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Purpose: This study was conducted to investigate changes in intraocular pressure
(IOP) in the presence of intravitreal gas bubbles in individuals who travel through
subsea tunnels.

Methods: Using a mathematical model, we simulated alterations in ocular globe
shape, aqueous humor flow, volume of intravitreal gas bubbles, and IOP due to
elevation changes during travel through subsea tunnels. We simulated five tunnels
with different features as case studies. The role of key modeling parameters was
further evaluated in a parametric study.

Results: In three out of the five simulated tunnels (i.e., Seikan Tunnel, Bomlafjord
Tunnel, and the Atlantic Ocean Tunnel), the patients were potentially at risk at lower
portions of the tunnels since the IOP dropped to values less than 5 mm Hg, the clinical
threshold for ocular hypotony. During ascent, the IOP increased to the normal value of
15 mm Hg and in some cases to higher values (e.g., a peak value of 22 mm Hg in
Seikan Tunnel).

Conclusions: Our model predicted that in the presence of intravitreal gas bubbles,
the IOP could drop to extremely low values when patients descend to lower
elevations in some tunnels. Such low IOP values could cause bleeding and/or retinal
detachment. Since many factors (e.g., tunnel specifications and/or patient-specific
characteristics) could affect the IOP during subsea travel, caution (beyond avoiding
airplane flights) should be taken in advising patients about travel restrictions
following intravitreal gas injections.

Translational Relevance: Our findings highlight the potential risk for hypotony in the
presence of intravitreal gas bubbles during subsea travels.

Introduction

Vitreous traction on the retina creates retina
breaks, which can lead to the accumulation of fluid
in the subretinal space. Retinal breaks and the
subsequent accumulation of fluids may cause the
neurosensory retina layer to become separated from
its underlying retinal pigment epithelium layer, a
condition known as rhegmatogenous retinal detach-
ment (RRD), and could lead to permanent vision
loss.1 Epidemiological analyses have shown that RRD
incidence varies in different regions, and its annual
incidence has been reported to be within the range of
6.3 to 17.9 per 100,000 people among different

ethnicities and ages.2 The retina can be reattached
via a variety of procedures, many of which involve the
injection of a gas bubble in the vitreous humor.
Buoyancy and surface tension forces due to the
presence of the gas bubble will aid in the reattachment
of the retina.3,4 Reabsorption of gas bubbles will
typically occur within 12 to 38 days after the
procedure without the need for additional surgeries.3

Although intravitreal gas injection is an efficient
method for treating retinal detachment, complications
may arise if patients engage in activities that involve
changes in elevation within a few days after the
procedure. In particular, according to the Boyle’s law,
when gases are subjected to elevation-induced pres-
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sure variations, the pressure and volume are inversely
related at a constant temperature. Due to the
encapsulation of the gas bubble within the ocular
globe, other parameters such as ocular globe defor-
mation and changes in ocular fluid volume (i.e.,
aqueous humor, vitreous humor, and blood) affect
the bubble volume and the intraocular pressure
(IOP).5 Maintaining a normal IOP value (between
10 and 20 mm Hg) is necessary for a number of
physiological functions of the eye and is achieved by
the circulation of the aqueous humor within the
anterior segment and through the trabecular mesh-
work.6 However, an increase in elevation may lead to
higher values of IOP due to the drop in atmospheric
pressure and the expansion of the gas bubble,7–9

causing headaches and discomfort and potentially
putting the patient at risk.10 As such, following
intravitreal gas injections, patients are strongly
advised to avoid travel to places at high altitudes
and to avoid flying in airplanes.

Recently, case reports and our theoretical models
have shown that even if the patient travels to a low
altitude and subsequently returns to the initial
elevation (without ever exceeding the initial eleva-
tion), the peak IOP values may surpass the normal
values.11,12 As such, we have demonstrated that the
change in altitude (and not necessarily the absolute
height of the elevation) can lead to high values for the
IOP. In the current study, we have further investigat-
ed trips that involve traveling to lower altitudes, with
a focus on the potential for development of ocular
hypotony. Clinically, ocular hypotony has been
defined by some as a condition in which the IOP
drops below 5 mm Hg.13 Ocular hypotony can lead to
a number of ocular complications and is especially
dangerous for patients who have recently undergone
retinal detachment procedures. In particular, ocular
hypotony may cause buckling of the scleral shell and
put the patients at high risk for re-detachment of the
retina.

In this investigation, we chose five subsea tunnels
as case studies of typical transportation methods that
may put patients with intravitreal gas bubbles at risk
for ocular hypotony. While previous studies were
conducted to investigate the potential for dangerous
peak values of IOP induced by changes in eleva-
tion,5,7,9,11,12,14,15 to our knowledge, the occurrence of
ocular hypotony in the presence of intravitreal gas
bubbles has not yet been studied. In our assessment of
the changes in IOP during travel through these five
subsea tunnels, we also investigated how the occur-
rence of ocular hypotony can be influenced if model

parameters such as aqueous humor filtration or
production rates are decreased/increased from their
base mean values.

