

		
Derivation of the modeling approach

Geometry and tissue properties definition
Supplementary Figure 1 shows this geometry, while the geometrical values and tissue properties used are described in Supplementary Table 1 and Supplementary Table 2. The chosen geometry represents the actual physiological eye very closely.  an illustration in the form of a section cut is depicted in Supplementary Figure 2. 

For clarity of description, this work does not discuss details on how the geometry and tissue were derived here. They can be found in 17,18. 


[Place Supplementary Figure 1 here]

[Place Supplementary Table 1 here]

[Place Supplementary Table 2 here]

[Place Supplementary Figure 2 here]


Thermodynamical basics – defining the boundary conditions
For thermo-dynamical considerations in the field of  human eye modeling, Pennes version of the bioheat equation is most commonly used19–21:

 		(2)

Here  is the density,  the specific heat constant,  the thermal conductivity, and  a heat source term.  describes the temperature and  a volumetric perfusion rate of blood. The heat source  can e.g., be a metabolic activity or externally caused heat deposition. The temperatures  and  describe the blood temperature at the arterial inlet and the venous outlet. 

Some authors22–25 use  to consider the blood flow, while others4,23,24,26–31 assume and use the scleral heat transfer coefficient  instead. Whether is used or  , in both cases the blood flow is treated only by a single term: Either the global perfusion term or a heat transfer coefficient at the sclera. As explained below, in the presented work an explicit, spatially distributed vector field of blood flow inside the choroid is implemented instead. This is required if a retinal scan of a laser and its thermal impact have to be modelled realistically, because local time-dependent thermal situations need to be investigated, not just the steady state global temperature distribution. This means that the blood flow will not be considered as part of the boundary conditions within the presented work but as actual physical flow within the eye.

All eye models use two boundaries as introduced by Lagendijk32, which define the interaction with the environment, following from the two different exposure scenarios to the surrounding: The bigger part of the eye is located inside the tissue of the skull, this is defined by contact zone    The smaller part of the eye is using the boundary condition/contact zone   which represents the interaction with the environment of air with a given temperature. Supplementary Figure 2  shows on the left-hand side the boundary conditions   and  as used by all eye models so far and on the right-hand side our adapted definition. Since the model aims for maximum geometrical accuracy the  eye lid was also considered in detail. The extensions are 2.3 cm (taken from 33  without the lacrimal caruncel) by 0.95 cm34,35.

The heat transfer taking place at is described by the scleral boundary condition in equation 3.  is the normal vector perpendicular to the related surfaces,  is the scleral heat transfer coefficient and  is the scleral temperature. 


 			at   		(3)

The interaction at  (the exposed part of the cornea) follows from the effects of convection, radiation, and evaporation:

		at . 		(4)

With  being the corneal heat transfer coefficient,  the corneal temperature and E the evaporation rate.

Based on measurements on rabbits the value found for the heat transfer coefficient is  32, this includes the effect of the blood flow. The respective values for  and  were found to be  19,37 and  38. The corneal emissivity ε is assumed to be 0.975 39 and  is the Stefan-Boltzmann constant. 

These values are established as a quasi-standard for all current thermo-dynamical models of the human eye and are also used as reference within this work but are adapted to consider our more detailed modeling approach: The corneal evaporation rate is included to the hcorn value and also hscl is recalculated to derive a value not including the blood flow which is modelled separately. The calculation steps are as follows:

An environmental temperature of 25 °C was assumed, which is 9.5 °C below the estimated final corneal value of 34.5 °C (see steady state calculations and comparison with other models below). This difference combined with a corneal evaporation rate of  38 gives a convection value of 

   				(5)

Which reflects the evaporation of the corneal tear film. Adding this to the corneal convection of  19,37, gives a final value of 
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In addition, a second value was used:

			(7)

Corresponding with an evaporation rate of . This is the highest value which is still within physiological range 40.  Therefore and  define the range of values for the corneal evaporation which was used in this work. Supplementary Figure 3 shows the impact of these 2 values on the temperature distribution. For the rest of the presented calculations  was used.

To derive the scleral convection coefficient without blood flow these assumptions were made: The distance between eye and brain is 14 mm 32 and is assumed to be fully filled with fat. Fat gives a heat conductance of   41,42. The coefficient follows as:

 			(8)


Blood flow definition – Derivation 
The human eye essentially contains two independent blood circulation systems43,44. The first located in the anterior segment of the eye and can be approximated by a blood inlet at the circulus arteriosus iridis major—supplied by the long and anterior ciliary arteries—and an outlet at the vortex veins. The second circulation originates from the short ciliary arteries and drains through the vortex veins (see Supplementary Figure 4). Based on these anatomical assumptions, the model was constructed as shown in Supplementary Figure 5.

[Place Supplementary Figure 4 here]

In the numerical model, the inlets and outlets are defined as boundary surfaces, located according to Supplementary Table 3 (blood flow boundary definition). These boundary surface conditions represent the inflow and outflow and generate the internal flow field within the choroidal region. Blood flow is implemented via a vector field that defines both direction and magnitude of the flow in each mesh cell. This is implemented in two steps: First, the inflow and outflow boundary regions are specified, and a stationary flow field is computed as it forms between inlets and outlet. This yields the flow direction (vector orientation) in each cell. In the second step, the magnitudes of these vectors are uniformly set to 5 mm/s while preserving their orientations. This value corresponds to experimentally measured choroidal blood flow velocities reported by Peyman et al.45 and represents a physiologically realistic average flow speed in the posterior circulation. The final model therefore combines anatomically consistent flow directions with physiologically justified flow velocities within the tissue volume. This approach is a significant step to improve the accuracy of the eye model as compared to the simple boundary condition approach  described above. Especially for applications incorporating scanning irradiation of the eye over a longer time, the direction of flow is important. This approach is still a simplification with respect to regional variations in flow velocity. However, in the thermal regime, theimpact of blood flow becomes relevant only after a few seconds (depending on laser power and spot diameter on the retina, which are always above 20 µm), these local variations disappear in the temporal and spatial averaging. For other applications (compare e.g. the 150 °C approach in the discussion section) a more detailed modeling might be recommended which was not part of this work. 

[Place Supplementary Figure  5 here]

[Place Supplementary Table 3 here]


