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Abstract

Traumatic optic neuropathy (TON) is a major cause of irreversible vision loss following blunt
cranial trauma, yet the absence of clinically relevant large animal models that faithfully
recapitulate human TON has significantly impeded translational research. Current rodent
models do not reproduce optic canal fracture, a key injury mechanism in many patients with
TON. Here, we combined high-fidelity finite element analysis (FEA) with iterative engineering
to establish a reproducible goat model of TON. We first built a high-resolution human-head
finite element model to characterize force transmission to the optic nerve. Across clinically
relevant periorbital impacts, stress preferentially concentrated in the intracanalicular segment,
reaching a peak force density of approximately 500 N/m? at 50.6 ms, about fivefold higher than
in the intraorbital segment. Simulations further showed that direct optic canal impact
reproduced comparable intracanalicular stress with a markedly lower input force: 195 N,
compared with 3900 N for periorbital impact. Guided by these insights, we developed
transnasal endoscopic impact systems capable of inducing optic canal fractures in goats. TON
was confirmed within 24 hours by a characteristic relative afferent pupillary defect (RAPD),
and at 1 month post-injury goats (n = 14) exhibited a 10%—-20% reduction in ganglion cell
complex (GCC) thickness and 40%—65% reductions in flash visual evoked potential (FVEP)
and pattern electroretinogram (PERG) amplitude ratios (all P < 0.001), with structural and
functional preservation of the fellow eye. This study presents a robust, standardized, and
clinically relevant large-animal platform for investigating TON pathophysiology.

Keywords:

traumatic optic neuropathy; finite element analysis; large-animal model; transnasal endoscopy;

optic canal
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Text

Introduction

Optic neuropathies represent a leading cause of irreversible blindness worldwide, posing a
significant challenge to modern ophthalmology despite advances in our understanding of
central nervous system regeneration (Laha et al., 2017; Lee et al., 2024). Recent studies have
identified key intrinsic and extrinsic mechanisms regulating retinal ganglion cell (RGC)
survival and axon regeneration (Benowitz et al., 2017). However, translating these findings
into clinical practice remains stalled (Tsai et al., 2024). A major barrier to bridging this
translational gap is the absence of large-animal models. Current models fail to accurately
recapitulate the anatomical, biomechanical, and pathological features of human optic
neuropathy (Zhang et al., 2021). Moreover, most existing experimental paradigms are defined
empirically rather than by quantitatively grounded cranio-orbital biomechanics, limiting
standardization and cross-study comparability.

TON serves as a particularly valuable disease paradigm within the spectrum of optic
neuropathies (Chen et al., 2022). Characterized by an acute onset and a well-defined injury site
(Yu-Wai-Man, 2015), TON shares pathological features with glaucoma but offers a more
precise temporal window for therapeutic intervention. Currently, TON research has relied
heavily on rodent models. However, the rodent visual system differs fundamentally from that
of humans. Specifically, rodents lack a true collagenous lamina cribrosa and possess a vastly
different optic canal and craniofacial skeletal architecture (Ibrahim et al., 2018; Tao et al.,
2017). Furthermore, commonly used ultrasound-based or optic nerve crush models often lack
the biomechanical fidelity of clinical optic canal fractures and induce widespread collateral
damage to periorbital tissues (Tang et al., 2011; Tao et al., 2017). Together, these limitations
highlight the need for a clinically grounded large-animal model that captures optic canal—

related injury mechanics in a standardized and quantitative manner.
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76 To address these limitations, we sought to establish a model in a species with closer anatomical
77  similarity to humans. Our previous comparative anatomical studies identified the goat (Capra
78  hircus) as an optimal candidate (Zhang et al., 2022). Unlike rodents, goats possess an optic
79  canal and sphenoid sinus structure highly similar to human anatomy, making them amenable
80  to transnasal endoscopic access. In this study, we first employed finite element analysis (FEA)
81  to map stress distributions under periorbital trauma and identified localized optic canal impact
82  asan efficient modeling strategy. Based on these findings, we engineered a standardized impact
83  system and applied it transnasally under endoscopic guidance to induce an optic canal fracture,
84  thereby establishing a highly reproducible goat model of TON that closely recapitulates the
85  clinical features of the human condition.

86

87  Materials and methods

88  All materials used in the study are listed in Table S1.

89  Animals

90  Male Saanen goats (4—7 months old) were purchased from Caimu Livestock Company
91  (Hangzhou, China) and housed at the Wenzhou Medical University animal facility. This age
92  was chosen to provide adequate cranio-orbital development for endoscopic surgery while
93  keeping the animals a manageable size for standardized positioning. All experimental animals
94  were housed in temperature-controlled rooms under a regular light-dark cycle, with
95  unrestricted access to food and water. Animals were allowed a minimum acclimatization period
96  of one week prior to the initiation of experiments. Importantly, perioperative mortality directly
97  related to the surgical impact procedures and anesthesia was 0%. Approximately 10% of
98  animals experienced mild, transient rhinorrhea during the first 1-2 days postoperatively. All
99  affected animals were treated with a 5-day course of antibiotics (gentamicin plus ceftiofur),

100 and symptoms fully resolved. In addition, animals were excluded from analysis if they failed
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101 to meet the functional inclusion criterion within 24 hours post-injury (PLR grade difference >
102 2). All experiments were approved by the Institutional Animal Care and Use Committee at
103 Wenzhou Medical University (Wenzhou, China, ID number: wydw2022-0523). A total of 18
104  male Saanen goats were successfully included and analyzed. The animals were allocated into
105  three experimental cohorts: the gas-driven impactor group (n=8), the elastic-energy impactor
106  group (n=6), and a dedicated pathology group for histological validation (n=4). In all animals,
107 the left eye underwent optic canal impact, while the contralateral right eye served as an internal
108 control.

109

110  Finite element analysis

111 Finite element simulations were performed using COMSOL Multiphysics 6.0 to quantify the
112 transient stress response of the optic nerve under head-impact loading. The workflow
113 comprised CT-based geometry reconstruction, tetrahedral meshing, boundary condition
114  settings, and time-dependent dynamic analysis under prescribed impact force.

115

116  Geometry Reconstruction and Meshing

117  An anonymized head CT dataset (continuous slice thickness: 0.7 mm) was used to reconstruct
118  the subject-specific geometry. The CT images were acquired using a SOMATOM go.Top CT
119  scanner (Siemens Healthineers, Germany). The dataset was obtained with informed consent
120 under an institutional review board—approved protocol (IRB no. 2024-065-K-57-03), in
121 accordance with the Declaration of Helsinki. To improve computational efficiency, a simplified
122 head model was constructed (Li et al., 2020), incorporating five key components: the optic
123 nerve, skull, eyeball, extraocular muscles, and tendons. This model omitted complex structures
124 such as the brain and blood vessels, including only five biological tissues: the unilateral optic

125 nerve, skull, eyeball, extraocular muscles, and tendons. Intracranial soft tissues (e.g., brain
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126  parenchyma) were excluded to focus computational resources on the orbital region. Image
127  segmentation was performed in 3D Slicer (v5.0.2). The skull was extracted via HU
128  thresholding (200~2000 HU) followed by post-processing steps including hole filling and
129 island removal (Maire and Withers, 2014). The optic nerve, eyeball, extraocular muscles, and
130 tendons were manually delineated based on anatomical landmarks. The segmented label maps
131 were then converted into 3D surface meshes and processed using Laplacian smoothing
132 (iterations = 30, A= 0.5) to minimize staircase artifacts inherent to voxel-based reconstruction.
133 Upon completion of geometric processing, the smoothed surface models were exported in
134 Standard Tessellation Language (STL) format.

135 These STL files were then imported into COMSOL Multiphysics 6.0 for volumetric meshing
136 and simulation. The domain was discretized using linear tetrahedral elements. The global
137  element size range was set to 2.5~14 mm, with adaptive local refinement applied near the optic
138 nerve to a minimum size of 0.6 mm (growth rate = 1.5). The final mesh comprised 173,215
139 tetrahedral elements.

140

141 Material properties

142 In this study, the modeling of all structures was conducted using isotropic and homogeneous
143 material properties. The focus for elastic materials was placed on three fundamental mechanical
144  parameters: Young's modulus (E), Poisson's ratio (v), and density (p). Specifically, the skull
145 was modeled using a linear elastic material model with a Young's modulus of 14.5 GPa and a
146 Poisson's ratio of 0.35. Given the contrast in compressibility between tissues such as muscles
147 and ligaments and the near incompressibility of the eyeball, the latter was modeled with a
148 material having a Poisson's ratio close to 0.5 (Li et al., 2020) to reflect its incompressible nature.
149 Moreover, the biomechanical behavior of the optic nerve was represented using a linear

150  viscoelastic material model widely adopted in numerical models, assuming that the time-

@ & E Zoological Research



151  varying shear modulus is independent of strain magnitude. Material parameters for head tissues
152 were referenced from previous literature (Li et al., 2020), and a comprehensive table of material
153 properties is provided in this document (Table 1).

154 For the mathematical description of linear viscoelastic materials, the generalized Maxwell
155  model was approximated using the Prony series. The linear viscoelastic model was expressed

156 by the following equation:

N
157 E(t) =E, + Z Ee~t/t
i=1

158  where E,, represents the material's stiffness at infinite time, E; is the stiffness at the i time

159  point, and 7i is the corresponding relaxation time. The shear modulus G(t) was calculated as:

N N
160 6(t) = Gol— )" gi)+ ). giGoe™/"
i=1 i=1

161 here, g; = G;/Gqy, with G4 being the instantaneous shear modulus. Through this methodology,
162 our study accurately simulated the complex behaviors of biological tissues under load and
163 provided a reliable numerical method for advancing the understanding of biomechanical
164  phenomena.