Methods

We previously developed a computational frame-
work to predict changes in IOP during both ascent
and descent in the presence of intravitreal gas
bubbles.9,11 The model was divided into two regions
based on their compressibility: an incompressible
region representing the lens, aqueous humor, and
vitreous humor and a compressible region represent-
ing the gas bubble. The initial volume of the globe
was considered as 7211 lL.11 Since aqueous humor
outflow and inflow are both pressure dependent and
can affect ocular volume, the change in the aqueous
flow was also incorporated in the model. The
trabecular meshwork, the primary site of outflow,
was treated as a pressure dependent one-way valve.11

Additional details about this model are provided in
the Appendix.

We have previously examined the fidelity of our
model using data from a single patient with an initial
bubble size of 65% of the globe volume.9 This model
predicted IOP values during an ascent from sea level
to 3000 ft and a descent back to sea level that were
consistent with published experimental data.16 More-
over, in our recent study,9 we used the same model for
simulating IOP in four patients who travel to lower
altitudes based on the parameters from a published
case report.12 The detailed IOP data for the entire trip
were not provided in the case report. However, the
peak IOP value resulting from a descent to low
elevations and a return ascent without exceeding the
surgical elevation was reported, and it compared well
with our simulated values.12 In this study, we
implemented our model to predict IOP changes as a
patient travels through five different subsea tunnels.

The five tunnels were chosen to represent different
geographical locations (i.e., Asia, Europe, and Amer-
ica) and different tunnel profiles (e.g., rapid descent
versus slow descent and short trips [~3 minutes]
versus long trips [~25 minutes]). The five tunnels used
in the simulation are:

1. Seikan Tunnel, a 53,850-m tunnel that connects
Aomori Prefecture on the main island of Japan
(Honshu) to the northern island of Hokkaido.17

2. Bomlafjord Tunnel, a 7900-m tunnel that
connects the island of Foyno in Stord to the
mainland at Dalshovda in Sveio, Norway.18,19
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3. Channel Tunnel (also known as ‘‘the Chunnel’’),
a 49,300-m tunnel that connects Folkestone
(UK) to Coquelles (Northern France).20

4. Ted Williams Tunnel, a 2600-m tunnel that
connects South Boston to Logan International
Airport (part of the ‘‘Big Dig’’ project) in
Boston, USA.21,22

5. Atlantic Ocean Tunnel, a 5700-m tunnel that
connects the towns of Kristiansund and Averoy
in More og Romsdal County, Norway.

Tunnel specifications, including the elevation at
the beginning and end of each tunnel as well as the
altitude at the lowest part of each tunnel, are listed in
Table 1.

The variables used in the theoretical model are
described in Table 2. Details of our theoretical model,
including the governing equations, are presented in
the Appendix. Briefly, a time–altitude vector corre-
sponding to each tunnel was used as the input for our
model. The values for elevation at the tunnel
entrance, the elevation at the lowest point, and the
elevation at the tunnel exit were entered into the
model based on the tunnel altitude profiles shown in

Figures 1a–1e. Ascent rates and descent rates were
calculated based on the maximum design speeds and
the tunnel elevation profiles. The initial gas bubble
size was chosen as 70% for all tunnel simulations
listed in Table 1. A normal IOP of 15 mm Hg was
considered as the baseline value at the entrance to all
simulated tunnels.

As discussed in our previous publication,9 since the
mechanism of both inflow and outflow of the aqueous
humor are pressure-dependent,23–25 we have included
the aqueous flow changes due to the IOP control
mechanisms in our model. For example, the conven-
tional trabecular meshwork outflow was treated as a
pressure-dependent one-way valve.9 Further, consis-
tent with clinical conventions, an IOP of less than 5
mm Hg was considered as ocular hypotony.13

Extreme cases of ocular hypotony (i.e., negative
IOP), however, were prevented in our model as
described in detail in our previous paper.11 Such a
constraint was applied because negative IOP is not
physiologically possible.26

Previous studies have shown that the compliance
of the ocular globe can vary, ranging from approx-
imately 1 to 4 lL/mm Hg.27 For our model,
deformation of the ocular globe was assumed to be
linear elastic with a compliance of 3.115 lL/mm Hg,
as discussed previously.11 A constant outflow facility
of 0.25 lL/min mm Hg was used. Table 3 presents a
complete list of input parameters and their corre-
sponding values. The governing equations were
described in detail in our previous work.9,11

