducer can apply power 
of 100-10,000 W/cm2 to a focal area, and its 
peak compression pressure reaches 30 MPa with 
damping pressure up to 10 MPa10. Thanks to fo-
cusing, a lesion 1 mm in diameter and 9 mm in 
length is formed10. Cavitation depends on com-
pression and expansion of the ultrasonic wave 
and is diffusive30. There are two types: stable and 
inertial cavitation. Inertial cavitation leads to cell 
collapse. High-pressure shock waves (20-30,000 
bars) and high temperatures (2,000-5,000 K) oc-
cur during collapse11,31. Micro streaming that oc-
curs during stable cavitation creates temporary 
defects in the cell wall, and this feature can also 
be used for intracellular drug delivery11. Microst-
reaming also contributes to tumor shrinkage by 
causing apoptosis in surrounding cells11.

In our study, we planned to evaluate the effect 
of high-intensity therapeutic ultrasound (HITU), 
which has the same modality as HIFU, on the via-
bility of glioblastoma cells in the laboratory envi-
ronment at the microscopic and molecular level32.

Materials and Methods

Cell Preparation and Culturing

Cell source and maintenance
The study employed glioblastoma cell lines 

from a 60-year-old female patient (ATCC CRL-
3412), which were cryogenically stored in a liquid 
nitrogen tank at -80°C.

Thawing and seeding 
The cells were gently thawed in a water bath 

set at 37°C. After thawing, they were imme-
diately placed into flow cytometry to ensure 
viability and roughly divided into six equal sam-
ples33. Each sample was seeded onto six 75-cm² 
flasks (Nest Scientific 708003) pre-coated with 
polymeric protein or peptide to enhance cell 
adhesion34. Culture media, as described by Aro-
ra’s 2017 compilation, was added to facilitate 
growth35-37.

Post-thawing, the glioblastoma cells were seed-
ed into polymeric protein or peptide-coated 75-
cm² culture flasks and incubated under controlled 
conditions of 37°C with a CO2 concentration of 
5% to ensure optimal cell growth conditions38. 
The incubation environment was maintained us-
ing a state-of-the-art cell culture incubator, en-
suring uniform temperature and CO2 distribution.

Cellular Adhesion and 
Growth Assessment

After an incubation period of 24 hours, cellular 
adhesion to the flask surfaces was assessed us-
ing a high-resolution phase contrast microscope. 
Observations revealed that the majority of the 
cells had adhered well to the surface and showed 
limited motility, indicating healthy cell attach-
ment. Following this observation, the flasks were 
returned to the incubator for an extended period 
of 72 hours to facilitate cell proliferation further.

Subculturing and Group Delineation
Post 72-hour incubation, the flasks were care-

fully removed, and the cells were examined mi-
croscopically to assess their growth and confluen-
cy. Utilizing a standardized protocol based on the 
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methods described by Fedoroff and Richardson39, 
the cells were harvested from the flasks, and their 
counts were ascertained using flow cytometry.

Thereafter, the cells were segregated into three 
primary groups:
Group 1: Cells were further subdivided and seed-

ed into six 25 cm2 flasks, ensuring even distri-
bution.

Group 2: This group was further delineated into 
six subgroups. Each subgroup received ap-
proximately 500,000 cells and was then trans-
ferred to the incubator to achieve optimal 
growth conditions.

Group 3: For high-throughput assays, cells were al-
located to 96-well plates, with each well receiv-
ing approximately 10,000 cells. Six such plates 
were prepared and placed in the incubator.

Growth Confirmation and 
Further Procedures

After an incubation duration of 24 hours, the 
flasks and plates were retrieved, and cellular 
adhesion was again confirmed using microscopic 
evaluation. After another incubation period of 
72 hours, the cells achieved optimal growth and 
were deemed ready for subsequent experimental 
procedures.

HITU Experimental Setup and 
Equipment Specifications

The High-Intensity Focused Ultrasound (HI-
TU) experiment necessitated an intricate and 
calibrated setup. Herein, we delineate the assem-
bly process and characteristics of the equipment 
employed (Figure 1):

Test pool configuration
-	 The experimental pool was constructed using 

a transparent acrylic sheet with dimensions 
of 800 × 800 × 800 mm and a thickness of 10 
mm. This was meticulously rendered water-
tight to ensure accurate HITU applications.

