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Vitrectomy and pneumatic retinopexy are common surgical procedures used to treat retinal
detachment. To re-attach the retina, gases are used to inflate the vitreous space allowing the
retina to attach by surface tension and buoyancy forces that are superior to the location of the

bubble. These procedures require the injection of either a pure tamponade gas, such as CsFs or
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SFe, or mixtures of these gases with air. The location of the retinal detachment, the anatomical
spread of the retinal defect, and the length of time the defect has persisted, will determine the
suggested volume and duration of the gas bubble to allow re-attachment. After inflation, the
gases are slowly absorbed by the blood allowing the vitreous to be re-filled by aqueous. We
have developed a model of the mass transfer dynamics of tamponade gases during pneumatic
retinopexy or pars plana vitrectomy procedures. The model predicts the expansion and
persistence of intraocular gases (CsFs, SFg), oxygen, nitrogen, and carbon dioxide, as well as the
intraocular pressure. The model was validated using published literature in rabbits and
humans. In addition to correlating the mass transfer dynamics by surface area, permeability,
and partial pressure driving forces, the mass transfer dynamics are affected by the percentage
of the tamponade gases. Rates were also correlated with the physical properties of the

tamponade and blood gases. The model gave accurate predictions in humans.

Keywords: mass transfer, perfluoropropane, sulphur hexafluoride, rates, intraocular pressure,

retina

Introduction

The annual incidence of rhegmatogenous retinal detachment has been reported to be 10-18
per 100,000 with a prevalence of 0.7%"*. Its onset can be rapid, with symptoms such as a
sudden appearance of floaters, light flashes, blurred vision, and/or reduced peripheral vision.
A detached retina can result in permanent blindness.? This condition can be treated by a
variety or combination of scleral buckling, pars plana vitrectomy, or pneumatic retinopexy”.
Both vitrectomy and pneumatic retinopexy can use tamponade gases. The retina is re-

attached by buoyancy and surface tension forces resulting from the presence of the gas
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bubble.* As reported by the US Medicare Part B database over 2000-2010, the use of
vitrectomy has been increasing while pneumatic retinopexy use has remained stable®.
Vitrectomy requires removal of vitreous before the gas is injected, while in pneumatic
retinopexy, a gas bubble is directly injected into the vitreous. In these procedures, the
intraocular gas bubble (SFg, C,F¢, or CsFg) may or may not be mixed with air depending on
whether it is post-vitrectomy (usually non-expansive) or in pneumatic retinopexy were pure gas
is injected where maximum expansion occurs.® Once the retina is in position, cryopexy or laser

treatment is used to seal the detachment.’

The gas dynamics in pneumatic retinopexy or vitrectomy are similar. In pneumatic
retinopexy, initially 100% tamponade gas is injected. The gas bubble first expands to equalize
the partial pressures of nitrogen, oxygen, and carbon dioxide with the blood gas partial
pressures. After reaching a maximum volume, the gases are slowly re-absorbed by the body
over 12-38 days. By positioning the head, the buoyant gas bubble allows the retina to re-
attach as retinal adhesion is achieved over 7-14 days, by positioning the bubble where the hole
exists to reduce the inflow of fluid into the sub-retinal space through the retinal hole.* In
vitrectomy, non-expansive gas mixtures are used, and just like in the pneumatic retinopexy

case, gases are re-absorbed by partial pressure driving forces into the blood.*’

In 2002, one of us developed a mathematical model of the mass transfer, pressure, and
fluid flow dynamics of tamponade gases injected into the eye’. This earlier model was not
validated for predicting gas composition or intraocular pressure in rabbits; however, it
predicted gas expansion, and persistence reasonably well in the rabbit. The early model could
be applied to humans, but it was not fully validated to predict expansion, intraocular pressures,
and gas composition. We have since improved the model, accounting for geometric

differences between the rabbit and human eye, correcting the partial pressure driving forces,
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and improving the numerical solution methods. These changes gave a more accurate
assessment of the multi-component mass transfer and hydrodynamics in the eye. The model
was successfully used to predict some available human data of half-lives and intraocular
pressure (IOP). Observations were also made about the permeability of the retina to the
different gases used in pneumatic retinopathy and the dependence on the size of the

tamponade gas molecules and the compositions of the gas.

Methods

To predict the dynamics of gas injected into the vitreous space, we first wrote material
balances on all of the gas components: tamponade gases, oxygen, nitrogen, and carbon
dioxide. We used a force balance to model the gas pressure and fluid hydrodynamics in the
eye. These model equations were then fitted to published data in rabbits and the model was

scaled-up to predict the dynamics in humans.

Model description

In dilute aqueous systems, such as low solubility gases in water, multicomponent mass transfer
can be successfully modelled using a mass transfer coefficient and concentration driving force.®
Others have found that reasonable results can be achieved by measuring the mass transfer of
oxygen, and using similar values for the mass transfer coefficients of other components, such
as nitrogen, CO,, and/or other components to predict multi-component gas dynamics. This
approach has been successful in the design of high purity oxygen waste water treatment

systems.®® A similar situation exists in the eye during retina re-attachment surgery, low
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aqueous solubility gas mixtures are absorbed into blood. These gases need to transfer through
an aqueous film and various membranes to reach the blood. Components in the blood have a
higher capacity for certain gases (such as oxygen) due to hemoglobin and bicarbonate (CO,),
but the net transfer rate is controlled by diffusion through the retina. With these mass transfer
coefficients, the net mass transfer can be predicted with the appropriate equilibrium partial

pressure driving forces for each component.

