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ABSTRACT

Background: Diffusion tensor imaging (DTI) and functional magnetic resonance
imaging (fMRI) present the ability to selectively protect functional regions and fiber
tracts of the brain when brain tumors are treated with radiotherapy.

Objective: This study aimed to assess whether the incorporation of fMRI and DTI
data into the radiation treatment planning process of brain tumors could prevent the
neurological parts of the brain from high doses of radiation.

Material and Methods: In this investigational theoretical study, the fMRI and
DTI data were obtained from eight glioma patients. This patient-specific fMRI and
DTI data were attained based on tumor location, the patient’s general conditions, and
the importance of the functional and fiber tract areas. The functional regions, fiber
tracts, anatomical organs at risk, and the tumor were contoured for radiation treatment
planning. Finally, the radiation treatment planning with and without fMRI & DTI in-
formation was obtained and compared.

Results: The mean dose to the functional areas and the maximum doses were
reduced by 25.36% and 18.57% on fMRI & DTI plans compared with the anatomi-
cal plans. In addition, 15.59% and 20.84% reductions were achieved in the mean and
maximum doses of the fiber tracts, respectively.

Conclusion: This study demonstrated the feasibility of using fMRI and DTI data
in radiation treatment planning to maximize radiation protection of the functional
cortex and fiber tracts. The mean and maximum doses significantly decreased to neu-
rologically relevant brain regions, resulting in reducing the neuro-cognitive complica-
tions and improving the patient’s quality of life.
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Introduction
liomas are considered the largest group of primary intracra-
nial tumors and one-third of all primary tumors [1]. However,
Low-grade Gliomas (LGGs) are typically slow-growing prima-
ry brain tumors, they have a very heterogeneous clinical behavior [2].
Compared with LGGs, High-grade Gliomas (HGGs) have a poor prog-
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nosis, a higher degree of malignancy, and dif-
ficulty in controlling [3]. In addition, gliomas
represent 80% of all malignant primary brain
tumors, treated with some therapeutic strate-
gies, including surgery, radiotherapy, chemo-
therapy, or combinations [3].

Three-dimensional Conformal Radiation
Therapy (3DCRT) is recognized as the stan-
dard therapy for glioma patients, including
high-dose megavoltage-range radiation to the
tumor [4,5]. Approximately, half of the pa-
tients survive more than 6 months, and many
patients achieve long-term control or cure [5].
Cranial radiation can cause acute and chronic
damage to various cells, resulting in demye-
lination and necrosis of the brain regions [6].
Neurocognitive dysfunction is one of the main
side effects of cranial irradiation that seriously
affects cognitive function and Quality of Life
(QOL) [7,8]. In 50-90% of patients, receiving
fractional radiotherapy, cognitive dysfunc-
tions related to memory, executive functions,
sustained attention, and information process-
ing speed has been observed [5,9].

However, recent advances in multimodal-
ity treatment protocols have significantly im-
proved the survival rates of patients with brain
tumors [10,11], conformal radiotherapy (CRT)
directly damages white and grey matter by
causing inflammation, angiogenesis, and cell
death [12]. The identification, characteriza-
tion, and minimization of specific side effects,
especially those related to functional sequelae,
can seriously affect the QOL [13].

The prevention or minimization of radio-
therapy-induced cognitive dysfunction is con-
sidered a topic of intense research for a long
time [14]. Some successful strategies to re-
duce neurocognitive dysfunction side effects
include radiotherapy prevention in children
and a decrease in radiation dose to brain vol-
ume [15].

Modern radiation treatment plans are based
on a conventional Magnetic Resonance Imag-
ing (MRI) scan co-registration with a planning
Computerized Tomography (CT). Integrating