A parametric study was performed for the key
parameters of the base model for each tunnel (as listed
in Table 3). Similar to a previous study,28 the purpose
of the parametric study was to investigate how
perturbation of the model parameters from the
baseline values would affect the simulation predic-
tions. The key parameters were chosen in part because
of their potential for variation due to physiological

Table 1. Parameters Used to Simulate the Travel in Five Different Tunnels

Tunnel

Elevation Rate of
Descent
(m/min)

Rate of
Ascent

(m/min)

Initial Gas
Bubble
Size (%)

Design
Speed

(m/min)
Entrance

(m)
Lowest

Point (m)
Exit
(m)

Seikan Tunnel 32 �240 82 25 26 70 2330
Bomlafjord Tunnel 42 �260 8 113 84 70 1330
Channel Tunnel 55 �115 10 18 13 70 2670
Ted Williams Tunnel 6 �30 4 39 28 70 1200
Atlantic Ocean Tunnel 27 �250 �50 115 105 70 1330

Table 2. Variables Used in the Theoretical Model

Symbol Description

a0 Ratio of initial bubble volume to initial
globe volume

h Elevation
Pout Absolute exterior air pressure
Pin Absolute intraocular (interior) pressure
P0out Initial absolute exterior air pressure
P0in Initial absolute intraocular (interior) pressure
Pe Absolute episcleral venous pressure
VB Bubble volume
Vglobe Ocular globe volume
VAqu Aqueous humor volume
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(or drug-induced) effects or based on different travel
scenarios (e.g., exceeding the posted speed limit or
being stuck in a traffic jam in the tunnel). In
particular, the parametric studies were conducted in
the following format: the descent rate was perturbed
based on traveling through the tunnel from 50 km/h
below the tunnel’s posted speed limit to 40 km/h
above the limit. Since the descending slopes were
specific to each tunnel, the abovementioned values
were converted to corresponding specific ranges of
descent rates for each tunnel. The initial bubble size
was perturbed from 0% to 100% of the globe volume,
the aqueous humor production rate from 0.5 to 4 lL/
min, the aqueous humor outflow facility from 0 to 2.5
lL/min, and the corneoscleral compliance from 0.5 to
4 lL/mm Hg. In each simulated case, the risk of
ocular hypotony with the perturbation of the
parameter of the interest was examined while holding
all other parameters constant (i.e., using the baseline
values for each tunnel). The red dots represent the
baseline values for each parameter in Figures 4 to 8.

Results

Changes in the elevation and IOP during travels
for all base cases are shown in Figure 2. When the
patients arrived at low elevations, the IOP for the
simulated travel through the Seikan Tunnel, Bomla-
fjord Tunnel, and Atlantic Ocean Tunnel dropped to
values less than 5 mm Hg, indicating a potential risk
for ocular hypotony. Because in our model no
negative IOP was allowed,11 plateau regions with
IOP values of 0 mm Hg were predicted in the
Bomlafjord Tunnel and Atlantic Ocean Tunnel at
low elevations. For simulations where patients travel
through the Channel Tunnel and the Ted Williams
Tunnel, the minimum IOP was greater than 5 mm Hg.
In all simulated base cases, the IOP value increased
during the ascent to the tunnel exit and eventually
reached the physiologically normal value of 15 mm
Hg. A notable exception was the Seikan Tunnel, in
which the IOP initially went above 22 mm Hg.
Nevertheless, as shown in Figure 3, IOP values for all

Figure 1. Schematics of the tunnel profiles used as case studies.
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tunnel scenarios reached the normal value of 15 mm
Hg within 120 minutes after entering the tunnel.

The influence of the descent rate, ascent rate,
bubble size, aqueous humor production rate, outflow
facility, and ocular globe compliance on the minimum
simulated values of IOP were examined in a series of
parametric studies (Figs. 4–8). The results showed
that traveling through a short and relatively shallow
tunnel similar to the Ted Williams Tunnel is relatively
safe, independent of parameter variations. However,

intraocular gas bubbles can increase the risk of ocular
hypotony during travel through deeper and longer
tunnels, similar to the Bomlafjord Tunnel and
Atlantic Ocean Tunnel.