In the eye, the main route of mass transfer of the tamponade gas, oxygen, nitrogen,
and carbon dioxide will occur by partial pressure driven exchange through the retina to the
surrounding blood. In addition, mass transfer can occur by exchange of the flow of aqueous
humor from the eye; however, we have estimated this effect to be small and have neglected
this term. We have also neglected mass transfer through the lens and anterior surface of the

eye in this model.

Eye geometry

There is a significant difference in geometry between a rabbit eye and a human eye (Figure
1)™. The rabbit eye has a significantly larger lens to facilitate peripheral vision and avoid
predators. This fundamentally alters the ratio of retina surface area to aqueous humour and
vitreous volume that is driving the dynamics of the gas bubble in the rabbit relative to the
human. The geometry of the eye used in the original model of Hutter et al.” was a simple
sphere, which did not account for the volume of the lens. In this paper a more accurate
representation of surface area and volume has been developed. The model was still based on

a sphere, but for highly myopic patients a longer axis and higher surface area is possible. We
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did not have detailed information on the anatomical variations of the patients or rabbits so we

used our spherical geometry in all cases.

To determine the surface area for mass transfer, the Visualization Toolkit'* (VTK) was
used within a Python script to calculate the volume and surface area of the bubble (see
supplemental material for the Python script). This involved using the intersection of two
spheres to exclude a region that represented the space occupied by the lens. The bubble
geometry was approximated by first creating a sphere representing the interior of the eye
Figure 2-a. The region occupied by the lens was removed with a Boolean operation, whereby
the intersecting volume of another sphere was deleted Figure 2-b. The bubble was truncated
with a cutting plane at some height, h, as measured from the top of the original sphere Figure
2-c. The resulting object yielded the volume of the bubble. The surfaces associated with the
lens and the cutting plane were removed, and the remaining shell provided surface area of the

bubble Figure 2-d.

We also calculated the surface area and volume by an analytical calculation of the
surface area of a lune. A lune is a concave-convex area created by the intersection of two
circular arcs.” The details of this calculation can be found in the attached supplemental

material.

Both the VTK calculation and the lune calculation gave excellent agreement between
surface area and volume for a changing gas bubble contacting the retina surface in the rabbit
(Figure 3). We also found that the more complex geometry gave good agreement with the
earlier spherical model at low volumes, but at larger gas volumes the earlier model under-
predicted surface area. These calculations show that correcting the total volume of the eye, in

the simple sphere model, to exclude the volume occupied by the anterior chamber and the
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lens gives good agreement with the rabbit geometry. This allows the simple spherical

geometry to be retained, while accounting for the different geometry in each species.

Determining Equations

The eye is represented by a sphere of radius r partially filled with liquid, the remaining volume
being occupied by a mixture of air and the tamponade gas. The interface between liquid and
gas is a plane intersecting the sphere at a distance h measured from the top of the sphere.
Due to the dynamics of the gas bubble this interface will move along the z axis, with time t,

changing the bubble volume V.

The following equations describe the multi-component mass transfer of gases through

the retina.

dNg, NooRT N
at = —koza ( - POZ 1

dNpy» Np2RT «

= —kna( ~ Piz) 2

dt N2 v N2
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The ideal gas law PV = NRT was used to substitute for the pressure in the gas bubble. The
effect of surface tension on pressure was neglected in the total pressure because our estimate
by the Laplace Equation®® predicted significant effects only at a radius of curvature around 0.6

mm (0.0009 cm?), which is smaller than most of the bubbles used in these procedures. In
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clinical practice, a typical target is up to a 1 cm® initial injection for retinopexy, vitrectomy

cases typically target a complete fill with non-expansive gases.

In order to determine the evolution of the gas bubble volume a fluid balance is
constructed for the eye. The eye is assumed to have a constant influx of aqueous humour of
Q;, cm>/day due to active secretion and ultrafiltration. The outflow facility of the eye through
the trabecular and uveoscleral pathways is determined by the permeability K}, and the
difference between the intraocular pressure and the episcleral venous pressure Fy,s. This can

be expressed as

Vig _ _dv _ 0w — K. ((N02+NN2+Ncoz+Nx)RT
dt dt n p v

+P, — Peps), 5
where the intraocular pressure is computed using the ideal gas law, the molar quantities for
each of the gas constituents and the water vapour partial pressure B,,. The total volume of
the eye is considered fixed and composed of the sum of the gas bubble and liquid volumes

Veye = Viiq TV, which enables the differential equation to be written in terms of V.

The physiological parameters used in the model have been taken from published
experimental values which are shown in Table 1. Little is known about the values of the
oxygen, nitrogen, carbon dioxide, and tamponade mass transfer coefficients, ko, Kz, kcoz, and
k.. For this reason they must be obtained by fitting the model to experimental data. In our
model, we fitted ko, and ky to experimental results in the rabbit, and then used those values to
predict dynamics in humans. Using the value of ko,, the values of ko, and ky, were estimated

from the published diffusivities in water.

Additionally, the initial conditions for this model are determined by the injected

tamponade gas composition and volume V[t = 0], N; and Ny [t = 0].
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In order to solve the system of equations, a function needs to be determined for
calculating the surface area of the eye in contact with the bubble area. For the rabbit eye, the
surface area and volume generated by the VTK or the lune calculation can be used. For the
human eye, a spherical cap is a reasonable approximation since in most retinopexy/vitrectomy
situations the vitreous is filled. The patient is commonly maintained in a face-down position so
that this gas bubble allows surface tension to re-attach the retina and reduce fluid behind the
defect. The gas bubble has reduced contact with the intraocular lens. The volume and

surface area of a spherical cap can be calculated from the following:**

V =mh?(3r—h)/3 6

and

a = 2nrh 7

For the rabbit eye, the vitreous volume was corrected for the larger lens of the eye.
The surface area per unit volume used was previously shown in Figure 3. In addition, in the
rabbit experiments, the rabbits head is not fixed in a downward position. Therefore, a simple
spherical cap is not an accurate representation of the surface area and volume for the gas

bubble.