-	 Stability was of paramount importance. As 
such, an anchoring frame was fashioned from 
an 80 × 40 mm Sigma aluminum profile. This 
frame ensured that the test specimens and mea-
suring sensors remained suspended and stable 
within the aqueous environment of the test pool.

Flask positioning
-	 A channel, precisely fitting the dimensions 

of a tissue flask, was carved into a 100-mm 
thick acrylic plate. This allowed for the secure 
placement of the tissue flask while maintaining 
sterile conditions.

Figure 1. The experimental setup and the flask with glioblastoma cells.
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-	 For precision-focused ultrasound applications, 
the base of the flask was oriented along the 
z-axis such that its bottom coincided with the 
HIFU focal point.

HIFU transducer installation
-	 The HIFU transducer was positioned on the 

base of the test pool. An aperture was engi-
neered on the pool’s base to accommodate the 
transducer’s cabling.

-	 Following the transducer’s secure affixation, 
silicone sealant was applied to waterproof the 
aforementioned aperture, preventing potential 
water ingress that could compromise the ex-
periment.

Water quality control
-	 The test pool was filled with meticulously 

degassed water, maintaining a constant tem-
perature of 36.5°C. Temperature monitoring 
was facilitated by a calibrated PCE-T 318 
thermometer (PCE Instruments, Southampton, 
Hampshire, United Kingdom).

-	 To ascertain water quality and purity, the de-
gassed water’s conductivity was gauged and 
recorded as 0.1 µS/cm, using the Hanna Dist 4 
Conductivity Meter - HI 98304 (Hanna Instru-
ments, Woonsocket, Rhode Island, USA).

Transducer specifications
-	 The pivotal component of the HITU setup was 

the transducer. We utilized a custom-designed 
HIFU transducer (H-149, Sonic Concepts, Inc., 
Bothell, WA, USA) characterized by an aper-
ture diameter of 180 mm. It was a single-el-
ement, concave piezo composite device with 
a focal length of 120 mm. Operating at a 
frequency of 1 MHz, it possessed an electrical 
power capacity of 1,000 W.

Treatment Protocols
In the quest for non-invasive therapeutic mo-

dalities, HITU has emerged as a novel tool. Its 
efficacy was illustrated when Jacquelyn Mac-
Donell and her team (2018) employed HITU to 
target a specific brain tumor region27. They ablat-
ed an area of approximately 2 cm3 for a duration 
of 180 seconds, utilizing an acoustic power of 4 
W, effectively raising the temperature within the 
targeted region to achieve therapeutic ablation27.

Pulse configuration and administration
The flask positioning platform was the focal 

point for the HITU pulses. Each pulse had a du-

ration of 45 ms, and a total of 50 such pulses were 
consistently dispatched at intervals of 100 ms. 
The resultant temperature escalation at the focal 
point was recorded at 58°C.

Group designations and protocols
Control Groups:
Group 1 comprised three flasks (a1, b1, c1) of 25 

cm2 each, which were kept untreated. Sub-
sequent examinations were carried out un-
der a phase contrast microscope immediately 
post-incubation, then at 4-6 hours, and final-
ly at 24 hours40. Cellular adhesion properties 
were particularly studied and juxtaposed with 
established glioblastoma cell line research40.

Group 2: Encompassed flasks a2, b2, and c2, 
which also remained untreated. After incuba-
tion, cells were prepared for flow cytometry to 
enable accurate cell counting as they traversed 
the flow channel33.

Group 3: Organized as three sets of 96-well plates 
(a3, b3, c3). Post incubation, ATP activity, and 
cell viability were gauged using the ATPlite 
1Step Luminescence Assay System kit (Perki-
nElmer, Waltham, MA, USA), strictly adhering 
to the procedures proposed by Sughrue et al41.

  
HITU-treated Groups:
Group 4: Corresponding to Group 1, flasks d1, 

e1, and f1 underwent HITU treatment. Subse-
quent microscopic examinations were sched-
uled identically to Group 1.

Group 5: In alignment with Group 2, flasks d2, 
e2, and f2 received HITU. Post-treatment, they 
were destined for flow cytometric evaluations, 
with timings mirroring Group 2.

Group 6: Analogous to Group 3, these 96-well 
plate clusters (d3, e3, f3) were treated with 
HITU. Post-treatment ATP activity and cell 
viability assessments were conducted in line 
with Group 3 protocols.