165  Detailed settings of material property parameters are shown in Tablel.

166

167  Boundary condition setting and analysis

168  Transient dynamic analyses were conducted using the solid mechanics module of COMSOL
169  Multiphysics. This research was designed with reference to the simulation studies on the impact
170 of cylindrical projectiles on the skull by Huempfner-Hierl (Huempfner-Hierl et al., 2015) and
171  the demonstration by Chen (Chen and Ostoja-Starzewski, 2010) that the time course of the
172 impact force during collisions approximates a Gaussian function. Impact loading was

173 prescribed as a transient total force F(t) governed by a Gaussian function:
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(t—to)?
174 F(t) = Finax * €Xp <_T‘2

175 where Fp0,= 3900 N, ty= 50 ms, and o= 10 ms. To implement this load on the finite element
176 mesh, the total force was applied as a uniformly distributed surface traction over an elliptical
177 contact patch (Area = 1 cm?). Mathematically, the applied boundary traction T(t) was defined

178  as the total force normalized by the contact area:

F(b)

Area

179 T =

180  Fixed constraints were applied to nodes on the skull base. To investigate the sensitivity of the
181  optic nerve to impact location, loads were applied to four quadrants of the orbital rim (superior,
182 inferior, lateral, medial) and directly to the optic canal region. Directional sensitivity was
183 assessed by perturbing the loading vector by £10° relative to the surface normal. Additionally,
184  a parametric study was conducted by varying the skull's elastic modulus, Poisson's ratio, and
185  density by £10%.

186 All simulations were performed using the transient solver in the solid mechanics module. Time
187  integration was executed using the Generalized-a scheme to ensure optimal control of high-
188 frequency numerical dissipation while maintaining accuracy for inertial dynamics. A constant
189  time step of 1.1 ms was selected for the analysis. This temporal resolution was determined
190  based on the impact duration (t,= 50 ms) to ensure sufficient sampling density. This resolution
191  allowed for the accurate capture of both the Gaussian force profile and the time-dependent
192 viscoelastic relaxation of the optic nerve, while maintaining computational efficiency. The total
193 simulation time was set to 200 ms to observe the complete stress evolution from impact
194  initiation to relaxation. Finally, to assess the clinical relevance of the computational results, a
195  face validity evaluation was conducted. The simulated stress distribution patterns were

196  qualitatively compared with typical injury locations observed in clinical cases by experienced
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197  neuro-ophthalmologists. This qualitative comparison served to confirm that the model predicts
198  stress concentrations in anatomically plausible regions consistent with real-world trauma.

199

200  Transnasal endoscopic procedure to expose the optic canal in goats

201 The procedure was described in detail in our previous study (Zhang et al., 2022) , and is further
202  refined in the present work. General anesthesia was induced by an intravenous bolus of
203 propofol (10 mg/kg), followed by endotracheal intubation using a 6.0-mm cuffed tube (Henan
204  Tuoren Medical Device Co., Ltd., China). Anesthesia was maintained with 2.5-3.0% isoflurane
205  delivered in a 1:1 mixture of oxygen and air at a flow rate of 2 L/min via a mechanical ventilator.
206  Vital signs, including heart rate, respiratory rate, and oxygen saturation, were continuously
207  monitored throughout the procedure using an electrocardiographic monitoring system.

208  To reduce intraoperative bleeding, hemocoagulase atrox was administered intravenously (1-2
209 U per goat) after anesthesia induction. Prophylactic antibiotics and anti-inflammatory agents
210  were administered intravenously, including gentamicin (4 mg/kg), ceftiofur sodium (0.1 g/10
211 kg), and dexamethasone sodium phosphate (I mg/kg). The corneas were protected with
212 carbomer gel to prevent exposure-related drying.

213 The surgical field extended from the forehead to the nasal dorsum, with the lateral boundaries
214 defined by the medial canthi. Hair was shaved, and the skin was disinfected three times using
215 5% povidone—iodine solution (Zhejiang Apeloa Inc., China). Sterile surgical drapes were
216  applied, leaving only the nasal bridge exposed.

217 A midline facial incision (approximately 4-5 cm) was first made at the level of the medial
218  canthi, followed by a vertical incision along the nasal midline (approximately 4-5 cm) and an
219 additional inferior horizontal incision of similar length. The periosteum and underlying bone
220  were carefully dissected using toothed forceps and a periosteal elevator. The exposed nasal

221 bones were removed to gain access to the nasal cavity.
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222 Upon entering the nasal cavity, an endoscopic microdebrider equipped with a straight-cut
223 microdebrider (Medtronic, Cat. #1884004) was used to partially resect the middle turbinate
224 and posterior olfactory mucosa on the right side, allowing exposure of the anterior bony wall
225  of the sphenoid body. The nasal septum was then incised using a falciform knife, and partial
226  resection of the contralateral olfactory mucosa was performed to further enlarge the operative
227  corridor and improve visualization.

228  Because goats lack a naturally pneumatized sphenoid sinus anterior to the optic canal, an
229  artificial sphenoid sinus was created. A diamond microdrill (Medtronic, Cat. #1882969) was
230  used to thin and remove the cortical bone overlying the central anterior wall of the sphenoid
231 body. Drilling was performed under continuous endoscopic visualization until a characteristic
232 loss of resistance (“give-way” sensation) was encountered, indicating entry into the sphenoid
233 cavity. Residual bone debris was removed using a blunt dissector, and hemostasis was achieved
234 with calcium alginate packing when necessary.

235 The bony window of the sphenoid cavity was then gradually enlarged to obtain a clear surgical
236 field. After removal of the packing material, the bony landmarks of the prechiasmatic region
237  and the anterior wall of the optic canal became clearly visible. Using a combination of coarse
238 and fine diamond burrs, the anterior bony wall of the optic canal was carefully thinned and
239 removed until the optic canal was fully exposed, providing direct access to the intracanalicular
240  segment of the optic nerve.

241

242 Modeling optic canal fracture in goats

243 The optic canal was identified at the junction of the anterior wall of the optic chiasm and the
244 medial orbital wall under transnasal endoscopic visualization. The impactor tip was positioned
245  in firm contact with the anterior bony wall of the optic canal, and the device was calibrated to

246  deliver a predefined impact force. Upon activation, the metal impact rod delivered a focal

10
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247  mechanical strike to the optic canal wall, resulting in a localized fracture with impinged bone
248 that was immediately visualized endoscopically.

249 This impact consistently generated a circular bony fragment approximately 2 mm in diameter,
250  which became displaced into the optic canal and produced sustained compression of the
251  intracanalicular optic nerve. Following completion of the impact procedure, the nasal cavity
252 was irrigated and disinfected under sterile conditions. The artificially created sphenoid sinus
253 was packed with an absorbable gelatin sponge to achieve hemostasis, and the surgical incision
254  was closed using 3-0 sutures. Animals were then carefully recovered from general anesthesia.
255  Pupillary light reflex (PLR) testing was performed prior to surgery and again 24 h post-
256  procedure to verify successful induction of TON. Loss of PLR was consistently observed in
257  the injured eye, while normal PLR responses were preserved in the contralateral eye.

258  For a detailed step-by-step guide on the surgical induction of this TON model, please refer to
259  the Supplementary Protocol provided in the online supplementary materials.

260

261  Modified impact device and stabilizing base

262 To enhance the stability, reproducibility, and translational applicability of the optic canal
263  impact model, the original high-pressure gas—driven impactor was redesigned. The
264  conventional gas-driven system is inherently susceptible to pressure fluctuations and potential
265  gas cylinder leakage, both of which can compromise impact consistency and experimental
266  reproducibility. In the modified device, a motor-controlled mechanism was introduced to
267  quantitatively stretch a compression spring, which subsequently releases stored elastic energy
268  to propel the impact head. The spring used in this system (1.5 % 12 x 45 mm) was calibrated
269  such that a deformation length of 20 mm produced an impact effect comparable to that of the

270  original gas-driven device. By changing the mode of energy delivery from gas-driven to elastic

11
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271 energy—driven propulsion, this elastic energy—driven impactor provided improved stability and
272 reliability for large-animal modeling.

273 During optic canal fracture induction in goats, animals were positioned prone, allowing the
274  operator to face the animal’s head directly and enabling handheld use of the impact device. In
275  contrast, nonhuman primates are typically operated in the supine position, rendering handheld
276  impact delivery impractical and potentially unstable. To further enhance impact precision and
277  extend the applicability of this model across species, we developed a dedicated stabilizing base
278  for the impactor. This base incorporated five independently driven motors, which enabled
279  multi-axis adjustment to accommodate different surgical orientations, minimize recoil, and
280  eliminate positional deviations associated with handheld operation. Collectively, these
281  modifications substantially improved the precision and reproducibility of optic canal fracture
282 induction and provide a scalable platform for translational studies of TON in large-animal and
283 nonhuman primate models.

284

285  Non-invasive visual function assessment in goats

286  Visual function in goats was evaluated using pupillary light reflex (PLR), optical coherence
287  tomography (OCT), flash visual evoked potentials (FVEP), and pattern electroretinography
288 (PERG). All procedures were performed according to standardized protocols refined from our
289  previous work (Zhang et al., 2022), with detailed descriptions provided below.

290  For all examinations, endotracheal intubation was performed under laryngoscopic guidance to
291  ensure airway patency and minimize the risk of aspiration.

292 For PLR, PERG, and OCT examinations, goats were sedated by intramuscular injection of
293 xylazine (3 mg/kg). For FVEP recordings, general anesthesia was induced with intravenous
294  propofol, followed by maintenance with inhaled isoflurane (2.5-3.0%) delivered at a flow rate

295  of 2 L/min via endotracheal intubation.

12
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296  PLR: Prior to PLR testing, animals underwent 5 min of dark adaptation to stabilize baseline
297  pupil diameter. Eyelid specula were placed bilaterally to fully expose the globes, and artificial
298  tears were applied to maintain corneal hydration throughout the procedure.