functional imaging and white matter tractog-
raphy for fractionated radiotherapy planning
is slowly progressing in brain tumors [14].
When radiotherapy techniques combine with
advanced imaging, such as functional MRI
(fMRI) and Diffusion Tensor Imaging (DTI),
they can bypass potential brain areas in-
volved in neurocognitive functions [14]. The
functional areas of the brain and white mat-
ter fiber pathways can be well-imaged using
modern MRI technology [16]. Blood Oxygen
Level-dependent (BOLD) fMRI and white
matter tractography are used to identify func-
tional structures and white-matter pathways of
the brain, respectively, as critical volumes in
treatment planning [17,18]. Integrating these
modern techniques into radiation treatment
plans could help spare healthy and sensitive
brain areas from high-dose radiation [17-19].
When the tumor is located in critical regions,
nearby functional structures and white mat-
ter pathways can receive radiation doses be-
yond their tolerance limits since they cannot
be easily identified on anatomical CT/ MRI
images. Functional neuroimaging, including
BOLD and white matter tractography, can
identify functional structures and white matter
pathways; these imaging techniques are im-
plemented in the radiation treatment plans to
prevent the beam from passing through nearby
critical areas, resulting in reduced radiation
doses [20].

This investigation aimed to selectively pro-
tect the functional and neural pathways in pa-
tients with primary brain tumors by integrat-
ing fMRI and white matter tractography into
the 3DCRT.

Material and Methods

Patients

This investigational theoretical study defines
the possibility of integrating the fMRI and
DTI data into radiation treatment planning.
According to pre-operative MRI scans, 8 sus-
pected glioma patients (two and six male and
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female patients, respectively, aged from 21 to
63), who are scheduled for tumor resection
and provided their informed consent, were
recruited from December 2019 to June 2020.
Moreover, in the current study, the glioma tis-
sues included four LGGs (WHO Grade II) and
four high-grade gliomas (WHO Grade IV).

All patients underwent pre-radiotherapy
fMRI, DTI, and conventional MRI. Function-
al structures and white-matter pathways were
placed in the natural regions without any over-
lap with the target volume of the lesions. All
patients could perform specific tasks to gen-
erate functional maps of brain activation. The
Varian linear accelerator with a Millennium
dynamic multileaf collimator (DMLC) system
delivered external radiation therapy.

Patient preparation and MRI test
considerations

The MR scanning sequence started by
screening the patient for any clothing, jewelry,
or devices, such as pacemakers that may de-
grade the MRI, its safety, and the patient’s con-
dition evaluation. The technologist explained
the scanning procedure and answered ques-
tions. Patients were advised not to move at all
during the examination with as much as pos-
sible fixed-position heads. The difficulty and
simplicity of implementation were prioritized
for the paradigms. Firstly, a paradigm with
more patient attention is needed to achieve the
desired outcomes; simpler paradigms are then
adopted, such as finger movement implemen-
tation.

Data acquisition

Three imaging studies were performed on
the patients using a Siemens MAGNETOM
Avanto (Siemens, Erlangen, Germany) 1.5 T
scanner with an eight-channel head coil.

Anatomical and fMRI characteristics

T1-weighted structural brain MR Images
were initially obtained using the MP-RAGE
sequence (Repetition Time (TR)=1820 ms,
Echo Time (TE)=3.49 ms, Inversion Time

(TDH=1100 ms, slice thickness=1 mm, num-
ber of slice=176, flip angle=7°, acquisition
matrix=256x256 pixels). BOLD fMRI data
were acquired to provide brain activation
maps, using single-shot gradient echo-planar
imaging (EPI) (TR=3000 ms, TE=30 ms, slice
thickness=3 mm, number of slice=176, flip
angle=90°, acquisition matrix=65x64 pixels),
which is more sensitive to T,* changes.

Diffusion Tensor Imaging (DTI)

DTI images were acquired with the
spin echo-echo planar imaging (SE-EPI)
sequence (TR=9500 ms, TE=90 ms, acquisition
matrix=128x128 pixels; FOV=256 mmx256
mm,; slice thickness=2.0 mm; b value of 1,000
s/mm? along 12 non-collinear directions).

Experimental Paradigms

This study simulated the primary motor
cortex, Broca’s area, and Wernicke’s area. The
motor cortex, located in the precentral gyrus, is
mainly responsible for the actual performance
of movements [21]. Broca’s area, placed in the
frontal lobe (often left), produces speech. In
contrast, Wernicke’s area in the temporal lobe
(usually the left side) is related to language
comprehension and speech planning [22].