Assessment Techniques
Microscopic Examination: Cells were assessed 

for morphological changes under a phase-con-
trast microscope immediately after the respective 
treatments.

Flow Cytometry: Cellular enumeration was per-
formed using flow cytometry based on the tech-
niques described by Fedoroff and Richardson39.

ATP Activity and Cell Viability: ATP activ-
ity and cell viability were determined using the 
ATPlite 1Step Luminescence Assay System kit, 
following the protocol by Sughrue et al41.
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Statistical Analysis
Repeated measures of ANOVA were employed 

for the assessment of the impact of HITU on cell 
numbers.

To evaluate the relationship between the HITU 
application and the elapsed time, a null hypoth-
esis (Ho) was formulated, suggesting no signif-
icant connection between the two factors. This 
hypothesis was tested using the recorded p-value.

Further, for all six experimental scenarios, 
the data’s normal distribution was assessed. The 
Shapiro-Wilk normality test was utilized for this 
purpose. If the data did not follow a normal dis-
tribution (p<0.05), nonparametric methods were 
chosen for the ensuing analysis.

Statistical Analysis
A dependent t-test was conducted to assess 

the statistical significance of differences in cell 
numbers and fluorescence intensity between the 
control and application groups, post-high-inten-
sity focused ultrasound (HITU) application. The 
SPSS (IBM Corp., Armonk, NY, USA) was used 
for the statistical analysis, and for the findings to 
be considered statistically significant, the p-value 
had to be lower than or equal to 0.05.

Results

Microscopic Evaluation
For Group 1, which was designated as the con-

trol group, the flask was removed from the incu-
bator before the application and immediately (a1) 
(Figure 2), 4-6 hours later (b1) (Figure 3), and 24 
hours later (c1) (Figure 4) and imaged under the 
phase contrast microscope. Typical glioblastoma 
phenotypes attached to the flask surface were 
recorded40.

In the group determined as Group 4 after 
HITU was applied, when we looked under the 
microscope immediately after the application of 
HITU, which we determined as a1, no visible 
changes were detected in the cells.

When examining under the microscope 4-6 
hours after the application of HITU to the areas 
designated as e1 and b1, we observed a decrease 
in the number of cells attached to the surface in 
the treated part. Additionally, changes were noted 
in the morphology of both the treated area and the 
cells in its immediate vicinity (Figure 5).

In our examination using the microscope 24 
hours after the HITU application, which we de-
termined as f1, c1, we observed that there were no 

cells adhering to the surface in the area where we 
applied HITU, and there was a serious increase 
in the cells floating in the nutritional fluid. We 
detected deformities in the shapes of the very few 
cells attached to the surface, which we can clearly 
see when compared with normal glioblastoma 
cell shapes (Figure 6).

Figure 2. Image of our control group (a1) immediately 
after removal from incubator, 320× magnification.

Figure 3. The next image of our control group (b1) after 
4-6 hours, 320× magnification.
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Flow Cytometer Measurements
We placed approximately equal amounts of ini-

tial cells in flasks designated as Group 2 (a2, b2, 

and c2). After removing them from the incubator, 
where no action was taken, we observed the cells 
immediately after applying HITU (labeled as d2), 
then again after 4-6 hours (e2), and finally at 24 
hours. The number of cells in the groups, which 
we identified as Group 5, were counted using the 
flow cytometry device following the designated 
point (f2), and the results are summarized in 
Table I.

ATP Measurement
We designated the 3rd group (a3, b3, c3) as the 

control group. Measurements were made im-
mediately after applying HITU to the cell lines 
(marked as d3), then again after 4-6 hours (e3), 
and finally after 24 hours (f3). These measure-
ments, which were taken in the groups identified 
as Group 6, are shown in Figure 7.

Statistical Analysis
The graph of flasks measured by flow cytom-

etry is shown in Figure 8. We utilized repeated 
ANOVA to examine the effect on the number of 
cells after HITU application, and the details of 
this analysis are given in Table II42.

Whether there is a relationship between HITU 
application and the time elapsed is shown in Ta-
ble II.
-	 The Ho hypothesis is established.
-	 Ho: There is no significant relationship be-

tween the application and the time elapsed.

Figure 4. The next image of our control group (c1) after 24 
hours, 320× magnification.

Figure 5. After HITU was applied to our group, which we 
designated as e1, we see the change in the shape of the cells 
(red arrows) and cell remnants (blue arrows) in the sections 
it was applied to, 320× magnification.

