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Optic nerve motion and gaze direction: Their impact on intraorbital tumor radiotherapy
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optic nerve position due to gaze direction and to discuss their clinical consequences on the radiation treatment of intraorbital tumors. METHODS : Three patients without a history of oculomotor nerve palsy underwent six CT acquisitions with a thermoplastic mask : eyes open with different gaze directions (straight ahead, left, right, up, down) and eyes closed. The acquisition with the straight-ahead gaze was chosen as the reference position. Left and right optic nerves were segmented on the six acquisitions, and total volumes and maximum amplitude motions were calculated in three dimensions. RESULTS : Maximum differences were observed while looking left and up, with a median maximum amplitude of 5 and 6 mm [range : 2-7 mm], respectively. These motions induced a position variation of more than 50% of the volume of the optic nerve (compared to the reference position). Greater Background Management of inter-and intra-fraction movements of target volumes and organs at risk (OARs) during radiotherapy is essential. Image-guided radiation therapy (IGRT) is mandatory during stereotactic radiotherapy or intensity-modulated radiation therapy (IMRT) [START_REF] De Crevoisier | Image-guided radiotherapy[END_REF] . The impact of the management of inter-fraction movements has widely been explored in pelvic cancers [START_REF] Webster | Image-Guided Radiotherapy for Pelvic Cancers: A Review of Current Evidence and Clinical Utilisation[END_REF] . Cone beam computed tomography (CBCT) images taken before radiation sessions indicate the position and the fullness of OARs such as the bladder or rectum. They provide a better coverage of target volume and a better sparing of OARs, thus reducing toxicity [START_REF] Latorzeff | Benefit of intensity modulated and image-guided radiotherapy in prostate cancer[END_REF][START_REF] Murray | A randomised assessment of image guided radiotherapy within a phase 3 trial of conventional or hypofractionated high dose intensity modulated radiotherapy for prostate cancer[END_REF] .

While the OARs and target volume movements are restricted by immobile intracranial structures and thermoformable compression masks, there can be a significant number of eye movements and changes in gaze direction. In other areas, eye movement management has already been studied in proton beam radiotherapy for uvea melanoma, and ocular proton therapy requires the implant of markers in the pathological eye prior to irradiation to adjust the patient positioning 5 .

To our knowledge, the impact of eye movement on optic nerve position has not been assessed in radiotherapy of intraorbital tumors, such as optic nerve sheath meningioma or glioma.

The aim of our study was to assess the variation of the optic nerve positions due to gaze direction and to discuss the clinical consequences on the radiation treatment of intraorbital tumors.

Materials and methods

Three patients without a history of oculomotor nerve palsy, treated in the Radiation Oncology Department of La Pitié-Salpêtrière University Hospital, Paris, underwent a specific CT simulation procedure for brain tumors. A 0.625 mm slice-thickness CT simulation scan was performed on the Discovery 750 HD (GE Healthcare, Chicago, IL, USA), with patients in supine position. It was centered on the orbital volume, without contrast injection. Patients underwent six acquisitions with a thermolabile mask: eyes open with different gaze directions (straight ahead, left, right, up, down), and eyes closed. The acquisition with the gaze straight ahead was chosen as the reference position.

Left and right optic nerves were segmented on the six acquisitions with Treatment Planning System (TPS) ISOGRAY® (DOSISOFT, Cachan, France) [START_REF] Eekers | The EPTN consensus-based atlas for CT-and MRbased contouring in neuro-oncology[END_REF] . The total volume of each nerve contour was calculated.

Each optic nerve was divided into three equal portions (anterior, median, and posterior; the posterior portion matched the intracanalar optic nerve portion).

To assess the maximum amplitude of the nerve motion and each portion as compared to the reference position (straight-ahead gaze), concentric extensions were created every millimeter around the optic nerve contour (Figure 1a).

The total volume of the nerve at each gaze position was subtracted from the volume of the reference position nerve; this yielded an absolute volume not including the reference nerve contour (Figure 1b).

The study was approved by the institutional review board and was conducted according to European ethical guidelines.

Results

The nerve volume results in the reference position maximum amplitudes of motion (MAM), and the volumes and directions of deviation are summarized in Table 1.

Maximum differences were observed while looking left and up, with a median MAM of 5 and 6 mm [range: 2-7 mm], respectively. For these two positions, the absolute volume for which we observed a variation of position (compared to the reference nerve contour) was greater than 0.2 cc, corresponding to more than 50% of the total volume of optic nerve. The median MAM while looking down and right was 3 mm [range: 2-3 mm]. The variations in position mainly involved the anterior portion of the nerve: median MAM for anterior portion while looking up: 6mm, down: 3mm, right: 3mm, left: 6mm and with eyes closed: 2mm. The median portion did not vary significantly, with median a MAM of less than 2 mm. The gaze position with the least variation compared to the reference position was with eyes closed (median MAM = 2 mm).