The hand, foot, lip, and tongue motor para-
digms activated the primary motor cortex. The
measurement sequence of these paradigms
consisted of a 24-second activation period (8
scans) followed by a 24-second rest period (8
scans), with eight-time repeats. All the mea-
surements started with an initial rest period.

The Reverse Word Reading (RWR) paradigm
was used to stimulate Broca’s area. The stim-
uli of the RWR task in each activation block
consisted of 10-word trials in 24 s, followed
by a 24-second rest period. The Persian five-
letter word was presented for every individual
in each activation period while the letters were
displayed in reverse order. The individual was
then asked to read each word silently once; the
measurements always began with an initial
rest period [23]. The story paradigm was used
to stimulate Wernicke’s area and started with a
rest period. In the story paradigm, a short and
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manageable story was first considered, which
was broadcast through the device’s audio sys-
tem during a 33-second activation period (11
scans) followed by a 33-second rest period (11
scans), and these periods were repeated five
times. The story was selected so that the story
would end with the end of the paradigm.

Data Analysis

fMRI Data Analysis

After imaging, data were transferred to
the MATLAB workstation for analysis us-
ing SPM12 software (Statistical Parametrical
Mapping, Wellcome Department of Cognitive
Neurology, London, England). Data series
were motion-corrected and smoothed with a 6
mm Full Width at Half Maximum (FWHM)
Gaussian kernel. The model function was ap-
plied to each voxel in the brain (general lin-
ear model), and a statistical map was finally
estimated. Activated voxels were significantly
identified using an initial P-value threshold
of 0.001. The fMRI scan data (mean image)
was combined with the T1 structural MRI im-
age obtained at the same scanning position,
leading to the visibility of the functional MR
activation color map on the patient’s brain
anatomy. The merged image sets (JPEG for-
mat) were then converted into Digital Imaging
and Communications in Medicine (DICOM)

format using MATLAB version 8.3 (R2014a).
In this conversion, the color images were re-
placed with the grayscale images using the
intensity of the green color as the grayscale
intensity. The fMRI DICOM series were also
sent to the planning system.

DTI Analysis

Data pre-processing consisting of raw data
conversion, skull-stripping, and motion/eddy
correction was performed using DSI studio
software (developed by Fang-Cheng Yeh
from the Advanced Biomedical MRI Lab, Na-
tional Taiwan University Hospital, Taiwan,
Supported by Fiber Tractography Lab, Uni-
versity of Pittsburgh, and made available at
http://dsistudio.  labsolver.org/Download/).
After data pre-processing, a reconstruction
model base (DTI) was used to process the
diffusion images. Average DTI values were
extracted from voxels within the Regions of
Interest (ROIs) and tracts. The tractography
process used a deterministic fiber tracking
algorithm. Desired neural pathways were ex-
tracted in two directions in two hemispheres
of the brain. Finally, the location of fiber tracts,
saved as the ROI, was determined on the T1
structural images by using 3D Slicer software.

Image Fusion
As shown in Figure 1, each patient’s axial

Figure 1: T1-weighted magnetic resonance imaging (MRI) and the corresponding axial com-

puted tomography (CT) after registration
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CT image was registered with the correspond-
ing anatomical MRI images, using the auto-
matic registration algorithm of the treatment
planning system (TPS) to precisely describe
the targets and standard organs at risk (OARs).
The anatomical MRI volumes were fused with
the corresponding white matter tracts and
fMRI activation maps and then imported into
the Isogray TPS software version 3.1 as sepa-
rate grayscale DICOM images.

Treatment Planning

The prescribed dose was 54 Gy to 60 Gy.
Anatomical OARs, including the brainstem,
spinal cord, eyes, bilateral lens, bilateral reti-
na, lacrimal glands, bilateral cochlea, bilateral
optic nerves, and the optic chiasm were delin-
eated. The fiber tracts and the functional struc-
tures nearby the targets were also contoured as
extra OARs using the fused fMRI and DTI im-
ages. Two 3DCRT treatment plans were devel-
oped for each patient. In the first plan, only the
planning target volume (PTV) and anatomical
OARs were considered. On the other plan, the
physicist took the functional structures and
fiber tracts situated near the target as neuro-
cognitive functions OARs. The second plan
was generated to reduce the dose of the func-
tional structures and fiber tracts while keeping
prescription dose coverage for the PTV and
similar OAR dose-volume levels as the stan-

Table 1: Patient characteristics

dard care treatment plan.

