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Abstract

Objective: The objectives of this study are to evaluate the effects of diffusion tensor imaging (DTI) on visual pathways following Gamma Knife radiosurgery
(GKR) and to identify any correlations between DTI results and radiosurgery data.

Methods: Thirteen patients with cavernous sinus meningiomas (CSMs) and 15 controls were included. Mean diffusion coefficient (ADC), fractional anisotropy
(FA), and radial diffusivity (RD) were assessed in the visual pathways using DTI, and DTI values were compared between healthy subjects and patients before
and after 12 months of GCR imaging. Additionally, the correlation between these values and radiosurgery data was also investigated.

Results: The ADC, FA, and RD values measured at visual pathways prior to and following GKR did not differ statistically. The FA values obtained from optic
chiasm and occipital lobe were negatively correlated with the maximum and mean radiation dose to the prechiasmatic optic nerve and optic apparatus, respec-
tively. The maximum radiation dose to the optic apparatus and the RD values obtained from the optic chiasm were found to be positively correlated. The maxi-
mum and mean radiation doses to the optic apparatus were found to positively correlate with the ADC and RD values obtained from the occipital lobe.
Conclusion: Defining the radiation-related microstructural diffusion changes in visual pathways following GKR may provide useful information for tailoring
the radiosurgical approach and safety of the treatment. Diffusion tensor imaging may provide useful information to characterize changes of the radiation effects
on visual pathways in patients with CSMs after GKR.
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INTRODUCTION

The prevalence of cavernous sinus meningiomas (CSMs) in the general population is 0.5 per 100 000." The risk of meningiomas is increased by
advanced age and female sex. Meningiomas are mostly benign, well-defined, and low-proliferating tumors.? It is possible to classify CSMs accord-
ing to their anatomic localization. They may originate from the clinoid processes or dura of the cavernous sinus (CS), the sphenoid ridge dura, or
the petroclival area that extends to or penetrates the CS.? The most common presenting symptoms of meningiomas are ocular motor deficits, dip-
lopia, ptosis, anisocoria, or complete ophthalmoplegia. The optic nerve compression by the tumor can cause visual field deficits, and carotid artery
compression can cause ischemic deficits.*

CSMs usually cannot be completely resected because they are closely related to multiple critical structures, including the cerebral artery, optic
nerves, ocular motor nerves, and pituitary body. Cavernous sinus meningiomas can be treated with systemic medicine, Gamma Knife Radiosurgery
(GKR), surgical resection, attentive observation, or a combination of these various methods.>?

A magnetic resonance imaging (MRI) method called diffusion tensor imaging (DTI) is used to evaluate the microstructural changes in the white
matter. The DTI evaluates visual pathways by measuring the changes in average diffusion coefficient (ADC), fractional anisotropy (FA), and radial
diffusivity (RD) values of the visual pathways. Evaluation of FA provides information on the structural integrity of the fiber tracts, axonal degenera-
tion, and structural irregularity while RD shows de/dysmyelination of white matter and changes in the axonal diameters or density.>® Previous DTI
studies have found that reduced FA values are associated with visual impairment in a variety of diseases, such as Alzheimer’s disease, moderate
cognitive impairment, and glaucoma.”?
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As far as the authors are aware, no research has been done in the lit-
erature to assess how radiation affects visual pathways in patients
receiving GKR for meningiomas using the DTI approach. This study’s
objectives were to determine whether DTI altered visual pathways fol-
lowing GKR and to identify a connection between DTI and radiosur-
gery parameters in CSM patients.

MATERIAL AND METHODS

Thirteen patients (2 men, 11 women, median age 51 years; range:
31-81 years) with CSMs and 15 healthy controls (3 men, 12 women,
median age 44 years; range: 32-57 years) were enrolled. Patients hav-
ing conditions that can significantly affect DTI parameters, including as
strokes, microhemorrhages, small-vessel disorders, and demyelination,
were not included. 2 of patients had undergone operation because of
CSM before GKR. The other patients treated by GKR first. The institu-
tional ethics committee has accepted the study, which is a retrospective
(decision dated March 13, 2018, numbered 6/70). The individuals who
consented to participate in the study provided written informed con-
sent. Radiosurgical variables including marginal dose, the mean and
maximum dose receiving optic apparatus (including prechiasmatic seg-
ment of optic nerve and chiasm) were retrospectively reviewed. Then
the doses received by the optic chiasm and prechiasmatic segment of
optic nerve were calculated separately. Magnetic resonance imaging
and DTI performed all cases before and 12 months after GKR. The
ipsilateral and contralateral sides of the optic chiasm (Figure 1) and the
subcortical white matter at the level of calcarine cortex in the occipital
lobe (Figure 2) were used to measure the ADC, FA, and RD values.
Average DTI values were found along the left side of the visual path-
way in the control group. Computerized static perimetry performed to
evaluate visual field before and 12 months after GKR. The MD (mean
deviation), PSD (pattern SD) values were measured.