299  PLR measurements were obtained using a custom-built PLR recording system connected to a
300  synchronized video acquisition unit and programmable light source. The camera was
301  positioned to simultaneously capture both eyes and adjusted to achieve stable, high-resolution
302 imaging. Recordings were performed under both visible light and infrared illumination to
303  enable continuous, real-time monitoring of pupil dynamics.

304  During testing, a white-light stimulus (230 Ix, 2 s duration) was delivered monocularly to elicit
305  pupillary constriction, followed by a 12 s interval to allow full redilation. This stimulation
306  sequence was repeated three times for each eye. The non-stimulated eye was occluded during
307  testing to prevent consensual responses from confounding measurements.

308 PLR responses were graded semi-quantitatively based on pupillary reactivity: Grade 0
309 indicated complete absence of response; Grade 1 indicated a reduced response characterized
310 by delayed constriction and decreased amplitude; Grade 2 indicated a brisk and robust
311  constriction response.

312 OCT: For OCT imaging, topical anesthesia was achieved by instillation of proparacaine
313 hydrochloride eye drops, followed by pharmacological mydriasis using tropicamide. Eyelid
314  specula were applied to maintain full exposure of the pupil.

315  Retinal imaging was performed using a Heidelberg Spectralis OCT system (Heidelberg
316  Engineering, Germany). The optic nerve head region was centered along the optical axis of the
317  instrument, and peripapillary scans were acquired using a circular scanning protocol. For each
318 eye, 100 consecutive high-resolution scans were obtained from the same retinal location and
319  averaged using the system’s built-in software to generate final images with enhanced signal-

320  to-noise ratio. GCC thickness was quantified for subsequent analysis.

13
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321  PERG: Prior to PERG recording, topical proparacaine hydrochloride and tropicamide eye
322 drops were administered, and eyelid specula were placed bilaterally. The frontal hair was
323 shaved, and the skin was disinfected three times using alternating povidone—iodine and 75%
324  ethanol.

325 A small midline incision was made in the frontal skin, and a sterilized screw electrode was
326  inserted into the frontal bone to serve as the ground electrode. The screw was secured using an
327  alligator clip to ensure signal stability. Needle electrodes were placed approximately 1 cm
328 lateral to each outer canthus as reference electrodes. ERG-Jet corneal electrodes, pre-coated
329  with carbomer gel, were gently positioned on the center of each cornea as recording electrodes.
330  Electrode impedance was verified to be below 10 kQ prior to data acquisition. PERG signals
331  were recorded using a commercial electrophysiology system (GT-2008V-III, GOTEC Co., Ltd.,
332 China). Visual stimuli were presented on two 22-inch monitors (1920 x 1080 resolution)
333 positioned approximately 50 cm in front of each eye. The stimulus consisted of contrast-
334  reversing black-and-white checkerboard patterns with a temporal frequency of 2.4 Hz, contrast
335 0of 96%, and mean luminance of 200 cd/m?. Recordings were performed at spatial frequencies
336 0of 0.1, 0.3, 3.0, and 12.6 cycles per degree (cpd).

337  Signals were amplified 16,000-fold, band-pass filtered between 1 and 100 Hz, and averaged
338  over 64 consecutive sweeps. In the averaged waveform, the first positive peak was designated
339  as Pl (typically ~25 ms), and the first negative peak as N1 (typically ~55 ms). PERG amplitude
340  was measured from N1 to P1. Functional outcomes were expressed as the amplitude ratio
341  between the injured eye and the contralateral eye, with greater reductions indicating more
342 severe RGC dysfunction.

343 FVEP: FVEP recordings were performed under general anesthesia using procedures identical
344 to those described for PERG with respect to intubation, ocular preparation, hair removal, and

345  skin disinfection. Sterilized screw electrodes were implanted in the central frontal bone and

14
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346  central occipital bone to serve as reference and recording electrodes, respectively. A needle
347  electrode placed subcutaneously near the reference electrode served as the ground. Electrode
348 impedances were confirmed to be below 10 kQ before recording.

349  Animals underwent 5 min of dark adaptation prior to testing. The tested eye was held open
350  using an eyelid speculum, and flash stimuli of three intensities (0.025, 0.25, and 3.0 cd-s/m?)
351  were delivered under scotopic conditions. Each stimulus intensity was recorded twice, and the
352 averaged waveform was used for analysis. A 2 min dark adaptation interval was provided
353  between stimulus conditions, during which artificial tears were applied to maintain corneal
354  hydration.

355 Both eyes were tested separately, and the non-tested eye was occluded throughout the
356  procedure to prevent binocular interference.

357

358  Definition of TON and severity assessment

359  The diagnosis of TON was based on clinical functional criteria indicative of afferent visual
360  pathway dysfunction in the injured eye. Specifically, TON was defined by the presence of a
361  relative afferent pupillary defect (RAPD), operationally identified as an inter-eye difference in

362 pupillary light reflex (PLR) grade of =2 within 24 h after impact (injured eye PLR grade = 0,

363  while the contralateral eye maintained a grade of 2). Goats that did not meet this predefined
364  criterion were excluded from subsequent analyses.

365  The extent and severity of TON were subsequently evaluated using continuous structural and
366  functional outcome measures, including: (i) the percentage reduction in retinal GCC thickness
367  of the injured eye at 1 month post-injury (1 mpi) relative to both baseline values and the
368  contralateral eye; (ii) the percentage decrease in flash visual evoked potential (FVEP) P1-N1
369  amplitude ratio (injured eye/contralateral eye) relative to baseline; and (iii) the percentage

370  decrease in pattern electroretinography (PERG) PI1-N1 amplitude ratio (injured

15
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371  eye/contralateral eye) relative to baseline. These quantitative indices were used for statistical
372 analyses to compare differences across experimental groups and time points, with greater
373  percentage reductions indicating more severe TON.

374

375  Histological Processing and Image Quantification

376 At one month post-injury (1 mpi), goats were euthanized, and the injured eye along with the
377  contralateral uninjured eye (control) and their associated optic nerves were harvested. For
378  retinal RGC quantification, each eye was cut into a cloverleaf shape, and central retinal punches
379  were collected from each quadrant using a corneal trephine. The mean RGC count from the
380  four retinal punches was used as the representative value for each eye. Retinal punches were
381  fixed in 4% paraformaldehyde (PFA). To quantify RGC survival, retinal sections were
382  immunolabeled with anti-RBPMS primary antibody (1:400, Proteintech) and appropriate
383  fluorescent secondary antibodies, followed by imaging with a confocal microscope (20x
384  objective). RGC in each section were manually counted using ImageJ (NIH) by a researcher
385  blinded to experimental groups.

386  For optic nerve analysis, the intracanalicular segment corresponding to the primary injury site
387  (Inj) was harvested and fixed in EM fixative containing 2% PFA and 2% glutaraldehyde. To
388  assess axonal structural degeneration, segments were post-fixed in 1% osmium tetroxide,
389  embedded in epoxy resin, sectioned at 1 um, and stained with 1% para-phenylenediamine
390  (PPD). For each nerve, five high-power fields were selected under a 100x oil immersion
391  objective, and surviving axons were quantitatively analyzed.

392 Given that the contralateral uninjured eye was used as an internal control for each animal to
393  minimize baseline variability, all quantitative comparisons between groups were performed
394  using paired t-tests in GraphPad Prism (v9.0). Data are presented as mean = standard deviation

395  (SD), with statistical significance defined as P < 0.05.
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396  Statistical analysis

397  All data are presented as mean + SD. Normality and homogeneity of variance were assessed
398  using the Shapiro—Wilk and Levene tests, respectively. Depending on whether these
399  assumptions were met, data were analyzed using ordinary one-way ANOVA, two-way
400  ANOVA, or the Scheirer—Ray—Hare non-parametric two-factor test, as specified in the figure
401  legends. Post hoc comparisons were performed using Tukey’s test or appropriate non-
402  parametric multiple comparison procedures. A P value < 0.05 was considered statistically
403  significant.

404

405  Results

406  Finite element analysis identifies the intracanalicular segment as the primary site of stress
407  concentration

408  TON is a major cause of sudden and severe visual loss following blunt head trauma (Crompton,
409  1970; Gise et al., 2018), and the optic canal has long been implicated as the principal site of
410  injury due to force transmission along the orbital wall (Fig. 1A)(Li et al., 2020; Wu et al.,
411 2015). Consistent with this concept, optic canal fractures were observed in approximately 70%
412 of TON patients in our previous multicenter clinical study (Wu et al., 2015).

413  We established a comprehensive three-part experimental workflow—encompassing
414 biomechanical simulation, in vivo TON induction, and biological validation—to systematically
415  investigate traumatic optic neuropathy (Fig. 1B). As the first step to elucidate the biomechanics
416  of force transmission along the optic nerve, we constructed a high-fidelity finite element model
417  based on high-resolution human skull CT scans (Fig. 1C). We simulated a clinically relevant
418  temporal orbital wall impact using a force of 3900 N with a Gaussian distribution (Fig. 2A).
419  Force distribution demonstrated that impact-induced forces propagated along the orbital wall

420  and converged toward the optic canal region (Fig. 2B).
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421  For quantitative analysis, the optic nerve was anatomically subdivided into intraorbital,
422 intracanalicular, and intracranial segments (Fig. 2C). Following temporal periorbital impact,
423 mechanical stress along the optic nerve central axis was preferentially concentrated within the
424  intracanalicular segment (Fig. 2 D—F). Specifically, peak force density in the intracanalicular
425  segment reached approximately 500 N/m? at 50.6 ms, which was nearly fivefold higher than
426  that observed in the intraorbital segment (~100 N/m? at the same time point). Notably,
427  comparable stress concentration patterns were consistently observed in simulations of superior,
428 inferior, and nasal periorbital impacts (Fig. S1), collectively identifying the intracanalicular
429  segment as the primary biomechanical weak point during blunt orbital trauma.