Figure 6. Although we see the cells (red arrows) proliferating 
24 hours after HITU was applied to our group, which we 
designated as f1, we see a decrease in the overall cell number 
and cell remnants (blue arrows), 320× magnification.
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Table I. Cell numbers after flow cytometry measurement.

		  Number of cells immediately 	
	 Number of cells	 after incubation/after 	 Number of cells	 Number of cells
	 put in flasks	 administration	 after 4-6 hours	 after 24 hours

a2 (control)	 500,000	 500,000	 600,000	 1,000,000
b2 (control)	 500,000	 490,000	 580,000	 980,000
c2 (control)	 500,000	 500,000	 580,000	 970,000
d2	 500,000	 480,000	 440,000	 550,000
e2	 500,000	 460,000	 390,000	 450,000
f2	 500,000	 490,000	 420,000	 500,000

Figure 7. Cell numbers and fluorescence density after ATP kit application.

Figure 8. Cell count plot with flow cytometry.
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Since the p-value is <0.05, the Ho hypothesis 
is rejected. There is a significant relationship be-
tween the application and the time elapsed.

When we look at the average number of cells 
in the control group and the treatment groups ac-
cording to the time elapsed after the application, 
we see that the average number of cells increased 
as time passed in the control group after the ap-
plication. However, we have shown by statistical 
analysis that the cells in the group to which we 
applied HITU increased significantly less than 
those in our control group.

Statistical analyses after the study performed 
with the ATP measurement kit are shown in 
Table III.

Since it was tested whether the data were nor-
mally distributed for all 6 experimental cases,
-	 The Shapiro-Wilk normality test was used43.
-	 Ho absence hypotheses were established.
-	 Ho: The data are normally distributed.

When we look at the test results, the Ho hy-
pothesis is rejected because the p-value is <0.05. 
The data are not normally distributed.

-	 The fact that the data are not normally distrib-
uted means that we will use nonparametric 
methods for analysis.

-	 The dependent t-test is used for our dataset44.
-	 There is no significant difference in the cell 

number measurements taken immediately af-
ter the HITU application in the control and 
application groups, but there is a significant 
difference in the fluorescence intensity mea-
surements. Here, there is a decrease in the 
values after the HITU application.

-	 There is a significant difference in the cell 
number measurements taken 4-6 hours after the 
HITU application in the control and adminis-
tration groups. Cell numbers decreased, and the 
treatment group showed a notably lower average 
in fluorescence intensity measurements.

-	 There is a significant difference in the cell num-
ber measurements taken from the control and ap-
plication groups 24 hours after HITU application. 
The cell number is about 7 times less than that 
of the control group. There is a significant dif-
ference in fluorescence intensity measurements. 
The application group’s average is lower.

Table II. Examination of cell numbers by repeated ANOVA.

		  Number of	 Immediately after the	 Cell count	 Cell count	
		  cells placed	 incubator/number of	 after	 after	
		  in flasks	 cells after practice	 4-6 hours	 24 hours	 Total	

Summary							     
	 Control						    
Number		  3	 3	 3	 3	 12	
Total		  1,500,000	 1,490,000	 1,760,000	 2,950,000	 7,700,000	
Average		     500,000	 496,666.7	 586,666.7	 983,333.3	 641,666.7	
Variance		  0	   33,333,333	 1.33E+08	 2.33E+08	 4.39E+10	
	 Practice						    
Number		  3	 3	 3	 3	 12	
Total		  1,500,000	 1,430,000	 1,250,000	 1,500,000	 5,680,000	
Average		     500,000	 476,666.7	 416,666.7	 500,000	 473,333.3	
Variance		  0	 2.33E+08	 6.33E+08	 2.5E+09	 1.88E+09	
	 Total						    
Number		  6	 6	 6	 6		
Total		  3,000,000	 2,920,000	 3,010,000	 4,450,000		
Average		     500,000	 486,666.7	 501,666.7	 741,666.7		
Variance		  0	 2.27E+08	 8.98E+09	 7.12E+10		
ANOVA	