Dose-volume histograms (DVH) data were
extracted from TPS. The mean and maximum
doses (D__ & D_ ) of radiation to the func-
tional regions and fiber tracts were determined
for both RT plans. Anatomical and neuro-
cognitive functions of OARs were compared
based on the values of D and D___ .
Statistical analyses

Wilcoxon’s test was used to compare
the two plans’ parameters. The differences
were considered statistically significant at
P-value<0.05 (via SPSS software ver. 25.0).

Results

The patient characteristics are shown in
Table 1.

In this study, the functional regions and fiber
tracts that overlap with the target volume were
eliminated due to the priority of tumor treat-
ment. The prescribed dose and the dose that
covered 95% of the PTV (D95) are shown in
Table 2. PTV received more than 95% of the
prescribed dose for all patients, both for the
original and optimized plan (Figure 2).

The maximum and the mean dose to the ana-
tomical OARs are shown in Table 3. The doses
received by the anatomical OARs did not ex-
ceed the permissible values, both for the opti-
mized and original plans.

Patient Gender Age of diagnosis (y) Lesion location Tumor type  Grade
1 Male 29 F-T Glioma High
2 Female 24 F Glioma Low
3 Male 58 T Glioma Low
4 Female 26 P Glioma Low
5 Female 21 F-P Glioma High
6 Female 54 P Glioma Low
7 Female 63 F Glioma High
8 Female 34 F-P Glioma High

F: Frontal, T: Temporal, P: Parietal
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The details of the mean and maximum dose
reduction to each patient’s functional areas
and fiber tracts are presented in Table 4. The
dose-volume histogram of the patient with
number 8 demonstrates the feasibility of dose
reduction in the right optic radiation and left-

hand motor without the PTV dose coverage
changing (Figure 3).

The results indicated that the average reduc-
tion of the mean and maximum doses to the
optimized plans’ functional areas was 25.36%
(P=0.005) and 18% (P=0.005), respectively.

Table 2: The prescription dose and D95 of the Planning target volume (PTV)

Prescription

D95 of the PTV in the plan D95 of the PTV in plan

. . P-value
Dose (Gy) without fMRI & DTI (Gy) with fMRI & DTI (Gy)

Patient 1 60 57.81 57.62
Patient 2 54 52.15 51.87
Patient 3 54 52.18 52.41
Patient 4 54 52.38 51.36
Patient 5 60 58.09 58.37
Patient 6 54 52.36 52.72 0.293
Patient 7 60 58.64 57.51
Patient 8 60 59.45 58.18

SD 3.21 3.36 3.15
Median 57 55.10 55.12

SD: Standard Deviation, D95: Dose that covered 95% of the PTV, PTV: Planning Target Volume, fMRI: Functional Magnetic

Resonance Imaging, DTI: Diffusion Tensor Imaging

Right Lens
Left Lens

60

Left Optic Nerve

Volume (%)

T T T T
0 10 20 30

T T T
a0 50 60

Dose (Gy / Gy)

Figure 2: Dose-volume histograms (DVH) for patient number 7 showing DVH curves for planning
target volume (PTV), optic nerves, and lenses. (The solid line indicates the original plan and the

dashed line shows the optimized plan).
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Table 3: Maximum and mean dose to anatomical organs at risk (OARs)

Anatomical Maximum Dose in Maximum Dose in Mean Dose in the Mean Dose in
OARs the original plan (Gy) optimized plan (Gy) original plan (Gy) optimized plan (Gy)
Brain Stem 32.68 30.80 5.04 3.68
Optic Chiasm 26.17 2244 13.74 11.29
Left Optic
9.84 12.77 543 6.01
Nerve
Eg&;om'c 425 3.08 2.83 2.59
Left cochlea 2.34 2.96 1.97 244
Right cochlea 1.70 1.12 1.48 0.99
Left eye 5.34 8.97 2.30 3.52
Right eye 2.13 2.60 1.73 2.14

OARs: Organs at risk

In addition, on average, we achieved 15.59%
(P=0.028) and 20.84% (P=0.018), reductions
in the mean and maximum doses, respectively,
for the optimized plans’ fiber tracts. In sum-
mary, the results showed a significant dose
reduction in the functional structure and fiber
tracts while radiotherapy PTV maintained the
prescribed dose. Moreover, the anatomical
OARs were strictly kept within the acceptable
dose tolerance.