430

431  Direct optic canal impact caused little collateral injury and showed robustness against
432 bias

433 Given the finite element analyses identifying the intracanalicular segment as the primary
434  biomechanical vulnerability, two injury paradigms were considered for modeling TON: (i)
435  indirect periorbital impact, in which external blunt force is transmitted to the optic canal
436  through the orbital bones; and (ii) direct impact targeted to the optic canal itself. To determine
437  which strategy provides superior safety and mechanical robustness, finite element analysis was
438  used to compare these two approaches.

439  Simulations of indirect periorbital impact revealed widespread dispersion of mechanical forces
440  across the maxillary bone, nasal bone, and skull base (Fig. 3A, B).

441  In contrast, direct optic canal impact caused minimal force propagation to adjacent skull
442 structures (Fig. 3C, D), while producing a force distribution pattern along the optic nerve
443 comparable to that induced by periorbital impact (Fig. 3E, F). Notably, direct optic canal
444 impact required a substantially lower input force of 195 N, corresponding to approximately 5%

445  of that used for temporal periorbital impact (3900 N), to achieve a similar peak force density
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446  within the intracanalicular segment (Fig. 3F), thereby reducing the likelihood of off-target
447  skeletal injury.

448  Importantly, direct optic canal impact also demonstrated greater robustness against bias than
449  indirect periorbital impact. Specifically, compared with indirect periorbital impact, a 10°
450  deviation from the optimal vertical impact angle (Fig. 3G,H,J,K), as well as a 10% variation in
451  bone mechanical properties, including density, Young’s modulus, and Poisson’s ratio (Fig.
452 3IL,L), resulted in only minor fluctuations in force distribution along the intracanalicular optic
453 nerve following direct optic canal impact.

454  Collectively, these results demonstrated that direct optic canal impact induces optic canal—
455  centered injury with minimal collateral damage and high robustness against bias.

456

457  Goat model recapitulates human finite-element results

458  Goats are a highly suitable experimental species because their paranasal sinus anatomy closely
459  resembles that of humans, facilitating minimally invasive transnasal endoscopic access to the
460  optic canal. Additionally, compared with other large-animal models, goats are more cost-
461  effective and readily available(Zhang et al., 2022). To further validate Saanen goats as an
462  appropriate large-animal translational model, we performed goat-specific finite-element
463  analysis (FEA) based on high-resolution micro-CT scans of the skull (Figure S2A, B).

464

465  Notably, the mechanical stress transmission pattern observed in the goat model closely
466  mirrored that of human simulations. Following direct impact, mechanical stress was primarily
467  concentrated in the intracanalicular segment of the optic nerve (Figures S2C, S2E).
468  Quantitative analysis revealed that 90.91% of the total von Mises stress was localized to the
469  directly impacted optic canal segment (Figure S2F). Consistent with human simulations,

470  regional impact quantification confirmed the high safety of this approach in goats: the optic
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471 canal absorbed the majority of the applied force (normalized ratio = 100%), while adjacent
472 structures—the maxilla (4.52%), nasal cavity (1.1%), and skullbase (1.33%)—experienced
473 minimal mechanical transmission (Figures S2D).

474  These goat-specific data demonstrate the biomechanical equivalence of the model to human
475  simulations and establish the safety and precision of directly impacting the optic canal for
476  subsequent in vivo studies.

477

478 A reproducible goat TON model with optic canal fracture is established by direct optic
479  canal impact under transnasal endoscopy

480  Based on the finite element analysis results, we identified direct optic canal impact as a more
481  robust injury paradigm and first engineered a gas-driven impactor to experimentally
482 recapitulate TON. This device employed high-pressure air to propel an impact rod forward by
483 2 mm, thereby inducing an optic canal fracture with impinged bone (Fig. 4A—C). The air
484  pressure within the storage chamber was manually adjustable from 1 to 10 megapascals (MPa),
485  with higher pressures generating greater impact forces (Fig. 4B). An operating pressure of 3
486  MPa was selected, as it produced more consistent impact forces compared with lower (2 MPa)
487  or higher (4 MPa) pressure settings (Fig. 4B).

488  We chose goat as an ideal model for TON. Under endoscopic visualization, the middle
489  turbinate, nasal septum, and olfactory nerve bundles were sequentially resected using a
490  straight-cut microdebrider or scissor (Fig. 4E-a,b,c), thereby exposing the anterior wall of the
491  sphenoid bone, which exhibited a characteristic inverted heart-shaped appearance and served
492 as a key anatomical landmark (Fig. 4E-d). The anterior cortical bone of the sphenoid was then
493 carefully drilled to open the sphenoid cavity and create an artificial sphenoid sinus (Fig. 4E-
494  e,f,gh). Further bone removal within the artificial sphenoid sinus was performed using a

495  diamond microdrill, which progressively widened the surgical corridor and allowed clear
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496  visualization of the optic canal within the operative field (Fig. 4E-1). The impact device was
497  subsequently advanced along the predefined trajectory and precisely positioned against the
498  anterior wall of the optic canal under endoscopic guidance (Fig. 4E-j). Upon triggering the
499  impactor, a displaced, impacted optic canal fracture with inwardly displaced bone fragments
500  was immediately observed under endoscopic visualization, resulting in direct compression of
501  the intracanalicular optic nerve (Fig. 4E-k). Follow-up computed tomography (CT) imaging
502  further confirmed that the fracture morphology closely resembled that observed in patients with
503  TON (Fig. 1A, 4F).

504  Structural damage to retinal ganglion cells was quantified by OCT. In the injured eyes,
505  peripapillary ganglion cell complex (GCC) thickness exhibited significant thinning across all
506  measured macular sectors (NS, N, NI, TI, T, and TS). For instance, in the temporal-superior
507  (TS) sector, the GCC thickness decreased from 323.4 + 76.1 um at baseline to 286.5 + 67.8
508  um at 1 month post-injury (1 mpi), corresponding to a ~11.4% reduction (P = 0.0018, two-way
509  ANOVA, time factor; Fig. 5A,B), whereas GCC thickness in the contralateral eyes remained
510  unchanged (Fig. S4A), indicating preservation of retinal structure in the fellow eye.

511  Functionally, the direct pupillary light reflex (dPLR) in the injured eye and the indirect PLR
512 (iPLR) in the contralateral eye were both markedly reduced over time (Fig. 5C, D). In contrast,
513  the dPLR in the contralateral eye and the iPLR in the injured eye remained intact (Fig. S4B).
514  This dissociated PLR pattern met the predefined criteria for a relative afferent pupillary defect
515 (RAPD) (Soleimani et al., 2011). Electrophysiological assessments showed consistent
516  functional deficits in the injured eyes across all tested stimulus conditions. For instance, at a
517  flash intensity of 0.25 cd-s/m? the FVEP PI-N1 amplitude ratio (injured/contralateral)

518  decreased from 1.020 = 0.306 at baseline to 0.573 & 0.229 at 1 mpi (= 43.8% reduction;
519 P =0.0010; Fig. SE, F). Similarly, across all tested spatial frequencies (0.1 - 3.0 cpd), the

520 PERG PI1 - N1 amplitude ratio demonstrated significant declines. At 0.3 cpd, this ratio
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521  declined from 1.113 £ 0.444 to 0.528 + 0.124 at Impi (=52.6% reduction; P < 0.0001; Fig.

522 5@G, H). In the contralateral uninjured eyes, FVEP and PERG amplitudes did not show
523  significant changes compared with baseline (Fig. S4C, D).

524  Together, these results showed that transnasal endoscopic direct optic canal impact produced
525  optic canal fracture and unilateral structural and functional deficits in goats. We then
526  implemented a second-generation elastic-energy driven device for subsequent experiments.
527

528  Elastic-energy—driven impact system for optic canal fracture modeling

529  To this end, we developed a second-generation elastic-energy driven, spring-based impact
530  device for inducing optic canal fracture with impinged bone (Fig. 6A). The system employs a
531  compression spring with dimensions of 1.5 x 12 X 45 mm, in which the deformation length is
532 positively correlated with the delivered impact force (Fig. 6B). Based on mechanical
533 calibrations (Fig. S3B, S3C), a deformation length of 20 mm was selected to generate an impact
534  force equivalent to that produced by the gas-driven device at 3 MPa, thereby maintaining
535  comparable injury severity while eliminating pneumatic instability. To further ensure highly
536  localized and reproducible energy delivery, dynamic kinetic characterization was performed.
537  The temporal impulse waveform confirmed a tightly controlled mechanical stimulus with a
538 restricted dwell time of 4.0 ms (Fig. S3A). Additionally, standardized quantitative engineering
539  specifications were established for the impactor system, which utilizes a 2.0 mm rod tip
540  diameter, a strictly restricted 2.0 mm mechanical stroke length, and a derived peak impact
541  velocity of 2.0 m/s at the point of tissue contact (Fig. S3D).

542 To further enhance precision and reproducibility in large-animal procedures, a motorized
543  stabilizing base incorporating five independently actuated joints was constructed (Fig. 6C).

544  This configuration effectively counteracted recoil during impact and enabled multi-axis
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545  positional adjustment (Fig. 6D), converting the system from a handheld device into a
546  mechanically stabilized platform and substantially improving targeting accuracy.

547  Following fracture induction with the modified device, transnasal endoscopic examination
548  revealed a circular bony fragment displaced into the optic canal lumen, while corresponding
549  sagittal CT imaging confirmed fracture of the anterior wall of the optic canal at the impact site
550  (Fig. 6E).