To evaluate the components transferred by the aqueous pathway, in an earlier version
of this model we included an aqueous pathway using Henry’s Law to define to the
concentrations of gases in water exiting through the anterior chamber. Using this equation, we
found that only 1-2% of the tamponade or other gases would exit by this pathway, and thus

this term was neglected in our final model. The blood perfusion to the eye is the dominant
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pathway for exchange of gases. Thus, this aqueous pathway can be neglected without

significant loss in model accuracy.

Results and Discussion

Mass transfer calculations in animals or the human body can be very useful in designing or
evaluating medical devices or treatments for various disease or injuries. Unlike calculations
used for various processes in the chemical industry, parameters in animals or humans are often
harder to define, and variable. For example, in a rabbit eye, the shape of the lens changes
during accommodation depending on what the rabbit is focusing on, and this affects the
volume of the vitreous, and the resulting surface area coverage of the retina during the
procedure. This is less of an effect in older human patients with smaller, firmer, less supple
lenses. In pseudophakic patients, this volume will be less variable. In addition, the anatomy of
the rabbit eye is different from the human eye. By defining the anatomy accurately, it is
possible to obtain an accurate model for multi-component mass transfer processes in animals.
These types of calculations can be used to predict results in humans if the anatomical

parameters are properly scaled from the animal results.

The 2002 model worked well to predict expansion and persistence of intraocular gases
in the rabbit. However, we have found that the 2002 version of the model did not accurately
predict published gas compositions in the rabbit. To correct this problem, we adjusted the
blood partial pressure driving forces to venous values as shown in Table 2. As shown, lower
oxygen partial pressures are a more accurate representation of the bubble concentrations as

reported by Abrams et al.*® for SF (rabbits, species un-specified, 3.5-5.0 kg, 6-96 h), and
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Peters et al.'” for C;Fs (New Zealand white rabbits, 2.8-4.5 kg, 6-336 h). Also, both authors

report long persistence of the tamponade gases with non-zero partial pressures.

Model calibration in rabbits

The model was parameterised by adjusting the mass transfer coefficient of the
tamponade gas and oxygen until the best fit of volume was achieved. The values of mass
transfer coefficient k, for the other components (CO, and N,) were scaled to ko, using the

1/2)19 worked

relative diffusivities.’® It was found that the penetration theory of Higbie (kga D
best to predict the mass transfer coefficients for N, and CO,. The properties of the gases are in

Table 3.

The mass transfer coefficients were obtained using a nonlinear gradient free method in
MatLab (Natick MA), with robust weights to reduce the impact of outliers in the data. Itis also
important to realise that the equations are singular when V=0 and V=V, (the maximum gas
volume in the eye), i.e. when the eye is entirely full or entirely empty. This leads us to discard
any results that completely empty the eye of aqueous, or stop the simulation when the eye is

completely filled with vitreous.

The mass transfer coefficients were obtained from what was deemed to be the best
available experimental data. There were only two sources suitable for this, and these are now
detailed briefly. Published results in rabbits are generally consistent but are not exact matches.
This is due to the differences in protocols between investigators as well as variations between
animals. Both Lincoff et al. ° (New Zealand red rabbits, 2.5-3.0 kg, 0-35 days, CF4, C,F¢, CsFs,
C4F10) and Abrams et al.*® used direct measurement to determine the gas volume of the
bubble. Lincoff et al.”” measured gas volume after the rabbits were euthanized by recovering

the gases in a graduated pipette filled with water. Abrams et al.’® recovered the gases and
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measured the volume using a graduated syringe. We believe that these methods of volume
measurements are more accurate than visual methods such as measurement of the angular

.° we fitted the model to 0.2

extent of the bubble.?* Using the published data of Lincoff et a
and 0.3 mL injections of gas in New Zealand red rabbits (Figure 4). SFg data (volume &
composition) was fitted to the results of Abrams et al*® (Figure 5). This combined with the
Lincoff et al.” data comprise the full training set used to obtain mass transfer coefficients for

various perfluorocarbon and SF¢ gases. The final mass transfer coefficients, obtained from this

data, are shown in Table 4

Gas composition was also fitted in rabbits using the data of Peters et al. ref Peters et
al."’ reported results with CsFs as a percentage of maximum volume as well as composition.
We do not expect differences between New Zealand red and white rabbits since they are the
same species and only differ by pigmentation. Unfortunately, the presented results are missing
information for a rigorous parameterisation of the model (Peters et al.’” reports % of maximum
volume, not an exact measurement in mL). Also, Peters et al.'” estimated the gas volume by
indirect ophthalmoscopy, a visual method that may not be as accurate as direct volume
measurement. Peters et al."” did measure the composition of the gas bubble at various time
points by direct samples and a gas chromatography method. The volume & composition vs.
time curves have been normalised without information about the volume normalisation
provided (we estimated the maximum volume based on the initial injected gas volume). For
this reason it has been used solely as validation data for volume. The rabbit mass transfer
coefficients, obtained using the training data, are used to predict the experimental results of
Peters et al."” ref. The results are shown in Figure 6. Peters et al."reported slightly less
expansion and a longer time to maximum volume than Lincoff et al.,” but he reported gas

compositions up to 336 h. The rabbits in the Peters et al."” experiment also appear to be in



Page 13 of 26

respiratory acidosis, i.e., compromised ventilation resulting in elevated CO, and reduced O,
partial pressures.”” This could have resulted from the rabbits being under stress during the
experiment, such as too aggressive sedation.”® This condition of compromised lung function
may affect the gas bubble total volume in addition to the composition. We were able to
accurately fit these gas compositions by adjusting the venous gas compositions to be more
accurate for respiratory acidosis (Table 2). In all other cases, we used normal venous gas

compositions as noted in Table 2.