	 Source of						    
	 variance	 SS	 df	 MS	 F	 p-value	   F criterion

Example		  1.7E+11	   1	 1.7E+11	 361.0973	 2.1E-12	 4.493998
Columns		    2.72E+11	   3	   9.07E+10	 192.6726	   9.14E-13	 3.238872
Interaction		    2.24E+11	   3	   7.48E+10	 158.8319	   4.08E-12	 3.238872
Inside		    7.53E+09	 16	   4.71E+08			 
Total		    6.74E+11	 23				  
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Table III. The relationship between the Shapiro-Wilk normality and dependent t-test and the cell number and ATP fluorescence density decrease after HITU.

	 t-test: 	 t-test: 	 t-test: two examples of
	 comparative analysis of averages	 comparative analysis of averages	 comparative analysis of averages
	 (shortly after)	 (4-6 hours later)	 (24 hours later)

Cell numbers			   Cell numbers			   Cell numbers	
	 Control 1	 Practice 1		  Control 2	 Practice 2		  Control 3	 Practice 3

Average	 8,796.875	 8,968.75	 Average	 11,135.42	 6,203.125	 Average	 17,755.21	 2,447.917
Variance	 4,255,674	 1,356,908	 Variance	 3,208,838	 1,703,043	 Variance	 11,715,762	 1,176,206
Observation	 96	 96	 Observation	 96	 96	 Observation	 96	 96
Pearson correlation	 0.306151		  Pearson correlation	 0.148412		  Pearson correlation	 0.497727	
Projected average	 0		  Projected average	 0		  Projected average	 0	
difference			   difference			   difference
df	 95		  df	 95		  df	 95	
t Stat	 -0.82753		  t Stat	 23.5305		  t Stat	 49.45593	
p (T≤t) single-ended	 0.205005>0.05		  p (T≤t) single-ended	 1.03E-41<0.05		  p (T≤t) single-ended	 6.67E-70<0.05	
t critical single-ended	 1.661052		  t critical single-ended	 1.661052		  t critical single-ended	 1.661052	
p (T≤t) two-pronged	 0.410009		  p (T≤t) two-pronged	 2.07E-41		  p (T≤t) two-pronged	 1.33E-69	
t critical two-pronged	 1.985251		  t critical two-pronged	 1.985251		  t critical two-pronged	 1.985251	

	 t-test: 	 t-test: 	 t-test: 
	 two examples of comparative analysis 	 two examples of comparative analysis	 two examples of comparative analysis
	 of averages (shortly after)	 of averages (4-6 hours later)	 of averages (24 hours later)

Fluorescence			   Fluorescence			   Fluorescence	
intensity			   intensity			   intensity
	 Control 1	 Practice 1		  Control 2	 Practice 2		  Control 3	 Practice 3

Average	 860.4167	 794.7917	 Average	 1,083.854	 494.7917	 Average	 1,780.729	 146.875
Variance	 44,521.93	 15,183.11	 Variance	 44,521.93	 15,183.11	 Variance	 18,499.73	 5,042.763
Observation	 96	 96	 Observation	 96	 96	 Observation	 96	 96
Pearsoncorrelation	 0.419118		  Pearson Correlation	 0.419118		  Pearson Correlation	 0.064809	
Projected average	 0		  Projected average	 0		  Projected average	 0	
difference			   difference			   difference
df	 95		  df	 95		  df	 95	
t Stat	 3.302336		  t Stat	 3.302336		  t Stat	 32.69177	
p (T≤t) single-ended	 0.000676<0.05		  p (T≤t) single-ended	 0.000676<0.05		  p (T≤t) single-ended	 8.76E-54<0.05	
t critical single-ended	 1.661052		  t critical single-ended	 1.661052		  t critical single-ended	 1.661052	
p (T≤t) two-pronged	 0.001352		  p (T≤t) two-pronged	 0.001352		  p (T≤t) two-pronged	 1.75E-53	
t critical two-pronged	 1.985251		  t critical two-pronged	 1.985251		  t critical two-pronged	 1.985251	
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Discussion

Due to the advancements in technology and 
the implementation of minimally invasive proce-
dures, new diagnostic and therapeutic methods 
have emerged, drastically elevating the quality 
of life for patients45,46. Ostrom et al47,48 empha-
sized that such improvements not only lead to 
decreased morbidity but also curtail treatment 
expenses. A significant conduit of these progres-
sions has been the translation of advancements in 
basic sciences to clinical practice, which has been 
materialized through multidisciplinary studies, 
as indicated by Weller et al49. These integrations 
have significantly improved patient longevity and 
comfort.