551  Structural assessment by OCT demonstrated significant thinning of the peripapillary ganglion
552 cell complex (GCC) across all measured macular sectors in the injured eyes. For instance, in
553 the temporal-superior (TS) sector, GCC thickness decreased from 336.2 + 58.2 um at baseline
554  to 249.2 + 39.8 um at 1 mpi, representing an ~25.9% reduction (P = 0.00022; Fig. 6F,QG),
555  whereas no significant thinning was detected in the contralateral eyes (Fig. S5A). These
556  structural changes were comparable to those observed following gas-driven impact, indicating
557  preserved injury severity. Consistent with structural damage, functional assessments revealed
558  unilateral visual deficits. Both the indirect pupillary light reflex (iPLR) in the injured eye and
559  the direct PLR (dPLR) in the contralateral eye remained intact (Fig. S5B), whereas the dPLR
560 in the injured eye was abolished and that in the contralateral eye was preserved (Fig. 6H, I).
561  Electrophysiological measurements again revealed unilateral functional impairment. In the
562 injured eyes, for instance, at a flash intensity of 0.25 c¢d-s/m?, the FVEP P1-N1 amplitude ratio
563  decreased from 1.086 + 0.323 at baseline to 0.321 + 0.158 at 1 mpi (=70.4% reduction; P <
564  0.0001; Fig. 6J,K). Similarly, at a spatial frequency of 0.3 cpd, the PERG P1-N1 amplitude
565  ratio declined from 1.215 £ 0.489 at baseline to 0.513 + 0.068 at 1mpi (=57.8% reduction; P <
566 0.0001; Fig. 6L, M). In contrast, no significant reductions in FVEP or PERG amplitudes were
567  observed in the contralateral eyes compared with baseline values (Fig. S5C, D), confirming a
568  unilateral deficit without widespread bilateral involvement.

569
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570  Localized impact induces profound retrograde retinal ganglion cell loss and
571  intracanalicular axonal degeneration

572 To validate the biological consequences of the mechanical stress channeling predicted by our
573  caprine FEA model, we evaluated the survival of retinal ganglion cells (RGC) and the structural
574  integrity of the optic nerve at 1 month post-injury (1mpi).

575  We first assessed the survival of RGC within the retina to determine the extent of impact-
576 induced retrograde degeneration. Whole-mount retinal immunofluorescence staining for
577  RBPMS revealed a densely packed distribution of RGC in the uninjured contralateral (Control)
578  eyes, whereas the traumatized (Injury) eyes exhibited widespread and diffuse RGC loss (Figure
579  7A). Standardized quantification across the mid-peripheral retina confirmed a statistically
580  significant reduction in RGC survival in the impacted group compared to the intra-animal
581  controls (Figure 7B, P < 0.05).

582 To elucidate the primary mechanical insult driving this retrograde RGC death and driven by
583  our computational prediction that impact stress predominantly concentrates within the
584  intracanalicular segment of the optic nerve, we subsequently performed high-resolution
585  paraphenylenediamine (PPD) staining on cross-sections from this specific anatomical locus.
586  The control nerves displayed typical healthy morphology, characterized by tightly packed
587  axons enveloped by thick, uniform, and intact myelin sheaths (Figure 7C, left). In striking
588  contrast, the injured nerves demonstrated classic hallmarks of severe Wallerian-like
589  degeneration, including massive intra-axonal vacuolization, extensive myelin sheath disruption,
590 and structural collapse (Figure 7C, right). Quantitative assessment corroborated these
591  qualitative observations, revealing a catastrophic and highly significant depletion of viable

592 axons within the intracanalicular segment of the impacted group (Figure 7D, P <0.01).

24

@ & E Zoological Research



593  Taken together, these robust in vivo cellular and microstructural findings perfectly mirror the
594  classical pathological cascade of clinical TON, thereby providing definitive biological
595  validation for the compressive injury mechanism elucidated by our biomechanical model.

596

597  Discussion

598  Why optic canal-centered biomechanics matter for modeling TON

599  TON is widely recognized as a consequence of blunt cranio-orbital trauma, and clinical and
600  radiological studies have long implicated the optic canal as a frequent site of injury, particularly
601  in cases accompanied by optic canal fracture. Although optic canal’s anatomical vulnerability
602 is recognized, the precise biomechanical pathways of force transmission remain poorly
603  characterized. Specifically, how external forces propagate through the cranio-orbital skeleton
604 and concentrate on the intracanalicular optic nerve is unclear. This lack of quantitative
605  understanding has limited the development of biofidelic experimental models.

606  In particular, existing TON models have largely been defined by empirical injury paradigms
607  rather than by clinically informed mechanical criteria. As a result, although many models
608  reproduce downstream pathological outcomes, such as RGC loss or visual dysfunction, the
609  biomechanical fidelity of injury induction, especially with respect to optic canal involvement,
610  has been difficult to assess in a standardized and quantitative manner. Consequently, a gap
611  remains between clinically observed optic canal-centered injury patterns and the experimental
612  frameworks used to model TON.

613 In this study, we addressed this gap by reconstructing a high-resolution human head finite
614  element model to quantitatively characterize force transmission during clinically relevant blunt
615  impacts. Our analyses mapped stress propagation and demonstrated preferential stress

616  convergence within the intracanalicular segment. However, it should be further emphasized
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617  that these simulation results are not formal clinical validations, but rather validations of the
618  apparent validity of our biomechanical assumptions.

619  Importantly, these computational simulations were primarily used to clarify macroscopic
620  biomechanical pathways and to guide the design and parameters of our transnasal impactor.
621  They do not provide direct evidence of optic nerve degeneration. Definitive validation of the
622  TON model relies on our subsequent in vivo structural, functional, and histological assessments.
623  We determined that direct optic canal impact represents a biofidelic injury paradigm for TON.
624  Implemented under transnasal endoscopic guidance in goats, this approach enables controlled
625  induction of optic canal fracture and intracanalicular nerve compression while preserving the
626  surrounding ocular structures. In doing so, the model establishes not only anatomical and
627  pathological similarity to human TON, but also a quantitative link between biomechanics and
628  experimental injury induction, providing a more rigorous framework for evaluating disease
629  severity and therapeutic intervention.

630  From a structural mechanics perspective, the intracanalicular segment is uniquely susceptible
631  to load convergence because it is constrained within a rigid bony canal and surrounded by
632  tightly apposed meningeal and periosteal interfaces (Pircher et al., 2017), leaving limited
633 capacity for displacement or stress redistribution during cranio-orbital impact. Under blunt
634  trauma, forces transmitted along the orbital walls can therefore be funneled toward the optic
635  canal and translated into localized compression and shear on the intracanalicular nerve. This
636  anatomical confinement provides a plausible mechanistic explanation for why the peak loading
637  in our simulations consistently emerged at the intracanalicular segment across multiple impact
638  directions. Importantly, this biomechanical information helps connect experimental TON
639  model to a clinically relevant injury pattern and offers quantitative parameters that can be used
640  to standardize injury severity across studies.

641
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642  Comparison with existing TON models

643  Most existing TON models rely on rodents and direct optic nerve crush (Tang et al., 2011).
644  While these approaches reliably induce RGC loss and visual dysfunction, they bypass the optic
645  canal and thus fail to reproduce the canal fracture—mediated injury characteristic of human
646 TON. Additionally, crush injuries are typically applied to the retrobulbar segment near the
647  globe, causing rapid retrograde degeneration and early RGC apoptosis—dynamics that differ
648  from human TON, where injury occurs within the optic canal. Consequently, the temporal
649  progression of RGC degeneration and visual dysfunction in crush models may not accurately
650 reflect clinical patterns, limiting their ability to replicate optic canal fracture—mediated
651  pathology.

652  More invasive rodent models, such as optic tract transection following craniotomy, allow
653  precise manipulation of post-chiasmatic injury but require extensive cranial opening,
654  introducing surgical trauma and systemic stress. Ultrasound-based paradigms (Tao et al., 2017)
655  partially mimic blunt orbital impact but deposit energy in surrounding soft tissues, often
656  causing collateral damage to extraocular muscles, eyelids, or bone. The TITON model
657  developed by Ryan et al. isolates shear forces via torsional injury, highlighting the utility of
658  rodents for specific biomechanical studies(Ryan et al., 2025). However, rodents have open
659  orbits and extremely short optic canals, unlike the deep, enclosed human canal, limiting the
660  translation of stress transmission and force-funneling dynamics. While these models capture
661  important aspects of optic nerve injury, they do not replicate the combination of canal fracture,
662  localized intracanalicular compression, and contralateral eye preservation seen in many human
663  TON cases.

664  In contrast, our goat model was explicitly designed to reflect human-relevant biomechanics.
665  Grounded in human-head finite-element analysis and implemented via a minimally invasive

666  transnasal approach, it preserves the optic canal-centered injury mechanism. Goats’ cranio-
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667  orbital anatomy and optic canal geometry closely resemble humans, enabling realistic force
668  transmission and improved biomechanical fidelity. The relatively larger surgical space around
669  the optic canal allows endoscopic manipulation, device deployment, and interventional
670  refinement, creating opportunities for therapeutic and surgical technology development not
671  feasible in murine models. Together, these features position the goat optic canal fracture model
672  as a biofidelic platform bridging small-animal studies and human disease, offering clear
673  advantages for mechanistic and preclinical research. Importantly, rather than replacing existing
674  rodent TON paradigms, this large-animal model complements them by providing human-
675  relevant biomechanical fidelity and an experimental platform for interventions that are not
676  feasible in small animals.

677

678  Inter-species biomechanical considerations

679  While Saanen goats provide an anatomically favorable platform for trans-nasal endoscopic
680  access to the pre-chiasmatic optic nerve, translating caprine biomechanical findings to humans
681  necessitates careful consideration of inter-species morphometric differences. Goat cranial bone
682  density, absolute optic canal dimensions, and periorbital soft tissue thicknesses differ from
683  human parameters. Nevertheless, comparative finite-element analysis (FEA) demonstrates that
684  the fundamental mechanism of indirect TON is governed primarily by conserved topological
685  architecture rather than absolute anatomical scaling. In both humans and goats, the optic canal
686  forms a rigid, narrow bony “choke point” surrounding the viscoelastic optic nerve. The extreme
687  stiffness mismatch between cortical bone and neural tissue—spanning several orders of
688  magnitude—ensures that dynamic mechanical stress from periorbital impact is funneled into
689  the intracanalicular segment. As a result, despite macroscopic morphological differences,
690  highly localized stress concentrations and subsequent axonal injury patterns are faithfully

691  recapitulated in the caprine model.
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692  Sequential phenotype of the goat TON model

693  The traumatic optic neuropathy (TON) phenotype in this caprine model emerges in a clearly
694  defined temporal sequence. An acute functional deficit, manifested as a relative afferent
695  pupillary defect (RAPD), is detectable within 24 hours post-impact, serving as an immediate
696  indicator of successful model induction. Progressive structural degeneration, including retinal
697  ganglion cell complex (GCC) thinning, along with severe electrophysiological deficits
698  reflected in FVEP and PERG amplitude reductions, are definitively observed at one month
699  post-injury. These sequential manifestations underscore the translational value of the model,
700  complementing existing rodent paradigms by offering unique biomechanical and anatomical
701 advantages without replacing smaller-scale models.