. also reports IOP measurements for rabbit experiments for a direct

Peterseta
injection of tamponade, where vitrectomy has not been performed. This shows a characteristic
spike in the IOP for the first day. Our model predicts this due to a rapid influx of water vapor,
and a direct comparison is shown in Figure 7. The prediction is made using the mass transfer

coefficients derived from the Lincoff et al.?°

data and a typical size for a New Zealand white
rabbit eye. The predictions of intraocular pressure spikes in the human also were good and

were consistent with our previous model.”?* Clinically, increases in IOP are usually not an issue

as long as the retina remains perfused.

Predictions in humans and the features of mass transfer dynamics

Using the rabbit data to obtain mass transfer coefficients and then using them to predict
human experimental results is another way to validate the model. This has been done for
some of the data found in Jacobs et al.”®> (humans, air, SFe, CsF3) Jacobs et al.?® measured gas
volume vs. time by A-scan ultrasound. A-scan ultrasound measures the height of the liquid
bubble, and this allows calculation of the volume.?® This method of volume measurement is
likely more accurate than visual methods. Jacobs et al.”’reported results for both vitrectomy

(removal of aqueous followed by the injection of tamponade gas mixed with air) as well as
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pneumatic retinopexy (pure tamponade gases injected). Jacobs et al.”’also measured the
dynamics of a direct air injection. There is good agreement for SFgand CsFg in these retinopexy
cases (Figures 8). We found that venous concentrations had to be used in the blood gases, as
the arterial values were not as good of a fit. In Figures 8, we tested the human response
prediction from the rabbit against the best fit we could obtain by adjusting the mass transfer
coefficients. As shown, the rabbit prediction is almost the same as a best fit in a human. Itis
known that the retina is about 3 times thicker in the rabbit vs. the human®, even with this

difference, the mass transfer in the rabbit was a good model for what happens in the human.

As previously noted, there are two versions of this type of surgery using tamponade
gases. We also applied the model to the case of vitrectomy. In this case, the initial conditions
of the model are adjusted to dilute the tamponade gas with air. Usually physicians target non-
expansive gas concentrations initially for these procedures (15 -17% for CsFg, and 18-20% for
SFs).° We applied the model to the literature reported cases of vitrectomy reported by Jacobs

1. The results of our fits are shown in Table 5. We can fit the Jacobs et al.”® results better

eta
by simply changing the mass transfer coefficients, we show this result for 2 typical vitrectomy

cases in Figures 9 & 10 (best fit values: k, =1.32-1.50 x 10 & ko, = 3.45-2.98 x 10® mol/cm*-

day-mmHg).

In retinopexy, there is an expansion phase - maximum - and an absorption phase. After
a tamponade gas is injected, it immediately begins to diffuse out of the eye while
simultaneously blood gases enter. Since the rate of gases entering exceeds the loss of
tamponade, the bubble expands. At or near the non-expansive gas concentrations, the bubble
reaches a maximum volume. After which the data in rabbits indicates that the bubble
concentration becomes relatively stable, approximating the blood gas compositions with small

amounts of tamponade gas (usually less than 10%). In the case of vitrectomy, the injected gas
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contains air and tamponade, the bubble undergoes minimal to no expansion, and the gas
compositions also approach the venous blood gas composition with small amounts of
tamponade gas, essentially the same situation as in the retinopexy injection in the absorption
phase. Thus, it would be expected that once the bubble gas compositions stabilize to a near
steady state, the dynamics of the absorption should be the same whether this state was

obtained by either retinopexy or vitrectomy routes.

Some features of a 0.5 cm? injection of pure CsFs (retinopexy case in a non-
vitrectomized eye) are shown in Table 6. The volumetric maximum occurs at 3.21 days, as CsFs
depletes and blood gases diffuse into the bubble. Initially blood gases transfer rapidly into the
bubble, reaching a maximum at 3.49-3.63 days (blood gas maximums). These relative rates
reflect the best fit values of the mass transfer coefficient that were adjusted relative to oxygen
for both N, & CO, using the approximation of Higbie (mass transfer proportional to
diffusivity“z). The relative maximum moles of each gas transferred are also shown in Table 6.
Assigning the tamponade gas as 1.00, we found for this test case that 3.39 moles of N, are
transferred per mole of tamponade, 0.24 moles of CO,/mol tamponade and 0.22 moles of
0,/mol tamponade are also transferred to the bubble. Thus, nitrogen is the major gas

transferred to the bubble.

As previously noted, the gas composition reaches a near steady state composition
during the absorption phase, and the 7-lives of each blood gas component are nearly the same
(9.7-9.8 days, then 5.9 days). The %-lives predicted by the model are variable and change with
time, but they can be approximated by a biphasic fit, with the 2™ calculated %-life being
shorter. This may be attributed to the composition of the bubble at longer times, i.e., the

bubble is richer in blood gases, which are smaller molecules than the tamponade gas, and thus
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diffuse faster. The tamponade gas disappears most rapidly in the earlier phases of the

injection due to its higher partial pressure driving forces.

As a comparison to CsFs, SFg, another commonly used tamponade, has less expansion
(only 2x) in retinopexy (0.5 cm? injection — human) and faster dynamics relative to CsFg (Table
7). However, as in the case of CsFg, after the volume reaches maximum, the gas composition
also rapidly approaches a blood gas composition diluted with a small amount of tamponade. In
this case, although the bubble has a similar composition to the Cs;Fs bubble in the absorption
phase (compositions approaching the venous gas partial pressures with a small amount of
tamponade gas), the gases are absorbed much faster than CsFs. Again, N, dominates the gases

transferred, but only 1.58 mol N,/mol tamponade is transferred in this case.