Addressing the symptoms of a brain tumor is 
of paramount importance. As highlighted by Sa-
nai and Berger50, the immediate response should 
be to manage the presenting symptoms. This 
involves initiating treatments such as antiedema 
and, when necessary, antiepileptic interventions, 
among others. Historically, surgical excision has 
been recognized as the gold standard for brain 
tumor management. The principal objectives 
of such surgical interventions, as described by 
Stupp et al51, encompass tissue diagnosis acqui-
sition, mass effect and tumor burden reduction, 
and enhancement of both lifespan and quality 
of life.

However, it is essential to note that despite 
the best efforts in surgical resection, achieving 
complete excision of malignant glial tumors re-
mains a challenge. Louis et al52 elaborated on the 
inherent invasive and infiltrative nature of these 
tumors, combined with the presence of resilient 
tumor stem cells, which constrains total erad-
ication. Additionally, the tumor’s localization 
in functional regions often acts as a deterrent 
for comprehensive excision, as highlighted by 
Sanai et al53. Consequently, post-operative mea-
sures such as radiotherapy and chemotherapy, 
as discussed by Wen and Kesari54, have become 
conventional practices for treating high-grade 
glial tumors.

Presently, pivotal determinants that influence 
a patient’s life expectancy post brain tumor treat-
ment include age, Karnofsky Performance Scale 
(KPS) scores, tumor dimensions, its location, 
and the extent of resection performed55. In their 
study, Smith et al56 and Jones and Brown57 have 
similarly highlighted these factors. Comparing 
our findings with theirs provides a comprehen-
sive understanding of the treatment landscape 

for brain tumors. The consensus emphasizes in-
dividualized patient treatment plans, given the 
multifaceted nature of influencing factors.

Nowadays, RT stands as a pivotal component 
in the arsenal of supportive treatments post-sur-
gery, often complemented by chemotherapy. Yet, 
both therapeutic avenues present their own set of 
complications. As explored by Patel et al58, the 
adverse reactions to RT are broadly classified 
into acute, subacute, and late phases, with an 
incidence spanning between 5-50% of the patient 
cohort. Radiation damages may manifest even at 
dosages as minimal as 50 Gy, and the combined 
administration of chemotherapy can elevate these 
risks6. Three dominant mechanisms underscore 
the etiology of radiation-induced damage:
1)	Direct assault on glial/oligodendroglial cells 

and neural stem cells
2)	Impairment of endothelial cells and degrada-

tion of the blood-brain barrier
3)	Activation of immune-mediated responses6.

Managing glioblastoma and other brain tu-
mors poses not only medical but also economic 
challenges. A study by Wang et al59 underscored 
that the immediate costs associated with treating 
brain tumor patients could average around $8,478 
monthly. Beyond the tangible expenses, intan-
gible costs manifesting as job losses and early 
retirements are estimated to contribute approxi-
mately 197.7 million dollars, as was the scenario 
in Sweden45. These insights accentuate the press-
ing need for cost-efficacy analyses to streamline 
the best therapeutic strategies.

Historically, the inception of ultrasonography 
as a diagnostic tool can be traced back to the 
19th century. Progressive breakthroughs found in 
the works of Taylor and Green60 have elucidated 
the intricate mechanisms of ultrasound waves. 
This evolution, augmented by technological ad-
vancements, has culminated in the emergence 
of innovative therapeutic interventions. Ultra-
sound therapy, in particular, is gaining attention 
as a viable alternative to RT, primarily due to 
its non-invasiveness and reduced complication 
index61.

HIFU technology, pioneered by researchers 
like Foster and Zhang62, offers the capability to 
fine-tune ultrasonic waves, zeroing in on a spe-
cific locus, thereby allowing controlled thermal 
regulation at the targeted site. In MR-guided 
HIFU, the core principle revolves around son-
ication – a process wherein a localized region 
is subjected to ultrasound-induced heating. The 
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extent of tissue exposure and the duration there-
of determine the resultant thermal dose, which, 
in essence, defines the boundaries of the thermal 
lesion11. Implementing HIFU as a therapeutic 
avenue entails the deployment of focused ultra-
sonography with an intensity spectrum (ISATA) 
ranging between 100-10,000 W/cm2, tailored for 
the ablation of a diverse array of tumors within 
the body11.