702

703 Synergistic contribution of primary and secondary injury mechanisms

704  Pathophysiologically, the progressive neuropathy observed in this model is the result of
705  synergistic interactions between primary and secondary injury mechanisms. The initial
706 mechanical shock delivers substantial kinetic energy to the intracanalicular optic nerve, likely
707  causing immediate axonal contusion and shearing. Subsequently, the reproducibly generated
708  depressed fracture fragment exerts sustained physical compression, initiating secondary
709  ischemic and neuroinflammatory cascades that culminate in progressive retinal ganglion cell
710  apoptosis over the one-month follow-up period. While the current study design does not allow
711  quantitative separation of primary versus secondary contributions, and the specific molecular
712 mechanisms driving these secondary pathological changes require further exploration via
713 future multi-omics analyses, the reproducible creation of a stable, space-occupying fracture
714 fragment closely mirrors clinical compressive TON. This feature renders the model uniquely
715  suitable for preclinical studies evaluating the timing, technique, and efficacy of endoscopic

716  decompression strategies.
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717 Advantages of the optimized elastic-energy driven impactor

718  Accurate and reproducible induction of optic canal injury is critical for large-animal modeling
719 of traumatic optic neuropathy (TON). In this study, we refined the initial gas-driven impact
720  system into a second-generation elastic-energy—driven impactor to overcome limitations
721  inherent to pneumatic actuation. While the gas-driven device enabled initial validation of
722 transnasal endoscopic access and impact-induced visual dysfunction, its performance was
723 constrained by several operational factors. High-pressure pneumatic operation imposed
724 stringent requirements on sealing and component durability, and repeated use led to wear,
725  occasional air leakage, and reduced long-term robustness. Variations in cylinder pressure
726  caused fluctuations in output force, compromising the consistency of optic canal fracture
727  induction, while mechanical recoil and handheld operation limited spatial precision and
728  increased operator-dependent variability.

729  The elastic-energy—driven system addresses these challenges by delivering a deterministic,
730  spring-mediated energy transfer governed by Hooke’s law, resulting in highly reproducible
731  peak forces and consistent loading rates. Its design allows precise control of dwell time and a
732 sharp deceleration phase, minimizing secondary reverberations and residual compression
733 typically observed in gas-driven devices. Integration with a multi-joint motorized stabilizing
734  base further enhances positional stability and virtually eliminates operator-dependent
735  variability. Together, these refinements create a robust, reproducible, and scalable platform
736  capable of producing consistent optic canal fractures across different surgical postures and
737  large-animal species. By combining reliability, precision, and ease of standardization, the
738 optimized elastic-energy—driven impactor represents a substantial advance for mechanistic
739 studies and preclinical testing of TON.

740

741
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742 Limitations and outlook

743 Despite the advantages of this model, several limitations must be considered when interpreting
744 the results and planning future studies.

745 1. Simplified Finite-Element Analysis

746 Regarding finite-element analysis (FEA), our model assumed isotropic and homogeneous
747  material properties and did not incorporate vascular structures or intracranial soft tissues, such
748  as cerebrospinal fluid (CSF) and brain parenchyma. This simplification was primarily
749  necessitated by the limited resolution of clinical CT imaging, which precluded precise
750  segmentation of vascular and CSF interfaces for detailed three-dimensional reconstruction. In
751  addition, the subarachnoid space within the human optic canal is extremely narrow, with
752 minimal CSF volume and limited free flow (Liugan et al., 2017), rendering the hydraulic
753 damping effect within the bony canal negligible. Furthermore, although assuming isotropy may
754 affect precise local stress estimates within the anisotropic axonal tracts, the massive stiffness
755  gradient between the rigid craniofacial skeleton (GPa range) and neural tissues (kPa range)
756  ensures that the macroscopic spatial pattern of stress convergence toward the optic canal is
757  fundamentally driven by skeletal deformation. This stiffness-dominated macroscopic response
758  aligns with established biomechanical paradigms in recent TON modeling(Li et al., 2020),
759  confirming that our model's stress routing remains robust despite soft-tissue simplifications.
760  Finally, relying on generalized mammalian biomechanical constants rather than caprine-
761  specific ex vivo mechanical testing remains an additional limitation.

762 2. Sample Size, Statistical Power, and Inter-Individual Variability

763 Large-animal studies inherently require substantial logistical and financial resources, which
764  constrain achievable sample sizes compared with rodent models. To ensure rigorous validation
765  and address potential concerns regarding generalizability, we conducted a comprehensive post

766 hoc power analysis for the primary endpoints (Table S3). The analysis confirmed that, with a
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767  relatively small sample size, the calculated statistical power for both structural (OCT) and
768  functional (FVEP, PERG) endpoints consistently exceeded 85%, demonstrating
769  mathematically that our current cohort is sufficient to robustly capture the core phenotypic
770  features of the model.

771 However, it should be acknowledged that, although our sample size provides adequate power
772 tovalidate the observed structural and functional deficits, it may be underpowered for detecting
773 subtle biological or molecular differences. To overcome this limitation, future studies may
774  incorporate larger cohorts of large animals to enable detection of finer-scale biological effects.
775  Inter-individual cranio-orbital variability also warrants consideration. The robustness of the
776  impact site against anatomical differences is supported by our simulations (Fig. 3), which show
777  that even with £10° deviations in impact angle or £10% variation in bone mechanical properties
778  (density, Young’s modulus, Poisson’s ratio), the optic nerve within the canal consistently
779 experiences the highest localized mechanical stress. This demonstrates that the impactor design
780  and targeting strategy are inherently resistant to minor anatomical or procedural variations,
781  ensuring reproducible force delivery across subjects. Additionally, strict age- and weight-
782 matching of experimental animals further reduces baseline variability.

783 3. Sex Selection

784  This foundational study used a uniform, single-sex cohort of male goats. This approach was
785  chosen to minimize confounding effects from female estrous cycle-related hormonal
786  fluctuations (e.g., estrogen and progesterone), which can exert potent and variable
787  neuroprotective and immunomodulatory effects following neurotrauma. Furthermore, this
788  selection closely aligns with the clinical epidemiology of TON, which overwhelmingly affects
789 males due to higher rates of severe craniofacial trauma, as confirmed by our recent large-scale
790  clinical survey(Zhang et al., 2025). By mirroring the primary clinical demographic, the use of

791  male-only animals ensured reproducibility of macroscopic structural and functional outcomes
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792 while adhering to ethical 3Rs guidelines (reduction) for large-animal research. We explicitly
793 acknowledge that this design inherently limits the evaluation of sex as a biological variable.
794  Future studies will incorporate mixed-sex cohorts with larger sample sizes to enhance
795  generalizability.

796 4. Surgical Approach and Local Inflammation

797  We acknowledge that the creation of an artificial sphenoid sinus inherently induces a certain
798  degree of local surgical trauma. However, owing to the minimally invasive nature of our
799  transnasal endoscopic approach, only the essential and minimal mucosal resection is performed,
800  which substantially limits the local inflammatory response. Furthermore, in previous studies,
801  sham-operated control animals that underwent identical surgical exposure without optic nerve
802  injury exhibited no significant structural or functional visual deficits (Zhang et al., 2022).
803  Combined with observations of the contralateral, uninjured eyes in the current study, these
804  findings indicate that secondary local inflammation did not produce detectable structural or
805  functional effects in the fellow eyes. Nevertheless, recent large-scale clinical surveys report
806  that 3.7% of TON patients present with bilateral involvement (Zhang et al., 2025), suggesting
807  that subtle systemic neuroinflammatory or trans-synaptic central effects on the contralateral
808  eye cannot be entirely excluded.

809 5. Diagnostic Criteria and Selection Bias

810  The large-animal TON model established in this study does not involve quantitative grading of
811  optic canal injury. To minimize variability and avoid inclusion of animals with mild or delayed
812  functional deficits, we selected a stringent inclusion criterion based on the most severe TON
813  injury: a RAPD grade difference >2 within 24 hours. While this approach ensures consistency

814  of baseline injury for subsequent intervention studies, it may limit the model” s representation

815  of the full clinical spectrum of TON.

816
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817 6. Short Post-Injury Follow-Up

818  While one-month post-injury assessments provide sufficient validation of the acute and
819  subacute model, extended follow-up will be required to delineate chronic neurodegenerative
820  changes and to determine whether subtle bilateral compensatory or inflammatory effects occur
821  over time.

822

823  Conclusion

824 By combining high-resolution human head finite element analysis with iterative engineering
825  refinement, we identified the intracanalicular segment of the optic nerve as the principal
826  biomechanical vulnerability during blunt periorbital trauma and leveraged this insight to
827  establish a biofidelic, transnasal endoscopic optic canal fracture model in goats. This large-
828  animal model reproducibly recapitulates the defining structural and functional features of
829  clinical TON, including optic canal fracture, GCC thinning, relative afferent pupillary defect,
830  visual electrophysiological deficits and definitive RGC and axonal degeneration, while
831  minimizing collateral injury and preserving the fellow eye. Building on this framework, the
832  goat model and elastic-energy—driven impact system provide a practical platform for future
833  studies on neuroprotection, axonal regeneration, surgical decompression strategies, and the
834  development of translational interventions targeting optic canal-centered traumatic optic
835  neuropathy. Ultimately, this model and the associated impact system provide a rigorously
836  standardized preclinical platform for future translational investigations of neuroprotective
837  therapies, axonal regeneration, and surgical decompression strategies.