Figure 1. The axial color-coded maps shows the region of interests placed on
the ipsilateral and contralateral optic chiasm (long arrow).
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Figure 2. The axial color-coded maps shows the region of interests placed on
the ipsilateral and contralateral occipital lobe (short arrow).

MRI Protocol: 1.5T MRI (Siemens, Avanto, Erlangen, Germany) was
used with a head coil. T1-weighted (T1-W) spin echo (TR/TE, 460/14
ms), TIW with fat suppression (TR/TE, 715/7.5 ms) with and without
contrast medium (gadolinium diethylenetriamine pentaacetic acid,
0.1 mmol/kg body weight, intravenously), T2-weighted (T2-W) turbo
spin echo (TR/TE, 2500/80 ms), FLAIR (TR/TE, 8000/90 ms), T1-W
spin echo (TR/TE, 460/14 ms) were obtained for brain MRI. With an
isotropic voxel resolution of 1 mm, a magnetization-prepared rapid
acquisition of gradient echo sequence was used to add the 3D T1-W
volumetric sequences (TR/TE/TI, 12.5/5/450 ms) with and without
contrast. An integrated parallel acquisition technique (iPAT) factor of
2 was used in conjunction with generalized autocalibrating partially
parallel acquisition (GRAPPA) for parallel imaging. The DTI images
obtained in the axial plane comprised a single-shot, spin echo, echo-
planar sequence with TR/TE, 2700/89 ms; matrix, 128 x 128; field
of view, 230 mm; slice thickness 5 mm; and 30 diffusion-encoding
directions were used at b=1000 s/mm? and b=0 s/mm?. Generalized
autocalibrating partially parallel acquisition with an iPAT factor of 3
was used for parallel imaging. The Leonardo console (software ver-
sion 2.0; Siemens) was used to rebuild the ADC, FA, and RD maps.
The areas of interest (ROIs) were positioned and traced using the
3D T1-W and T2-W images as anatomical references. At the same
section level, these images were combined with the matching area
of the ADC and FA maps. At the level of the calcarine sulcus, each
ROI was manually drawn with a size of 3 pixels at the chiasm and 4
pixels at the subcortical white matter of the occipital lobe. The ROIs’
sizes and positions were adjusted by 2 experienced radiologists,
who also evaluated them simultaneously on axial color-encoded FA
maps based on “Dissecting the White Matter Tracts: An Interactive
Instructional Atlas for Diffusion Tensor maging.” To avoid averaging
artifacts and reduce the partial-volume effect, the slices above and
below the region were compared side by side during ROI insertion



Figure 3. The axial 3D T1-weighted image, which used as an anatomic
reference for treatment planning, shows the tumor and bilateral prechiasmatic
parts of the optic nerves contoured to calculate the radiation dose received.

with the conventional images and color ADC, FA map, and diffusion
trace.

Gamma Knife Protocol: The treatment was performed at the Gamma
Knife Unit (Gamma Knife 4C model) of the university. After adminis-
tering local anesthetic and placing a Leksell stereotactic head frame on
the patient’s head, MRI imaging was performed. The MRI data (T1W,
T2W 3D images in the axial section) were transferred to the Gamma
Plan version 10.1.1 software (Elekta AB, Stockholm, Sweden). The
tumor and optic apparatus were contoured to plan treatment and per-
form dose calculations (Figure 3). The doses received by the optical
apparatus were computed using the definition of the prescription dose.
It is possible to modify the prescription dosage when certain factors
surpass critical dose values. Every patient received a 50% isodose: the
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median maximum optic apparatus dose was 8 Gy (range: 1-12 Gy) and
median mean dose was 2.8 Gy (range: 1-5.7 Gy); the median treatment
dose was 12 Gy (range: 10-14 Gy). No new neurological deficits were
detected in any patients at 12 months after GKR.

Statistical Analysis

IBM SPSS 19.0 (IBM SPSS Corp.; Armonk, NY, USA) was used to
analyze all of the data. ADC, FA, and RD values obtained from the
visual pathways prior to and following GKR in the patients with CSMs
and the control group were compared using ANOVA. To ascertain the
connections among DTI results, radiosurgical treatment parameters,
and visual field characteristics, the Tukey post hoc test was utilized. A
type-1 error rate of «=0.05 was used.