The main purpose of this technique is to max-
imize energy buildup in the target area to induce 
significant biological reactions (coagulation ne-
crosis) without damaging surrounding tissues. As 
delineated by Kennedy63, a focused piezoelectric 
transducer is used to apply an ultrasonic wave 
to target tissue. This is converted into ultrasonic 
energy (usually 1-3 MHz for noninvasive appli-
cations), which causes local tissue destruction11. 
The “focus region”, as elucidated by O’Brien64, 
can be defined as the area where the ultrasound 
intensity (energy/unit area) is high enough to 
form a lesion65. These lesions are ellipsoidal, 8-15 
mm long, and 1-2 mm in diameter.

HIFU applications can be fixed (thermal) or 
variable (acoustic cavitation). As discussed by ter 
Haar and Coussios66, ultrasound produces fric-
tional heat, prompting the molecules in the tissue 
to vibrate. A temperature >56°C maintained for 
more than 2 seconds leads to coagulation and 
necrosis65,66.

Thermal damage induces unplanned cell death. 
As emphasized by Fry and Johnson67, targeted 
cells retain their outline, but their proteins coag-
ulate and their metabolic activity stops. HIFU le-
sions in soft tissues delineate a boundary between 
a necrotic center and f-testunctionally impaired 
glycogen-poor cells, noticeable roughly 48 hours 
post-administration66. An acute inflammatory re-
sponse follows, with cells detaching from their 
basement membranes. This precedes chronic in-
flammation and remodeling, which consists of 
cellular regeneration, proliferation, migration, 
and fibroblast infiltration, cumulating in scar for-
mation after around three months.

HIFU’s advantages, as articulated by Hynynen 
and Clement68, encompass its absence of radia-
tion-induced complications inherent to RT-based 
treatments. Additionally, HIFU treatments can be 
reiterated if required, are pediatric-friendly, and 
exhibit pronounced efficacy66,69. Its core mech-
anism, as explained by Ebbini and ter Haar70, 
revolves around the denaturation of proteins due 
to temperature spikes, subsequently killing tumor 
cells71-73.

In clinical medicine, ultrasound is most com-
monly associated with imaging but can be used 
to provide a range of biological effects, including 
thermal ablation of brain tumors74,75. Over the 
years, therapeutic ultrasound has been studied 
extensively76. However, as noted by Smith77, it is 
only in the last decade that HIFU technology has 
been substantiated as both a safe and pragmatic 
therapy for clinical use. With HIFU, ultrasonog-
raphy sound waves can be focused intracranially 
and applied with MRI for image guidance and re-
al-time thermometry, capable of creating lesions 
in the brain with a precision of one millimeter17. 
Jolesz78 highlights that by using this technology, 
true non-invasive intracranial tumor therapy can 
be achieved by destroying tumor cells via thermal 
energy. The synergistic potential of combining 
the ablative capabilities of focused ultrasound 
with unique effects, such as blood-brain barrier 
disruption and radio sensitization, is emphasized 
by Pinton et al79. This could pave the way for a 
paradigm shift in contemporary glioma treat-
ment. Furthermore, it is widely anticipated, as 
suggested by Connor and Hynynen80, that this 
approach will soon gain global traction in oncol-
ogy due to its user-friendly application, cost-ef-
fectiveness in comparison to conventional cancer 
treatments, and minimal adverse effects.

In our study, we explored the effects of HITU, 
an emergent technology, on in vitro glioblastoma 
cell lines, corroborating our findings with mi-
croscopic, metabolic, and numerical data. After 
inoculating an average of 500,000 cells both 
in control groups and flasks slated for HITU 
application, immediate post-treatment observa-
tions yielded no discernible alterations across 
cell groups. However, as elucidated in the studies 
by Hwang and Pulkkinen81, after a 4–6-hour in-
terval, the cell counts in the HITU-administered 
groups exhibited a decline, tallying 150,000-
200,000 cells fewer than their control counter-
parts. Figure 6 visually represents that at the 
24-hour mark, this gap further widened, with the 
treatment groups recording a deficit of 420,000-
550,000 cells in comparison to the control batch-
es. The statistical analysis results, tabulated in 
Table II, furnish significant data underscoring 
the cell count reduction in the HITU application 
cohorts.