838

839  Data availability

840  Data and code will be made available on reasonable request.

841
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Table 1 Material properties.

tissue density (kg/ m?) Material parameters
optic nerve 1040 E=30kPa, v~0.5;
91=0.45,7,=0.5;9,=0.365 7,=50
skull 1300 E=14.5GPa, v=0.35
eyeball 1006 K=2.272GPa, v~0.5
extraocular 1200 E=11MPa, v=0.4
muscles
ligament 1109 E=5MPa, v=0.4
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960  Figure 1 Finite element model of the human head used to simulate force transmission to
961  the optic canal.

962  (A) Representative horizontal head CT images depicting various optic canal fractures in
963  clinical TON cases. Scale bar = 2cm

964  (B) A concise schematic summarizing the overarching research workflow, progressing from
965  computational biomechanical simulation to in vivo injury induction and subsequent biological
966  validation.

967  (C) Flowchart and representative images demonstrating finite element analysis based on head

968  CT scan step by step, including tissue segmentation, 3D-reconstruction, and mesh adaptation.
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Figure 2 The intracanalicular optic nerve suffered the highest mechanical stress
following a periorbital blunt impact.

(A) Impact force reached its peak at 50 ms, exhibiting a Gaussian distribution with a magnitude
of 3900 N.

(B) Color-coded displays showing force propagation from the periorbital region towards the
optic canal along the orbital wall.

(C) Anatomic segmentation of the optic nerve (ON).

(D-E) Color-coded illustration and quantification of force distribution along the ON at 50.6

ms.
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980
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982

(F) Cross-sectional stress map showing the force distribution at the center of the

intracanalicular segment of the optic nerve at 50.6 ms. S: Superior, I: Inferior, N: Nasal, T:

Temporal.
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987  (A) Representative simulations illustrating the site of periorbital impact and the locations for
988  force distribution analysis.

989  (B) Quantification of force distribution at different analysis sites following periorbital impact
990  at 50.6 ms.

991  (C) Schematic showing direct impact to the optic canal.

992 (D) Quantification of force distribution across different analysis sites following direct optic
993 canal impact at 50.6 ms.

994  (E-F) Color-coded illustration and quantification of force distribution along the optic nerve
995  following direct optic canal impact at 50.6 ms.

996 (G, J) Schematics illustrating deviation in impact angle by 10 degrees, both upward and
997  downward, for periorbital (G) and optic canal (J) impacts.

998  (H-I, K-L) Quantification of force distribution fluctuation along the intracanalicular optic
999  nerve by 10-degree deviations in impact direction and a 10% variation in bone mechanical
1000  properties (density, Young's modulus, Poisson's ratio) for periorbital impact (H, I) and optic
1001 canal impact (K, L).

1002
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1004  Figure 4 Establishment of a reproducible TON goat model induced by optic canal

1005  fracture under transnasal endoscopy.
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1006  (A) Schematic diagram of the gas-driven impactor, consisting of a high-pressure air tank, a
1007  compression chamber with a pressure valve, and a barrel containing the impact rod.

1008  (B) Calibration of the device showing impact force at the rod tip under different air pressures
1009  in the compression chamber (2, 3, and 4 MPa). Each dot represents one impact (n = 10 per
1010  pressure level); data are shown as mean + SD.

1011 (C) Schematic diagram of the impact rod.

1012 (D) Schematic diagram of the endoscopic approach.

1013 (E) Intraoperative endoscopic views of key surgical steps. (a—d) Exposure of the anterior wall
1014  of the sphenoid bone after removal of the nasal septum, turbinates, and olfactory mucosa. The
1015  dotted yellow line in (d) outlines the bony window. (e—h) Drilling of the sphenoid body to
1016  create an artificial sphenoid sinus, providing direct access to the pre-chiasmatic optic canal.
1017 (i-1) Optic canal fracture induction: the impactor tip is seated against the anterior wall of the
1018  optic canal and a single impact generates a circumscribed bony fragment (yellow circle) that is
1019  displaced into the canal lumen.

1020  (F) Representative CT images showing a normal goat optic canal (left), a post-impact goat
1021  optic canal with a depressed fracture fragment (right, yellow circle).
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1023

1024
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1027
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Figure 5 Structural and functional damage in a gas-driven goat model of TON.

(A) Representative peripapillary OCT scans of the injured eye at baseline and 1 month post-

injury (1 mpi), with the GCC segmentation overlaid. Scale bar =200 um
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1035 (B) Quantification of GCC thickness in different macular sectors at baseline and 1 mpi (n = 8
1036  goats; mean = SD). In the injured eyes, GCC thickness exhibited significant thinning across all
1037  sectors. For example, in the temporal-superior (TS) sector, thickness decreased from 323.4 +
1038 76.1 um at baseline to 286.5 = 67.8 um at 1 mpi (~11.4% reduction; P = 0.0018, two-way
1039  ANOVA, time factor).

1040  (C) Representative infrared images of the direct (IPLR) and indirect (iPLR) pupillary light
1041  reflexes in the injured and contralateral eyes at 1 month post-injury (1 mpi).

1042 (D) Quantification of PLR scores for the injured eye dPLR (left graph) and contralateral eye
1043 1PLR (right graph) at baseline (BSL), 1 day post-injury (1 dpi), and 1 month post-injury (1
1044  mpi). Data are shown as mean £ SD; ns, not significant.

1045  (E) Representative flash visual evoked potentials (FVEP) recorded from injured and
1046  contralateral eyes at baseline and 1 mpi.

1047  (F) Ratios of FVEP P1-N1 amplitudes between injured and contralateral eyes (Inj/CL) at
1048  baseline and 1 mpi (n = 8; mean = SD). The FVEP amplitude ratio exhibited a significant
1049 decline. At a flash intensity of 0.25 cd-s/m?, the ratio decreased from 1.020 £ 0.306 at baseline
1050  t0 0.573 + 0.229 at 1 mpi (~43.8% reduction; P = 0.0010).

1051  (G) Representative pattern electroretinogram (PERG) traces from injured and contralateral
1052 eyes at baseline and 1 mpi.

1053  (H) Ratios of PERG P1-N1 amplitudes between injured and contralateral eyes (Inj/CL) at
1054  different spatial frequencies at baseline and 1 mpi (n = 8; mean + SD). The PERG amplitude
1055  ratio demonstrated significant declines across all tested spatial frequencies. At 0.3 cpd, this
1056  ratio declined from 1.113 + 0.444 at baseline to 0.528 + 0.124 at 1 mpi (~52.6% reduction; P
1057 < 0.0001).

1058  OCT-based GCC thickness in (B) was analyzed using two-way ANOVA with retinal sector

1059  and time (baseline vs 1 mpi) as factors. PLR data in (D) were analyzed using one-way ANOVA.
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1060

1061

1062

1063

1064

FVEP amplitude ratios in (F) were analyzed using two-way ANOVA with stimulus frequency

and time as factors. PERG amplitude ratios in (H) were analyzed using the Scheirer—Ray—Hare

non-parametric two-factor test with spatial frequency and time as factors. *P < 0.05, **P <

0.01, ***P <0.001, ****P <0.0001.
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Figure 6 The elastic-energy driven goat model of traumatic optic neuropathy.

(A) Schematic diagram of the elastic-energy driven impact device used for optic canal fracture

induction.
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1069  (B) Histogram summarizing the relationship between spring extension distance and impact
1070  force at the rod tip. Each bar represents one extension distance (n = 10 impacts per distance).
1071 (C) Schematic of the motorized base with five independently driven joints, providing multi-
1072 axis positioning and recoil compensation during impact.

1073 (D) Multi-axis stabilizing base for precise positioning of the impactor. Schematic views
1074 illustrate base rotation, arm elevation, proximal joint angulation, and vertical and horizontal
1075  adjustment of the impact head, which together allow flexible alignment of the impact rod with
1076  the optic canal. The right-bottom panel shows intraoperative transnasal application of the
1077  impact system in a goat.

1078  (E) Verification of impacted optic canal fracture. Representative intraoperative endoscopic
1079  view (top) showing a circular bony fragment (yellow circle) that has been driven into and
1080  embedded within the optic canal, forming an impacted fracture. Postoperative CT image
1081  (bottom) confirms the impacted optic canal fracture, with the bony fragment lodged in the canal
1082 lumen (yellow circle) and exerting focal compression on the optic nerve.

1083 (F) Representative OCT images of the ganglion cell complex (GCC) in the injured (Inj) and
1084  contralateral (CL) eyes at baseline and 1 month post-injury (1 mpi). Scale bar = 200 pum.

1085  (G) Quantification of peripapillary GCC thickness in six sectors (NS, N, NI, TI, T, TS) at
1086  baseline and 1 mpi (n = 6 goats; mean = SD). In the injured eyes, GCC thickness exhibited
1087  significant thinning across all sectors. For example, in the temporal-superior (TS) sector,
1088  thickness decreased from 336.2 + 58.2 pum at baseline to 249.2 + 39.8 um at 1 mpi (~25.9%
1089 reduction; P =0.00022).

1090  (H) Representative infrared PLR images showing loss of the direct PLR (dPLR) in the injured
1091  eye and preserved indirect PLR (iPLR) in the contralateral eye at 1 dpi, consistent with a

1092 relative afferent pupillary defect.
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1093 (I) Quantification of dPLR scores in the injured eye and iPLR scores in the contralateral eye at
1094  baseline (BSL), 1 day (1 dpi), and 1 month (1 mpi) post-injury.

1095  (J) Representative FVEP waveforms recorded from injured and contralateral eyes at baseline
1096  and 1 mpi (flash intensities 0.025 and 0.25 cd-s/m?).