Discussion

While radiation therapy has dramatically im-
proved local control and prolonged progres-
sion-free patient survival in some cancer types
like primary brain tumor, radiation-induced
cognitive impairment is considered a late ef-
fect of radiation therapy (RT) in most brain
tumor patients because of neuro-cognitive ar-
eas’ high doses receiving [1-3]. Neurocogni-
tive function damage is one of the cranial irra-
diation’s most crucial side effects that play an
essential role in cognitive function and QOL
[7,8]. Affected cognitive domains involve 1Q
scores, learning, memory, processing speed,
attention, and executive functioning with a
consequent increasing need for rehabilitation
interventions [4]. Furthermore, neuropsycho-

logical effects may include social, emotion-
al, and behavioral disorders [5], leading to a
significantly decreased QOL than peers [6].
Radiation-induced brain injury, including in-
flammation, angiogenesis, and cell death, can
result in white and grey matter dysfunctions
[7] and RT brain damage, causing demyelin-
ation (or structural degradation) of axon fibers
and disruption of trans-synaptic communica-
tions [8]. These injuries may lead to severe ir-
reversible neurological consequences without
any visible sign on conventional neuroimag-
ing and histopathology [9], and they harm the
QOL and daily functioning [10]. Currently,
knowledge about cognitive dysfunction fol-
lowing cranial radiation is limited [12]. How-
ever, 19% to 83% of fractionated radiotherapy
survivors exhibit disabling and progressive
cognitive dysfunction [1]. In this study, we
demonstrated the consideration of functional
structures and fiber tracts during treatment
planning could clinically reduce the radiation
doses and neurocognitive complications and
increase the patient’s life expectancy QOL.
Liu et al. reported an innovative method to
combine the fMRI brain activation map for
stereotactic radiosurgery (SRS) plans. In the
SRS plan, direct exposure to the eloquent cor-

J Biomed Phys Eng 2023; 13(3)
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Table 4: D ... and D_  to the Functional Activation Areas and Fiber Tracts

D,.... in the D,.... in the D,., in the original D, inthe
original plan (Gy) optimized plan (Gy) plan (Gy) optimized plan (Gy)
Right Hand Motor 23.94 18.99 30.29 24.76
Left Hand Motor 30.65 21.78 38.44 28.94
Right Lip Motor 31.33 2420 33.29 28.29
Left Lip Motor 25.35 16.87 33.52 26.58
§ Right Tongue Motor 23.30 18.59 26.82 21.71
E Left Tongue Motor 20.43 13.18 26.46 21.91
g Right Broca 55.38 50.77 57.06 56.52
§ Left Broca 11.06 5.51 14.98 6.54
T Right Wernicke 23.36 16.91 34.18 28.04
Left Wernicke 8.67 2.38 7.98 3.46
Mean 25.35 18.92 30.30 24.68
SD 12.83 13.10 13.23 14.36
Median 23.65 17.75 31.79 25.67
Right Corticospinal Tract 10.24 5.32 15.07 8.62
Left Corticospinal Tract 36.14 32.89 55.54 55.59
Right Frontal Aslant Tract 14.24 8.87 36.57 2712
Left Frontal Aslant Tract 2742 24.84 47.55 43.90
¥ Right Geniculocalcarine
E tr?act (Optic Radiation) 1469 8.64 3081 28
@ Left Geniculocalcarine
E tract (Optic Radiation) 1909 1295 el 4003
Right Uncinate Fasciculus 13.02 10.06 53.52 36.70
Mean 18.69 14.80 41.26 34.83
SD 9.43 10.14 14.62 15.65
Median 14.69 10.06 47.55 36.70