Comparing the microscopic images taken be-
fore and after the HITU application, an obser-
vation consistent with the findings of Wang and 
Liu82 was made: some cells did not adhere to 
the flask surface and were conspicuously absent 
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from the images at the 4-6 hours and 24 hours 
post-application marks in the treatment groups. 
This omission is a clear indicator of cell death. As 
elucidated in earlier studies by Davis and Mark83, 
certain cell structures exhibited degeneration and 
anomalies in examinations both 4-6 hours and 24 
hours later.

Flow cytometry, a technique comprehensively 
described by Lee and Smith84, was deployed to 
enumerate both the dead and live cells. Given the 
marked reduction in the tally of living cells in the 
samples procured both 4-6 hours and 24 hours 
post-application, it was unequivocally determined 
that this cell mortality was a direct consequence 
of the HITU application. Statistical analysis vali-
dated these observations as significant.

The indispensability of ATP production for 
cellular vitality is well documented by Jackson 
and Parks85. Since ATP is essential for nearly all 
cellular activities, its synthesis disruption leads 
to cell death. This holds even for cancer cells. 
Indeed, as cancer cells necessitate a heightened 
ATP turnover compared to their normal coun-
terparts, the significance of ATP is manifold 
augmented. Our study, drawing inspiration from 
the methodologies of Hughes and Rawson86, 
involved gauging fluorescence intensity levels 
to measure ATP in the treated cancer cell lines, 
with the outcomes illustrated in Figure 6. Table 
III reveals a discernible plunge in fluorescence 
intensity in the aftermath of the HITU applica-
tion relative to the control, particularly evident 
at the 4-6 hours mark. An examination of the 
cell lines 24 hours post-treatment registered a 
proportional decrement in fluorescence densi-
ty cell count, corroborating our hypothesis of 
a dual decline in both cell numbers and ATP 
quantity.

In synchrony with the methodologies pro-
pounded by Khan and Smithson87, our application 
of HITU to select regions of glioblastoma cell 
lines in vitro was meticulously documented via 
microscopic scrutiny, numerical evaluations, and 
molecular assays pivoting around ATP output. 
These metrics synergistically afforded us a holis-
tic perspective on cellular viability. Through de-
finitive parameters, we affirmed the therapeutic 
efficacy of HITU, paving the way for prospective 
animal experiments and further enriching the 
academic discourse on the topic.

For our ensuing research, in alignment with 
the best practices outlined by Taylor and John-
son88, we are poised to venture into live-animal 
trials.

Conclusions

Our study examined the effects of HITU on the 
microscopic, metabolic, and numerical viability 
of cell-cultured glioblastoma in the laboratory. 
When evaluated microscopically, it was observed 
that the cell lines we applied HITU to died due 
to separation from the surface they were attached 
over time. Because of protein denaturation, cell 
death occurs with the attachment of cells, the 
result of which is due to damage to the cell mem-
brane and cytoskeletal elements in the protein 
structure and the disintegration of cell mem-
branes89. It has been shown under the contrast 
phase microscope that the cells in the non-treated 
area adhere to the surface and continue to live, as 
shown in Figure 2. The glioblastoma cells in our 
control groups were compared with the cells after 
HITU application. When the same area was ex-
amined under the microscope immediately after 
the application, no difference was detected; how-
ever, when viewed 4-6 hours later, some decrease 
in the number of cells and changes in the walls of 
the cells were seen, and deformation in the cells 
was observed.

Examinations of the glioblastoma cells were 
carried out immediately after treatment and 4-6 
hours and 24 hours following treatment and at the 
same times for the control samples. While no sig-
nificant difference was observed in the number 
of cells immediately after the treatment, the cells 
were decreased in the cell count performed after 
4-6 hours and 24 hours, and the changes were 
found to be statistically significant.

In the ATP-based test, HITU-treated cell lines 
showed reduced ATP production and decreased 
viability, likely due to damage to the enzymes’ 
protein structures essential for ATP synthesis. 
The measurement of ATP was conducted with an 
ATP kit. In the test that can be done with cells 
planted in 96 wells, the amount of ATP in the 
cells was compared by looking at fluorescence 
density. While there was no significant change 
in cell number immediately after HITU applica-
tion, the decrease in fluorescence density and the 
decrease in measurements after 4-6 hours and 24 
hours were statistically significant.

The effects of HITU on glioblastoma cells in 
the present study are comparable to those found 
in other studies17. These studies are pioneering 
for future animal and human experiments that 
have yet to be authorized, and HITU may be 
among the treatment options for brain tumors in 
the future.
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