1097  (K) Relative FVEP P1-N1 amplitude ratios (Inj/CL) at the two flash intensities (n = 6; mean +
1098  SD). The FVEP amplitude ratio exhibited a significant decline. At a flash intensity of 0.25
1099 cd-s/m?, the ratio decreased from 1.086 + 0.323 at baseline to 0.321 £ 0.158 at 1 mpi (~70.4%
1100  reduction; P <0.0001).

1101 (L) Representative PERG waveforms from injured and contralateral eyes at baseline and 1 mpi
1102 (spatial frequency 0.3 cpd).

1103 (M) Relative PERG P1-N1 amplitude ratios (Inj/CL) across spatial frequencies (0.1-3.0 cpd;
1104 n = 6; mean = SD). The PERG amplitude ratio demonstrated significant declines across all
1105  tested spatial frequencies. At 0.3 cpd, this ratio declined from 1.215 + 0.489 at baseline to 0.513
1106  +0.068 at 1 mpi (~57.8% reduction; P < 0.0001).

1107  Impact-force data in (B) were analyzed using ordinary one-way ANOVA with Tukey’s
1108  multiple comparisons test. OCT-based GCC thickness in (G) was analyzed using the Scheirer—
1109  Ray—Hare non-parametric two-factor test with retinal sector and time (baseline vs 1 mpi) as
1110  factors. PLR data in (I) were analyzed using one-way ANOVA. FVEP amplitude ratios in (K)
1111 were analyzed using two-way ANOVA with stimulus intensity and time as factors. PERG
1112 amplitude ratios in (M) were analyzed using the Scheirer—Ray—Hare non-parametric two-factor
1113 test with spatial frequency and time as factors. Data are mean + SD; *P < 0.05, P <0.01, *P <
1114 0.001, ****P < 0.0001.

1115
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1116

1117 Figure 7. Histological and quantitative evaluation of retinal ganglion cell (RGC) survival
1118  and optic nerve axonal degeneration in the caprine TON model at 1 month post-injury
1119  (1mpi).

1120 (A) Representative RBPMS immunofluorescence staining of retinal flat mounts from the
1121 uninjured contralateral (CL) and injured (Inj) eyes. Scale bar = 50 um.

1122 (B) Quantification of RGC survival (count per field). The injured eyes exhibited a significant
1123 reduction in RGC compared to the uninjured controls. Data are presented as mean = SD (n =4
1124 per group). *P < 0.05 by paired Student's t-test.

1125 (C) Representative paraphenylenediamine (PPD) staining of optic nerve cross-sections at the
1126  intracanalicular segment. The control nerves display densely packed, intact myelin sheaths,
1127 whereas the injured nerves exhibit severe axonal loss, myelin sheath disruption, and extensive

1128  vacuolization. Scale bar = 10 pm.
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1129

1130

1131

1132

(D) Quantification of viable axons (count per field) in the intracanalicular segment, confirming

massive axonal depletion following impact. Data are presented as mean + SD (n =4 per group).

**P < 0.01 by paired Student's t-test.
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1133

1134
1135

Table S1. Materials and supplies.

Materials

Company

Catalogue no.

Saanen goat

Propofol

Isoflurane

Xylazine

periosteal elevator

Nasal Mucosa Knives

Sinuscopes

Endoscopic microdebrider

Endoscopic microdrill

Closed IV catheter system

Hemocoagulase Atrox

Heidelberg Spectralis OCT
system

Visual Electrophysiology
System

GraphPad Prism

Caimu Livestock Company, China

Fresenius Kabi, Sweden

RWD Life Science, China

Jilin Huamu Animal Health Products
Co. LTD, China

JZ Classic, China

JZ Classic, China

HENKE SASS WOLF, Germany

Medtronic, America

Medtronic, America

BD Shanghai Medical Device Co.,
Ltd, China

Penglainuokang Pharmaceutical,
China

Heidelberg Engineering (Germany)

Visual Electrophysiology System

GraphPad Prism

H7Z150

7197200300

1884004

1882969

383019

GT-2008V-III

RRID:SCR_002798
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1137

1138

1139

1140

1141

Table S2 Perioperative Morbidity, Mortality, and Exclusion Rates by Impactor Type

Impactor Total PLR grade PLR grade Exclusion Perioperative
Animals (N) >2 <2 Rate Morbidity/Mortality
Gas driven 20 18 2 10.00% 2/0
Elastic-
energy 18 18 0 0.00% 1/0
driven

Note: Perioperative morbidity refers strictly to mild, transient rhinorrhea observed in 3 animals post-surgery,
which fully resolved after a 5-day course of antibiotic treatment. Exclusions were solely due to failure to meet the
acute functional deficit criterion (PLR grade difference < 2) within 24 hours post-impact. No animals were

excluded due to surgical complications.

f. Zoological Research



1142

1143
1144

Table S3 Statistic Power Analysis
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1145
1146  Figure S1. Comparative analysis of force distribution in the optic nerve following

1147  periorbital impacts at different locations
58




1148

1149

1150

1151

1152

1153

1154

1155

1156

(A) Hlustrations of force distribution along the optic nerve (upper panel), directions of force
along the optic nerve (middle panel), and force distribution through the cross-section of the
mid intracanalicular optic nerve (lower panel) at 50.6 ms, when the periorbital impact reached
its maximum strength following periorbital impacts at various locations (Superior, Inferior,
Temporal, Nasal). The grey dashed box indicates the intracanalicular segment of the optic
nerve, while the red arrow displays the direction of the impact force applied to the nerve.

(B) Schematic depicting the locations of periorbital impacts and quantification of force

distribution along the optic nerve at 50.6 ms following periorbital impacts at various locations.
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1160
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Figure S2 Goat-specific finite element analysis demonstrating highly localized stress
concentration and biomechanical equivalence following direct optic canal impact.

(A) Representative images demonstrating the development of the caprine-specific
biomechanical model, including 3D-reconstruction and mesh adaptation based on high-
resolution micro-CT scans of a Saanen goat skull.

(B) Schematic showing direct impact to the goat optic canal.

(C) Color-coded displays showing global force propagation across the caprine skull at the
moment of peak direct impact to the right optic canal (at 50.6 ms).

(D) Quantification of force distribution across different analysis sites following direct optic
canal impact at 50.6 ms.

(E, F) Color-coded illustration and quantification of force distribution along the ON at 50.6

ms.
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1172
1173 Figure S3. Quantitative engineering specifications and dynamic Kinetic characterization

1174  of the TON impactor systems.
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1175 (A) Representative dynamic force-time impulse waveform captured via a high-frequency load
1176  cell for the elastic-energy impactor at the standardized 20 mm spring deformation setting. The
1177 clean, trapezoidal impulse curve confirms a deterministic, single dynamic energy transfer event
1178  with a peak force of 18.7 N and a sharply controlled dwell time of 4.0 ms, completely devoid
1179  of unpredictable secondary reverberations or "double-hits."

1180  (B) Dual-axis force calibration curve of the first-generation gas-driven impactor. The left Y-
1181  axis indicates peak impact force (N), while the derived secondary Y-axis (right) details the
1182  localized dynamic impact stress (MPa). Testing across escalating air pressure settings (2 to 4
1183  MPa) yielded a predictable mechanical output, with the standardized 3 MPa in vivo modeling
1184  setting generating a peak impact force of 17.5 N (corresponding to 5.57 MPa of dynamic stress).
1185  (C) Complementary dual-axis force calibration curve of the optimized second-generation
1186  elastic-energy impactor across sequential spring deformation Ilengths. Notably, the
1187  standardized in vivo setting (20 mm, yielding 18.7 N) achieves high biomechanical
1188  comparability with the standardized setting of the early gas-driven prototype (3 MPa, yielding
1189 17.5 N), ensuring translational mechanical continuity between device iterations.

1190 (D) Standardized technical specifications of the elastic-energy impactor used for the 20 mm
1191  spring deformation setting.

1192

1193
1194
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Figure S4 Visual function and GCC thickness are preserved in the contralateral eyes
after TON induction with a gas-driven device.

(A-D) Gas-driven impact device cohort (n = 8 goats).

(A) OCT-derived GCC thickness in different macular sectors of the contralateral eyes at
baseline and 1 mpi (NS, nasal-superior; NI, nasal-inferior; TI, temporal-inferior; T, temporal;
TS, temporal-superior).(B) PLR scores in the TON cohort showing preserved indirect PLR
(iPLR) in the injured eyes and direct PLR (dPLR) in the contralateral eyes at baseline, 1 day
post-injury (1 dpi) and 1 mpi (0-2 grading scale; ns). (C) FVEP P1-N1 amplitudes of the
contralateral eyes at two flash intensities (0.025 and 0.25 cd-s/m?) at baseline and 1 mpi. (D)
PERG P1-N1 amplitudes recorded from the contralateral eyes at different spatial frequencies
(0.1, 0.3, 1.0, and 3.0 cpd) at baseline and 1 mpi.

Data are presented as mean + SD. OCT, PLR, FVEP and PERG data in (A-D) were analyzed

using two-way ANOVA with appropriate post hoc multiple comparisons. ns, not significant.
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Visual function and GCC thickness are preserved in the contralateral eyes

after TON induction with an elastic-energy driven device.

(A-D) Elastic-energy driven impact device cohort (n = 6 goats).

(A) OCT-derived GCC thickness in the contralateral eyes at baseline and 1 mpi, (B) PLR scores

in the TON cohort showing preserved indirect PLR (iPLR) in the injured eyes and direct PLR

(dPLR) in the contralateral eyes at baseline, 1 day post-injury (1 dpi) and 1 mpi (0-2 grading

scale; ns). (C) FVEP P1-N1 amplitudes, and (D) PERG P1-N1 amplitudes.

Data are presented as mean + SD. OCT, PLR, FVEP and PERG data in (A-D) were analyzed

using two-way ANOVA with appropriate post hoc multiple comparisons. ns, not significant.
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