Previously, it has been reported that as the gas bubble expands, its dynamics is
dominated by a “nitrogen equilibration”.® The gas bubble was thought to initially undergo

expansion, then nitrogen equilibration, then dissolution. In fact, the gas bubble is never in

equilibrium with the blood, much less in nitrogen equilibrium.

Effect of initial gas composition

The results reported for rabbits and humans with a vitrectomy procedure indicate a
slightly different trend than would be expected based on the dynamics observed in retinopexy.
Table 8 shows the results of a simulation to a 3.0 mL injection of 10% CsF; diluted with air. In
this case, the bubble is close to a non-expansive state initially, but the air gases are richer in O,
and poorer in CO, than the typical venous blood gases. So during the absorption phase in

vitrectomized eyes, the bubble composition will re-adjust to balance the partial pressures of
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the venous blood gases. In contrast, the volumetric -life predicted by the retinopexy results is

also considerably shorter than would be expected for a vitrectomy (Table 8).

As reported in the literature for CsFg, and SFg, the %-lives change depending on the

?72% The fitted results for these cases are shown in

amount of tamponade gas in the injection.
Table 5. For example, the ¥5-life of C5Fg increases from 4.2 days to 12.5 days as the initial CsFg
concentration changes from 5% to 20%. Other authors have attributed this to the low
solubility of CsFg in water, with lower solubilities slowing the absorption.”” However, we have
found with our model that solubility alone cannot account for this trend. If a 5% and a 20%
injection were equivalent, when the 20% case reduces to 5%, one would expect the initial 20%

volume rate of decrease to eventually match the 5% case. It does not. The 20% case still

decreases in volume more slowly even after the tamponade gas reduces to 5%.

A typical vitrectomy case will also achieve the same state as a pneumatic retinopexy as
far as gas composition and volume. In a retinopexy injection, CsFg may drop to about 15% in
about the first 2-3 days. At that point, the bubble is approaching about the same composition
as a vitrectomy case, but the %-life is considerably longer following vitrectomy even if the
bubble compositions are similar shortly after the expansion phase in retinopexy. Also by
contrast, the injection of air by itself is rapidly depleted, and our fitted mass transfer
coefficients (air injection, volume %-life = 3 days)25 for O,, N,, and CO, are considerably larger
than what was found when retinopexy cases are fitted (CsFs volume %-life = 9.88 days). We
found that the tamponade mass transfer coefficients for the vitrectomy case in Table 8 had to
increase about 50% relative to the retinopexy values, and the oxygen and other blood gases
had to be reduced about 40% to fit the experimental data. Thus, the slower transfer of blood

gases is controlling the volume dynamics in vitrectomy.
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These trends cannot be fully explained by the physical properties of the gas, or possible
interactions between the components that could be fitted by a more advanced treatment of
the gas dynamics, such as the Maxwell-Stefan Equation. One possible explanation is that the
tamponade gases themselves insult the membranes, i.e., cause some type of inflammation or
biological reaction that changes the properties of the retina’s membranes or changes in the
intraocular blood flow. This reaction appears to be dose dependent and volume dependent,
injecting a high volume of CsFg and air for example in a vitrectomy, injures the membranes,
relative to a lower volume retinopexy injection, and slows the transfer of the blood gases.
Lower doses or no doses of tamponade, such as direct air injection, are much less tissue
reactive. The membranes are then more permeable as evidenced by gas bubbles with about
the same partial pressures absorbing much faster following a retinopexy exposure. The type of

gas SFg vs. CsFg, also appears to have an effect.

Effect of gas physical properties

Physical properties do play a role in the mass transfer dynamics. We have observed
that the rapid transfer of oxygen relative to the transfer of other blood gases correlates with its

2930 The kinetic diameter is the smallest effective diameter for a

kinetic diameter (Table 9).
molecule. Oxygen is diatomic, the molecule is cigar shaped, and the kinetic diameter is
controlled by its minor axis. Oxygen has a higher MW than nitrogen, 31.9980 g/mol vs.
28.0134 g/mol, but the kinetic diameter of oxygen is smaller 2.3-3.4 A vs. 3.1-3.6 A. (Oxygen
has 8 protons, nitrogen 7, this contributes to the smaller size of oxygen.) In tire applications, it
is known that O, permeates through rubber 3-4 times faster than N,, which is why N, is used in

some high performance tire applications (e.g., aircraft landing gear).* The reported diffusivity

of oxygen in water is larger than the diffusivities of N, or CO,. Based on our modelling, the
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effect of kinetic diameter is not as pronounced for the retinal membranes as it would be

expected for denser rubbers or elastomers.

Another factor besides the molecular size and shape is its equilibrium aqueous
solubility. The literature reports that Xe gas rapidly is depleted when used as a tamponade
(88% removal in 3h in rabbits).’* Although Xe has a relatively large size (4.2 A), it diffuses from
the eye due to is rapid dissolution into water. Xe has a relatively high solubility in water
relative to oxygen, nitrogen, or carbon dioxide due to its smaller Henry’s Law Constant (Table

10).

At very long times, all of the gas bubbles transition from a spherical cap, to a spherical
bubble shape.”® When this occurs, the transfer of gas is considerably slowed due to less
surface area contact with a blood perfused tissue. This effect would cause lingering of the gas
bubble at longer times.”> We did not account for this in our model, although it would be a

factor for observed persistence of the gases observed in humans or rabbits at long times.