RESULTS

No statistical differences were observed in ADC, FA, and RD values
measured from bilateral visual pathways prior to and following GKR in
patients with CSM. There was no statistical difference in ADC, FA, and
RD values measured in the control group and bilateral visual pathways
before and after GKR in patients with CSM (Table 1).

The FA values obtained from optic chiasm were negatively correlated
with the maximum and mean radiation dose to the prechiasmatic optic
nerve (respectively, r = —0.510, P = .011, mean r = —0.527, P = .008).
The maximum and mean radiation doses to the optic apparatus were
negatively correlated with the FA measured from the occipital lobe
(respectively, r =—0.432, P =.035, mean r = —0.420, P = .04).

The RD values obtained from optic chiasm were positively correlated with
the maximum radiation dose to the prechiasmatic optic nerve and appa-
ratus (respectively, r = 0.429, P = .036, r = 0.406, P = .049). There was
a positive correlation between ADC and RD values measured from the
occipital lobe and the mean radiation dose to the optic apparatus (P <.05).

Visual field tests and ophthalmological examinations were performed
on all patients before and after GKR and in the control group. Patients
with normal ophthalmological and fundus examinations and visual
field tests were included in the control group. However, the results of
7 patients were obtained retrospectively. In these 7 patients, there was
no statistical difference between MD and PSD values before and 12
months after GKR. There were no statistical differences between MD
and PSD values before and 12 months after GKR, and there was no
correlation between MD, PSA values, and DTI values (FA, ADC, RD)

Table 1. The Fractional Anisotropy, Average Diffusion Coefficient, and Radial Diffusivity Values Measured Before and After Gamma Knife Radiosurgery from
Ipsilateral and Contrlateral Sides in the Patients with Cavernous Sinus Meningioma and the Control Group

Optic Chiasm Occipital Lobe
FA ADC RD FA ADC RD

Before GKR

Ipsilateral side-before GKR 285+ 89 1786 + 547 1541 £ 532 331 +88 771 +74 644 + 137

Contrlateral side-before GKR 287+ 117 1673 £ 314 1415+ 314 361 +49 775+ 78 653 +62

Control group 324+97 1657 + 480 1501 + 540 339+39 752+53 613 +48
After GKR

Ipsilateral side-after GKR 256 + 65 2083 + 802 1758 + 582 319+ 88 806 + 102 666 + 98

Contrlateral side-after GKR 298 + 44 1816 + 470 1589 + 671 326+ 64 798 + 105 653+93

Control group 324+97 1657 + 480 1501 + 540 339+39 752+53 613 +48
P 35 27 57 .56 45 .61

Data are presented as mean + standard deviation ADC, apparent diffusion coefficient; FA, fractional anisotropy; RD, radial diffusivity; GKR, Gamma Knife radiosurgery. P values shows

statistically not significant results




Curr Res MRI 2025;4(1): 7-11

obtained at the optic chiasm and subcortical white matter of the occipi-
tal lobe obtained 12 months after GKR.

DISCUSSION

The optic strut separates the CS from the afferent visual pathway ante-
riorly, and the subarachnoid matter separates the optic nerve from the
roof of the CS posteriorly. Nevertheless, the tumors that involve the
CS can extend superiorly and affect the optic nerve or chiasm.?* Recent
studies have clearly indicated that curative surgery of CSMs alone is
not a secure and sufficient treatment option in many cases. According to
published research, surgery is linked to significant morbidity (17.9%—
74%) and mortality (0%-9.5%) due to pituitary insufficiency, vascular
damage, and cranial nerve abnormalities.?>?¢

GKR is a reasonable, effective, and safe option for the primary or
adjunctive treatment of these tumors. Radiosurgery has been widely
used widely for treating benign tumors of the central nervous system.
The most tumors that have been treated with GKR are acoustic neuro-
mas and meningiomas of the skull base. It is important to preserve the
neurological functions of the patients because meningiomas are benign
lesions. Gamma Knife radiosurgery provides long-term overall tumor
control and has extremely low morbidity rates.””? However, the optic
apparatus is at risk of radiation toxicity.