SD: Standard Deviation

tex through multiple radiation arcs or static ra-
diation IMRT beams was avoided, and the av-
erage dose of the eloquent cortex was reduced
to 32% [24]. Pantelis et al. demonstrated that
with the help of the integration of BOLD-fMRI
and DTTI into CyberKnife SRS can be consid-
ered and spared critical brain structures [16].
Wang et al. integrated BOLD-fMRI and DTI
data in radiation treatment plans of 20 patients
with high-grade glioma. fMRI and DTI data
were derived from the primary motor cortex
and the corticospinal tract, respectively [4].
Wang et al. have found that the D__and D

mean

of the ipsilateral and contralateral PMC and
CST regions considerably decreased [4]. The
fMRI and DTI data of 16 patients with brain
tumors applied in CyberKnife radiosurgery by
Sun et al. fMRI data were obtained from the
speech area and DTI data from the pyrami-
dal tracts. It was observed that the maximum
dose was reduced by 22.71% on average in the
functional area [20].

Rhodes et al. used resting-state fMRI data
from 9 patients with primary brain tumors
in their radiation therapy plans. Functional
data in the default mode network (DMN) was
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Volume (%)

0 10 20 30

Left Hand Motor

a0 50 60 70
Dose (Gy / Gy)

Figure 3: Dose-volume histograms (DVH) for patients with number 8 showing DVH curves to the
planning target volume (PTV), right optic radiation, and left-hand motor cortex. (The solid line
indicates the original plan and the dashed line shows the optimized plan)

obtained from resting-state fMRI. More-
over, they achieved 20% (P=0.002) and 12%
(P=0.002) reductions in the mean and maxi-
mum doses, respectively, to the DMN [25].
Several functional areas and neural tracts
were found in the present study based on the
tumor site and functional performance. The
required dose was significantly reduced in the
optimized plan by considering the tumor site
based on the functional areas and neural tracts.
In most similar studies, the radiation therapy
design considered the same functional area
and a neural tract for all patients [24]. Our
study treatment plans found several functional
areas and neural tracts according to each pa-
tient’s tumor site and functional performance.
The integration of fMRI and diffusion tensor
imaging in radiation treatment planning has
many challenges and limitations, which were
more complex for patients with brain tumors.
Functional tasks for imaging data acquisi-
tion add functional OARs and neural tracts
which is challenging for the participants, be-
sides the high-cost advanced imaging, and

time-consuming and complicated treatment
plans. Large tumor volume may limit the ra-
diation treatment plan, which is challenging
to fully encompass PTV by 95% of the pre-
scribed dose while minimizing the dose deliv-
ered to the specified OARs. As a result, high-
risk functional areas and neural tracts may not
be considered in radiation treatment plans.
Neurocognitive complications are long-term
side effects of radiation with the lowest risk
for short-term survival; patient survival should
also be considered. In the case of short-term
survival, involving the patient with advanced
image acquisition, which adds additional cost
and complexity, is useless. Therefore, patients
with proper general health conditions, local
tumors, and relatively long survival are the
best cases for advanced treatment planning
using fMRI and DTI. The future of cancer
radiotherapy will depend on the usage of ad-
vanced imaging in modern treatment planning
techniques. The improvement of combination
precision will be associated with more ben-
eficial and effective treatment. Results of the
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present study can provide the basis for future
clinical follow-up studies to more accurately
investigate the impacts of dose reduction on
neurological-cognitive complications. This
study has some limitations, including the
small sample size due to the limited number
of accessible patients, the lack of cooperation
of the patients during fMRI and DTI lengthy
imaging procedures, and the expansive tumor
growth which made it impossible to imple-
ment an optimized treatment design.

Conclusion

The functional regions and fiber tracts should
be considered in the radiation treatment plan-
ning for patients with brain tumors, leading to
decreasing a notable dose to the critical areas
to preserve the unique function of the brain
without compromising the PTV coverage or
sparing anatomical OARs. For the clinical use
of the functional regions and fiber tracts in ra-
diation treatment planning, there is no need to
combine the functional regions and fiber tracts
in radiation treatment planning for all patients
with brain tumors. Several factors, such as
tumor type, grade, and location together with
the patient’s age, survival, and physical status
should be considered. However, a proprietary
integration of fMRI and DTI into radiation
treatment planning is possible, necessary, and
valuable, a team of neurologists, radiologists,
medical physicists, and radiation oncologists
should determine its necessity.
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