It is also possible to examine more closely the relationship of the physical properties of
the molecules to the mass transfer coefficients and look for trends that might enhance the
understanding of the dynamics. Due to the sparsity of the data all of it was used (Lincoff,
Abrams and Jacobs), irrespective of species, to determine parameters for the different gases
for this analysis. These were then plotted against molecular volume. The plots are shown in

Figures 11A & B and it is apparent that a linear relationship exists (retinopexy cases).

We also found that the mass transfer coefficients are a strong function of initial gas
composition (retinopexy to vitrectomy cases) for CsFg, not as much the case for SFg, with

variation that can be largely attributed patient variability.
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As shown in Table 5 for CsFg, mass transfer is most rapid for air, than slows as CsFs is
added. We found that the mass transfer coefficient for CsFg decreased with increased gas
concentration (Figure 12). There was one outlier result at 6% CsFs. This outlier indicates that
individual patients can have very different gas absorption rates given the same relative initial
gas compositions. Still, this outlier for the 6% CsFg case had a mass transfer coefficient for O,
that was only about 33% of the pure air values. The mass transfer coefficients for the blood

3134 and it is difficult to

instead showed a local minimum. Again, patient variability was large,
ascertain the exact values of the mass transfer coefficient for any single patient. However,
what we have quantified is the expected transfer rates and their relative possible ranges in
humans. This high variability is likely a contributor to the limited success of these procedures

in humans with these conditions. Chang et al.** reported a 55.4% successful rate of re-

attachment for these procedures.

There was much less variability in the limited rabbit experiments, since these
experiments were all completed under controlled conditions with healthy eyes with

retinopexy.

The limited data and patient variability for SF¢ data also made it too difficult to identify
specific trends; however, the composition effect appears to be much less important than the

patient variability in this case.

The human variability can be attributed to many factors, such as the size/shape of the
detachment, head position (always face-down vs. up-right, exposing different structures to the
gas bubble), surgical variations in dosing, variations in the diseases and conditions that result in
a detached retina, and variations in vitreous volume based on variations in the axial length of

the eye. These disease conditions include things such as: retinal detachment with and without
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proliferative vitreoretinopathy, proliferative diabetic retinopathy, macular holes, giant retinal
tears, and ocular trauma.® Each of these disease conditions or injuries affects the structure of
the remaining membranes differently (e.g., proliferative vitreoretinopathy results in
proliferation of retinal pigment epithelial cells and the formation of scar tissue, diabetic

retinopathy results in disruption of the blood vessels, etc.), affecting the transport properties.

Un-acceptable elevations in IOP are possible in pneumatic retinopexy if too much
tamponade gas is injected into the eye. This will usually result in an immediate increase in
intraocular pressure and may necessitate removal of intraocular aqueous fluid which in some
techniques is removed before injecting any gas in pneumatic retinopexy. This will displace all
the aqueous in the eye, and then the partial pressures of the blood gases can drive elevations
in IOP. This effect was recognized by both regulatory agencies and medical device suppliers
and there are warnings in product labelling that limit the maximum volumes of various injected
tamponade gases. This model could predict short term elevations in IOP following injection of
pure tamponade gas. The IOP in this situation is controlled by the hydraulic permeability used
in the model. Elevations in IOP in patients with compromised aqueous hydraulic function, as in
glaucoma, are also possible, we did not model this situation, and restricted our model to the
expected dynamics in a relatively healthy eye (except for the detached retina). The IOP ranges
from 12-20 mmHg in healthy humans™ and 15-20 mmHg in rabbits.* The human eye can
tolerate elevations of IOP to 20-30 mmHg for short periods, but pressures as high as 70 mmHg
are possible in disease states such as glaucoma.”® Our aqueous dynamics in eq. 5 were
previously found to predict IOP in humans very well’, and had the same functional form as in
the literature®® with the simplification of constant inflow. These pressure-flow equations may

not be accurate in diseased states such as glaucoma.*®
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Conclusions

We improved our previously developed model for the mass transfer of tamponade gas, oxygen,
nitrogen and carbon dioxide. These improvements include correcting for the larger lens in
rabbits relative to humans (which affects surface area), using venous blood compositions in the
partial pressure driving forces, and improving the numerical solution methods. The improved
fits of rabbit data give much improved predictions of gas dynamics and compositions in both
rabbits and humans. It appears that the tamponade gas exposure may affect the gas dynamics
in the bubble. For example, following vitrectomy and the use of CsFg, the retina’s membranes
are less permeable to blood gases than they would be if a smaller retinopexy injection was
used. Mass transfer is also controlled by the size of the molecules, and their relative partial
pressures and solubilities in water/blood. The volumetric }%-life is a composite of the dynamics

of all of the components.
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Disclaimer

The mention of commercial products, their source, or their use in connection with the material
reported herein is not to be construed as either an actual or implied endorsement of such

products by the US Food and Drug Administration.

Notation

a = surface area for mass transfer, cm?
h = height of spherical cap gas bubble, cm

kj= mass transfer coefficient of component j, mol/cm?-day-mmHg, j= 0,, N,, CO,, X =

tamponade gas, CsFg, C,Hg or SFg

K, = hydraulic permeability, cm®/day-mmHg

N;= moles of component gas j in bubble, j= 05, N,, CO,, x
P*, = venous partial pressure of gas j, mmHg

Peps = episcleral venous pressure, mmHg

P.v = water vapor pressure, mmHg

Qi, = aqueous production, cm?/day

R = universal gas constant, cm® — mmHg/mol-deg K

t = time, days
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T=temperature, K
V = bubble gas volume, cm?
Viiq = vitreous liquid volume, cm?®

Veye = volume of eye, cm’®
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TABLES FOR AIChE PAPER

Table 1. Parameters used in the model.