Diffusion tensor imaging is a technique that determines the microstruc-
tural changes within the white matter by using diffusion measurements.
Each DTI value (FA, ADC, and RD) is responsive to various aspects of
white matter disease, such as neuronal damage, axonal degeneration,
and maturation. Fractional anisotropy is very sensitive to changes in
microstructure but less sensitive to changes of a particular kind (such as
axial or RD). However, DTI is a potentially effective method for track-
ing how the brain reacts to treatments.” Decreased FA and increased
MD in the optic nerve are linked to progressive optic neuropathy,
according to recent studies on glaucoma, amblyopia, retinitis pigmen-
tosa, optic neuritis, and multiple sclerosis.'* Nishioka et al*! reported
that the visual pathway is impacted as Alzheimer’s disease (AD) and
moderate cognitive impairment (MCI) progress. In AD and MCI, there
was an increase in RD and a decrease in FA at the optic nerve and tract.
According to their findings, visual impairments in AD patients may
be caused by damage to the visual white matter tracts. Adhikari et al*
stated that there was a negative correlation between retinotopically
defined ganglion cell inner plexiform thickness (GCIPL) and optic tract
MD and AD. The thickness of the retinotopically defined retinal nerve
fiber layer was inversely connected with FA.

Chang et al* reported that significant relationships between Heilderberg
Retina Tomography (HRT) rim area and DTI parameters in glaucoma
patients. They showed that as HRT rim area decreased, MD, RD
increased, while FA decreased in optic nerves. The retinal nerve fiber
layer (RNFL) contains unmyelinated axons. Increased axonal loss in
the RNFL is implied by a smaller retinal rim area. The linked down-
stream tissue, like the optic nerve, may experience myelin disintegra-
tion as a result of axonal degeneration, which also suggests axonal
injury or loss.

For patients receiving radiosurgery treatment for CSM, GKR charac-
teristics such as the mean and maximum radiation dose to the opti-
cal apparatus are crucial. According to the literature, CSMs are often
treated for GKR with a peripheral dose of 12-14 Gy. To reduce the
dose to organs at risk below 10 Gy, the tumor’s closeness to optic path-
ways may dictate a dose reduction to 12 Gy.* The volume of the optic
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apparatus that receives large dosages is correlated with the likelihood
of vision impairment. Klinger et al*® showed that patients who received
less than 10 Gy to the optic apparatus and those who received a peak
dosage of less than 25 Gy to the CS did not experience any visual
problems. In this study, the median maximum optic apparatus was 8
Gy (range: 1-12 Gy) , the median optic apparatus dose was 2.8 (range:
1-5.7 Gy) and median treatment dose was 12 Gy (range: 10-14 Gy).
There was no complication associated with visual pathways 12 months
after GKR at the level of these radiation doses. It was found that ADC,
FA, and RD values obtained from visual pathways do not significantly
differ before and after GKR. Despite no statistical significance, there
exists a trend for decrease in FA values in patients with CSMs before
GKR compared to healthy controls.

Radiation therapy decreases the FA of impacted white matter regions,
according to several research. The total radiation dose appears to have
an impact on this decrease in FA, which might be used to evaluate dose
distribution. While demyelination has no effect on the axial diffusivity,
it may enhance the RD.> The FAs recorded at the optic chiasm decrease
as the mean and maximum radiation doses administered to the optic
nerve rise. The RDs recorded at the optic chiasm increase in propor-
tion to the maximal radiation exposure to the optic nerve and optic
apparatus. As the maximum and mean radiation dose administered to
the optic apparatus increase, the FAs obtained from the occipital lobe
decrease and the ADC, RDs measured at the occipital dose increase.
Decreased FA values in the occipital lobe and optic chiasma may indi-
cate axonal structural irregularity, demyelination, axonal degeneration,
and white matter disintegration. These findings in the study defining
that the radiation dose-related microstructural changes in visual path-
ways following GKR. The limitation of this study is a small number
of patiens were included. And no other tests such as visual acuity or
optical coherence tomography were performed on the patient or control
groups. Fundus examination was not performed on the patient group.
The fact that the visual impairments present in the patients before GKR
treatment were not revealed by clinical data may have affected the find-
ings in the comparison of DTI results of the control group and patients
who underwent GKR.

To the best of the authors’ knowledge, this is the first study to demon-
strate DTI features of the visual pathways in CSMs patients treated with
GKR. These results suggest that GKR does not change significantly the
DTI changes at visual pathways. Microstructural diffusion changes in
optic pathway were correlated with the mean and maximum radiation
doses receiving optic apparatus at 12 months. Diffusion tensor imaging
may provide useful information to characterize changes of the radiation
effects on visual pathways in patients with CS meningioma after GKR.
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