No significant variations of position were observed due to gaze direction for the posterior portion of the optic nerve.

Discussion

We observed significant variations of optic nerve positions depending on the orientation of gaze. To our knowledge, this is the first study to report such results on not impaired patients. Maximum amplitudes of motion were observed for the leftward and upward gazes with a position variation of more than 50% of the optic nerve volume compared to the reference volume. These changes mainly involved the anterior portion of the nerves while the posterior (intracanalar) portion was motionless.

Eyes closed was associated with the least variation.

Clinical impact: efficacy-toxicity

Management of the movements of the optic nerves during external intraorbital tumor radiotherapy has not been reported in published studies. During irradiation of the entire orbit, gaze position is not relevant. However, optic nerve position management makes sense for small intraorbital tumors receiving high precision radiotherapy, such as optic nerve sheath meningioma.

For this tumor, radiotherapy is performed using IMRT or arctherapy with IGRT, in fractionated stereotactic conditions [START_REF] Ovens | Optimal management in optic nerve sheath meningioma -A multicentre study and pooled data analysis[END_REF] . The results of proton beam radiotherapy in the treatment of optic nerve sheath meningioma have been reported for small samples of patients. Data confirm safe delivery, good clinical results for local control and stabilization of visual function [START_REF] Moyal | Results of fractionated targeted proton beam therapy in the treatment of primary optic nerve sheath meningioma[END_REF] . Usually, in stereotactic radiotherapy, no margin is applied between gross target volume (GTV) and clinical target volume (CTV) and margins for the planning target volume (PTV) vary from 0 to 5 mm [START_REF] Soldà | Fractionated stereotactic conformal radiotherapy for optic nerve sheath meningiomas[END_REF][START_REF] Arvold | Visual outcome and tumor control after conformal radiotherapy for patients with optic nerve sheath meningioma[END_REF][START_REF] Abouaf | Standard-fractionated radiotherapy for optic nerve sheath meningioma: visual outcome is predicted by mean eye dose[END_REF] . Despite these low margins and the absence of consideration of the movements of the optic nerves in the realization of PTV, a high local control rate (more than 95% at 5 years [START_REF] Marchetti | Multisession radiosurgery for optic nerve sheath meningiomas--an effective option: preliminary results of a single-center experience[END_REF][START_REF] Bunevicius | Stereotactic Radiosurgery for Perioptic Meningiomas: An International, Multicenter Study[END_REF][START_REF] Eckert | Retrospective analysis of fractionated intensity-modulated radiotherapy (IMRT) in the interdisciplinary management of primary optic nerve sheath meningiomas[END_REF] ) was seen for intraorbital tumor radiotherapy. Additionally, the visual function of more than 80% of patients treated was stable or had improved [START_REF] Jeremic | Primary optic nerve sheath meningioma: stereotactic fractionated radiation therapy as an emerging treatment of choice[END_REF][START_REF] Paulsen | Fractionated stereotactic radiotherapy in patients with optic nerve sheath meningioma[END_REF] .

The relative radiosensitivity of meningioma should be taken into account: a total dose of 45 Gy using conventional fractionation seems to be sufficient for clinical efficacy for the treatment of meningiomas [START_REF] Lesser | Long-term response to fractionated radiotherapy of presumed optic nerve sheath meningioma[END_REF][START_REF] Saeed | Primary radiotherapy in progressive optic nerve sheath meningiomas: a long-term follow-up study[END_REF] : if the target volume, due to motion, goes beyond the PTV margins and receives a lower dose, clinical efficacy may not be impaired.

While optic nerve position variation due to gaze direction does not impact the effectiveness of intraorbital radiotherapy, it could impact toxicity. In our study, we saw that the proximal anterior portion of the optic nerve (adjacent to the globe) is the most mobile portion of the globe. The closest OAR is the retina (especially the posterior zone). Radiation-induced retinopathy is a disabling late toxicity that may occur after intraorbital radiotherapy. Radiation-induced retinopathy occurs in 5-15% of cases with use of conformal techniques, usually with a latency of one to three years after treatment 19-21 . There is a higher risk of retinopathy for doses ≥ 45 Gy, doses per fraction ≥ 2 Gy and patients with past history of diabetes mellitus or high blood pressure [START_REF] Parsons | Radiation retinopathy after external-beam irradiation: analysis of time-dose factors[END_REF] . Patients with tumors involving the proximal portion of the optic nerve adjacent to the globe are at greatest risk of developing radiationinduced retinopathy after radiotherapy, and movement of both the proximal portion of the optic nerve and the posterior zone of the retina due to gaze direction could explain the higher rate of retinal toxicity in this clinical situation. There is also an increased risk of radiation optic neuropathy and dry eye (due to lacrimal gland damage) [START_REF] Pandit | Long-term efficacy of fractionated conformal radiotherapy for the management of primary optic nerve sheath meningioma[END_REF][START_REF] Ratnayake | Long-term treatment outcomes of patients with primary optic nerve sheath meningioma treated with stereotactic radiotherapy[END_REF] . A recent study have reported in a craniospinal irradiation context that eye movements can change the planimetry with higher lens doses and a lower coverage of the orbital optic nerve [START_REF] Hoeben | Influence of eye movement on lens dose and optic nerve target coverage during craniospinal irradiation[END_REF] .