Symbol Description Value
R Universal gas constant 62,396 cm® mmHg mol™ K*
T Physiological temperature 310K
re Eye radius (rabbit) 0.8-0.95cm
rh Eye radius (human) 1.2cm
Lens thickness (rabbit) 7.9 mm
Lens thickness (human) 4.0 mm
Maximum vitreous volume 3.0cm’
(rabbit)
Maximum vitreous volume 7.0cm’
(human)
Vitreous chamber depth (rabbit) 6.2 mm
Vitreous chamber depth (human)  16.32 mm
Qin Aqueous inflow (rabbit & human) 3.2 cm®/day
Peps Episcleral venous pressure 8 -9 mmHg

Hydraulic permeability

0.37 cm’/day/mmHg




Table 2 - Blood gas partial pressure used in the model.

Venous blood Venous Arterial blood
in respiratory blood gas partial pressure
acidosis, partial mmHg
Petersetal.”  pressure
data mmHg mmHg
0, 29.8 40 104
N, 554.1 628 569
CO, 63.2 45 40
Tamponade 67.6 0 0
Water 47.0 47 47
Table 3 - Physical properties of intraocular gases
Gas Molecular Molecular Oil/gas Solubility in
weight D volume A®* partition water
coefficient
CF4 88.003 255.0 0.052 -
C,Fe 96.088 343.5 0.146 15 mg/L**
CsFg 188.017 418.0 0.208 5.7 mg/L**
C4F1g 238.024 492.9 0.437 -
SFg 146.052 309.1 0.280 41 mg/L**

*Calculated using QikProp v 1.6, Schrodinger, Inc. Portland OR

**XiMed product information



Table 4 — Fitted mass transfer coefficients (moI/cmZ—day—mmHg), rabbits. CF,, C,Fg, CsFg, and C,F1o were
fitted to Lincoff (2.5 — 3.0 kg New Zealand red rabbits), SFs was fitted to Abrams (3.5 — 5 kg rabbits)

Gas Injected Fitted Fitted O, Higbie Higbie
volume tamponade mass transfer predicted predicted
mass transfer coefficients mass transfer mass transfer
coefficients in in rabbit coefficient N, coefficient
rabbit Co,
CFs 0.20 mL 6.80e-08 1.55e-07 1.34e-07 1.34e-07
CFs 0.30 mL 6.29e-08 2.00e-07 1.73e-07 1.73e-07
CoFs 0.20 mL 1.61e-08 8.30e-08 7.15e-08 7.15e-08
CoFe 0.30 mL 2.04e-08 1.00e-07 8.62e-08 8.62e-08
CsFg 0.20 mL 9.39e-09 5.63e-08 4.85e-08 4.85e-08
CsFsg 0.30 mL 8.77e-09 5.36e-08 4.62e-08 4.62e-08
CsF10 0.20 mL 4.80e-09 3.43e-08 2.96e-08 2.96e-08
CsF10 0.30 mL 5.33e-09 3.96e-08 3.42e-08 3.42e-08

SFe 0.85 mL 5.49e-08 1.81e-07 1.56e-07 1.56e-07




Table 5 — Fitted mass transfer coefficients (mol/cm®day-mmHg), human vitrectomy cases.

Gas Injected Fitted Fitted O, Higbie Higbie
volume tamponade mass transfer predicted predicted
1 o)

& Purity % mass transfer coefficients mass transfer mass transfer
coefficients in in human coefficient N, coefficient
human Co,

Air 3.8 mL - 2.53e-07 2.18e-07 2.18e-07

Air 4.3 mL - 1.72e-07 1.49e-07 1.49e-07

SFe 20% 5.9 mL 7.51e-08 1.13e-07 9.73e-08 9.73e-08

SFs20% 4.7 mL 6.32e-08 1.63e-07 1.41e-07 1.41e-07

SFs 20% 6.9 mL 7.97e-08 2.34e-07 2.02e-07 2.02e-07

SFs20% 7.9 mL 1.04e-07 1.79e-07 1.55e-07 1.55e-07

SFs20% 8.2mL 9.19e-08 1.67e-07 1.44e-07 1.44e-07

SFs20% 9.7 mL 1.55e-07 2.43e-07 2.10e-07 2.10e-07

SFs20% 13.8 mL* 9.95e-08 1.81e-07 1.56e-07 1.56e-07

CsF; 6% 2.4 mL 2.04e-08 5.62e-08 4.85e-08 4.85e-08

CsFg 6% 3.5mL 2.46e-08 6.04e-08 5.21e-08 5.21e-08

C;F36% 6.4 mL 1.03e-07 7.33e-08 6.32e-08 6.32e-08

CsFg12% 5.0 mL 1.50e-08 2.98e-08 2.57e-08 2.57e-08

CsFg16% 5.4 mL 1.31e-08 3.45e-08 2.98e-08 2.98e-08

*This eye was anomalously large, and it has a high mass transfer rate compared to other cases. Itis not
explained in Jacobs et al. ref what caused this unusual gas fill, perhaps aphakic or psuedophakic patient
(no lens or intraocular lens replacement) , i.e., gas expanding into anterior chamber could account for
this case.



Table 6 - Multi-component dynamics for a CsFg retinopexy simulation in a human, 0.50 mL injection of
100% C;Fg (average of mass transfer coefficients fitted to Jacobs)

Component Time to Maximum First %-life 2" 1-life (days)*
maximum moles (days)*
(days) gas/moles
tamponade
0, 3.49 0.22 9.82 5.91
Co, 3.63 0.24 9.72 5.90
N, 3.63 3.39 9.72 5.90
CsFs 0.00 1.0 0.85 1.06
Volume 3.21 - 9.88 5.97

*First %-life was defined as the time it took for the bubble volume to decrease from maximum to 50%
volume, the 2" %-life was the time for volume reduction between 50 — 25%.