Motion management

Several management strategies exist. PTV margins can be adapted, depending on the location of the tumor (tumor on the proximal portion of the nerve), to take into account the maximum amplitude of movement. However, this strategy is not optimal. As mentioned above, small PTV margins enabled excellent local control. Greater margins and treatment volumes could increase the risk of retinopathy in the case of anterior optic nerve tumors.

Asking the patient to adopt the same gaze at each session and during the treatment is another option.

The straight-ahead gaze direction, however, cannot be totally controlled because of spontaneous movements during irradiation. Closed eyes, which in our study was the position with the least variation when compared to the reference position, appears to be the more reproducible option.

Another option is to tell the patient to stare at a point of light during the treatment time. This strategy, however, is compromised because the rotation of the collimator can interrupt the process. Helical Tomotherapy might be a solution to avoid this problem. During intraorbital tumor treatment, the cranio-caudal couch motion is slight. However, while staring at a light, the eyes and optic nerves can still move even though the table motion is minimal. An optimal but invasive and time-consuming strategy already exists for intraocular tumors treated by proton beam radiotherapy. Radio-opaque tantalum markers are surgically sutured in the sclera of the pathological eye. Using CT imaging and fundus photographs, the tumor size and its relative position to the tantalum clips are monitored by the TPS. Treatment geometry verification is performed before the irradiation with orthogonal X-ray projections. Tantalum clip positions identified in the radiographic images are compared to the reference position on the TPS and a setup correction is applied to the patient treatment chair. During radiation delivery, eye motions are checked by visual inspection of video camera ocular images. Applying this strategy to photon beam treatment is difficult because, due to the camera, the rotations of the accelerator arm are reduced. Moreover, the daily application for several weeks of eye retractors and mydriatic eye drops can be uncomfortable for the patient.

Recently, several non-invasive eye tracking systems have been investigated. Via et al. described a noninvasive system for eye motion monitoring in the treatment of intraocular tumors which includes realtime 3D target localization, using 3D video-oculography for treatment geometry verification and continuous eye motion monitoring [START_REF] Via | Optical eye tracking system for real-time noninvasive tumor localization in external beam radiotherapy[END_REF] . Jaywant et al. described a non-invasive technique of tracking based on the pixel-to-pixel subtraction between the camera image of the eye during treatment and a reference image captured during the CT scan [START_REF] Jaywant | Stereotactic radiotherapy in the treatment of ocular melanoma: a noninvasive eye fixation aid and tracking system[END_REF] . Another team has developed a system based on optical coherence tomography which provides tridimensional localization of the ocular tumor and tracking [START_REF] Rüegsegger | Noninvasive referencing of intraocular tumors for external beam radiation therapy using optical coherence tomography: a proof of concept[END_REF] . Shin et al. have developed their own non-invasive eye tracking system : a reference eye image acquired during the CT simulation in treatment position is used to calculate eye deviations during dose delivery through image pattern-matching based on a normalized cross-correlation 27 . To our knowledge, there is no system to monitor optic nerve movement during dose delivery. A theoretical strategy could be to predict 3D motion of the optic nerve from observed motion of the eye and then apply adapted setup correction. The use of MRI-LINAC in this situation could be promising: the online tracking by the cine-MRI could theoretically be used to treat the tumor by taking the optic nerve motion into account. Particular caution should be paid to the duration of the session and to ensuring the absence of intraocular foreign bodies contraindicating MRI.

Our work has some limitations. We have explored optic nerve positions in only 3 patients, making generalization difficult. However, the impact of the position of the optic nerve due to gaze direction on radiation treatment seems to be related to the size and the location of the intraorbital tumor and we believe that increasing the number of patients analyzed would not change our observation and hypothesis.

We did not study the variations in optic nerve or eye movements (intra-fraction motions) during a treatment session, no study has yet been carried out on the eyes during radiation treatment.

Conclusion

We observed significant variations in the optic nerve position due to gaze direction, especially for the anterior portion of the nerve. The relevance for management of these variations during treatment is as yet unknown; we welcome further research. However, these variations seem to be relevant for the treatment of small intraorbital tumors involving the anterior third of optic nerve. Instructing the patient to keep their eyes closed during treatment might be the simplest solution to overcome these variations.
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