Table 7 - Multi-component dynamics for a SFg retinopexy simulation in a human, 0.50 mL injection of
100% SF¢ (mass transfer coefficients fitted to Jacobs)

Component Time to Maximum First %-life (days) 2" %-life (days)
maximum moles
(days) gas/moles
tamponade
0, 0.57 0.10 2.59 1.71
CO, 0.59 0.11 2.58 1.70
N, 0.59 1.58 2.58 1.70
SFg 0.00 1.0 0.11 0.13

Volume 0.47 - 2.61 1.73




Table8. Multi-component dynamics for a CsFg 3.0 mL vitrectomy simulation in a human, 10% CsFs, 71%
N,, 19% O,.compared to a retinopexy case

Component Literature Y-life %-life prediction
reported prediction using vitrectomy
retinopexy  using mass transfer
Y-life in retinopexy  coefficients
humans mass (days)

(days) transfer to
predict
vitrectomy
case
(days)

0, - 0.7 1.29

CO, - 12.15 21.29

N, - 12.15 21.27

CsFg - 1.35 0.91

Volume 12.6 12.42 21.93

Table 9- Some physical properties that affect mass transfer

Component MW Da Kinetic diameter Diffusivity in water™
0, 31.9980 2.90-3.45 A* 2.5x10° cm?*/s

N, 28.0134 3.14-3.6 1.9x 10°

o, 44.01 3.30 1.96 x 10°

*K Murray (Air Products & Chemicals), YE David ACS Symp Ser



Table 10 — Henry’s Law constants and solubilities in water, P = Hx, P=partial pressure (atm), H = Henry’s

Law constant (atm/mol fraction), x = mol fraction in water®%%

Component  Henry’s Law Constant Temperature Partial Pressure Predicted

H K atm solubility
atm/mol-fraction
0, 5.0x 10" 310 0.21 7.46 mg/L
N, 10 x 10* 310 0.78 6.06 mg/L
Co,* 1.9x 10° 298 0.053 67.1 mg/L
Xe 1.7 x 10* 310 1.0 429 mg/L

*CO, also is bound as bicarbonate
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Figure 1 — Schematic diagram of geometry used in the model calculations. As shown for the rabbit, the
lens occupies more vitreous volume compared to the human, which alters the surface area/volume ratio
for mass transfer through the retina.



Figure 2 — A computer model (VTK) was used to calculate the volume and surface area of a bubble
within a rabbit eye. (a) First, a spherical volume was created to represent the interior portion of the
eye. (b) Then, the portion of the volume occupied by the lens was removed. The lens was
approximated with another spherical volume. A Boolean operation was used to remove the intersection
of these two spheres, thus yielding an approximation of the volume of the interior portion of the eye
excluding the lens. (c) Finally, the height of the bubble was accounted for. A plane was positioned at a
distance, h, as measured from the top of the volume. All volume below this plane was excluded. (d)
Lastly, the surface area of the bubble was calculated. The lens-contacting surface and the planar bottom
surface of the bubble volume were removed. The remaining shell provided the surface area of the
bubble.
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Figure 3 — Volume vs. surface area in a rabbit eye.
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Figure 4 — Model calibration - results of the fit to Lincoff’s rabbit data for CF., C;Fs, CsFs, and C4F10 (lune
model with eye cavity of volume 2.2mL).
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Figure 6 — Model prediction for the rabbit CsFs case. The best mass transfer coefficients to the two CsFs
datasets from Lincoff (lune model with eye cavity of volume 2.2mL) were used to define the average
mass transfer coefficient for each gas and used that to predict Peters’ results (same lune model with eye
cavity of volume 2.2mL).
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Figure 8A — Model prediction for the human CsFs retinopexy case (100% CsFs, 1.0 mL injection) (Jacobs
1988). The prediction was based on rabbit mass transfer coefficients fitted to the data from Lincoff
1984. The rabbit predictions are shown by the dashed line, the best fit to the human data is shown by a

solid line.
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Figure 8B — Model prediction for the human CsFs retinopexy case (100% CsFs, 1.5 mL injection) (Jacobs
1988). The prediction was based on rabbit mass transfer coefficients fitted to the data from Lincoff
1984. The rabbit predictions are shown by the dashed line, the best fit to the human data is shown by a

solid line.
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Figure 9 — Model prediction for the human CsFs vitrectomy case (16% CsFs, balance air) (Jacobs 1988).
The volumes reported at time zero were not used since these numbers were based on estimates and not
a direct experimental measurement. (ky = 1.32 x 108, ko,= 3.45 x 10® mol/cm2-day-mmHg)
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Figure 10 — Model prediction for the human CsFs non-expansive vitrectomy case (12% CsFs, balance air)
(Jacobs 1988). The literature reports non-expansive concentrations of 12 — 14% for CsFs. (Notice Acreole
& Chang) The volumes reported at time zero were not used since these numbers were based on
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Figure 11A — Tamponade transfer coefficient (pneumatic retinopexy) against molecular volume
for tamponade gas. This was fitted to Abrams (lune model), Lincoff ref (lune model) and Jacobs
ref (spherical model).
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Figure 11B — Oxygen transfer coefficient (pneumatic retinopexy) against molecular volume. This
was fitted to Abrams (lune model), Lincoff (lune model) and Jacobs (spherical model).
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Figure 12 — C3Fs and oxygen mass transfer coefficients vs. initial tamponade gas composition, humans.