As shown in Figure 4, for the tunnels in which the
speed limit was relatively high (i.e., the Seikan Tunnel
and Channel Tunnel), the parametric study showed
that the descent rate had an inverse relationship with
the predicted minimum IOP. On the other hand, in
the tunnels with lower speed limits but higher descent

Table 3. Constant Values Used in the Theoretical Model Based on Published Data

Symbol Variable Description Magnitude Remarks

V0globe Initial globe volume 7211 mm3 Calculated using a finite
element model33

j Corneoscleral shell compliance 3.115 lL/mm Hg Calculated using a finite
element model27,33–35

l Aqueous humor outflow facility 0.25 lL/(min mm Hg) Experimental values23–25

U Uveoscleral outflow 1.0 lL/min Experimental values36

QAqu Aqueous humor production rate 2.5 lL/min Experimental values23,25

k Aqueous humor pseudofacility 0.081 lL/(min mm Hg) Experimental values37

Figure 2. Changes in elevation and IOP versus time for all five simulated tunnels during the first 25 minutes of travel. All subsea tunnels
had a profile that showed a descent followed by an ascent. Minimum IOP occurred at the lowest elevations with values of 1.5, 0, 6.9, 12.9,
and 0 mm Hg from left to right. The shaded areas correspond to the IOP values that put patients at risk for ocular hypotony.
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rates (i.e., Bomlafjord Tunnel and Atlantic Ocean
Tunnel), the IOP of travelers with intraocular gas
bubbles remained at the minimum theoretical allow-
able value of 0 mm Hg, indicating that the risk of
hypotony was present for all simulated descent rates.
The results also showed that a short trip through a
relatively shallow tunnel (such as the Ted Williams
Tunnel) did not lead to a dangerously low value of the
IOP when the descent rate was perturbed.

Because the minimum IOP value always occurred
at the lowest part of the tunnel before beginning an
ascent, the perturbation of the rate of ascension did
not have any influence on the predicted values of the
minimum IOP and the potential risk of ocular
hypotony (data not shown). However, as shown in
our previous work,9,11 the ascent rate could influence
the peak IOP values and the recovery time.

Initial bubble size showed the highest impact on
the minimum predicted IOP values among all model
inputs as shown in Figure 5. In all tunnels, an increase
in bubble size resulted in a drop in the IOP values.
With the exception of the Ted Williams Tunnel, in
which the patient is never at risk for ocular hypotony,

in all other simulated tunnels, the risk of ocular
hypotony can be reduced by reducing the initial
bubble size.

To examine how IOP changes with different rates
of descent, we simulated a hypothetical case in which
the patient travels from a starting elevation of 60 m
above sea level (the highest value for the five tunnels
we considered) to the lowest elevation of�300 m (the
lowest value for the five tunnels we considered). We
repeated the simulation for six different descent rates
in the range of the rates of travel through the five
tunnels in the initial simulations (i.e., 20, 40, 60, 80,
100, and 120 m/min). As shown in Figure 9, in all
cases, the IOP dropped to extremely low values, and
the descent rate affected the IOP changes only
slightly.

As shown in Figures 6 and 7, both increasing the
aqueous production rate and increasing the aqueous
humor outflow facility had an influence on the
predicted values for the minimum IOP as well as the
risk of ocular hypotony in most of the simulated
cases. While increasing the aqueous humor produc-
tion rate leads to higher values of minimum IOP, an

Figure 3. Changes in elevation and IOP during the entire 120 minutes of the travel through the subsea tunnels. The IOP reached slightly
higher than 22 mm Hg in the Seikan Tunnel; however, in this tunnel and in all other simulated tunnels, the IOP eventually returned to a
physiologically normal value of 15 mm Hg. The shaded areas correspond to IOP values that put patients at risk for ocular hypotony.
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increase in outflow facility further exacerbates the

problem and leads to a higher risk of ocular

hypotony. For example, in the Channel Tunnel,

increasing the aqueous humor production rate or

decreasing the outflow facility can bring the IOP

slightly above 5 mm Hg, the threshold value for

ocular hypotony. However, due to a rapid descent to

a relatively low elevation, changes to the two above-

mentioned parameters will not eliminate the risk of

ocular hypotony in the Seikan Tunnel, Bomlafjord

Tunnel, or the Atlantic Ocean Tunnel.

Our parametric study showed that even small

values of ocular globe compliance could put patients

at risk for hypotony in the Channel Tunnel. Such

risks, however, existed for all simulated values of the

ocular compliance in the Seikan Tunnel, Bomlafjord

Tunnel, and Atlantic Ocean Tunnel (Fig. 8).

Discussion

Previously, it has been shown that exposure to high
altitudes could lead to dangerously high values of IOP
in patients with intravitreal gas bubbles,5,7,14 an
observation that was confirmed by our theoretical
model.9 In this study, for the first time, we showed
that injection of intravitreal gas bubbles may put
patients who travel through subsea tunnels at high
risk for ocular hypotony. Potential occurrence of
transient ocular hypotony during travel through
subsea tunnels may negatively affect the vison, which
is particularly dangerous if the patient is driving. In
addition, ocular hypotony may cause bleeding and/or
re-detachment of the repaired retina due to the
collapse of the corneoscleral shell. Although this
study focuses on travel in subsea tunnels and further
research is certainly necessary, we suspect that any

Figure 4. Changes in minimum value of the predicted IOP during travel through the simulated tunnels in response to an alteration of
the descent rate. The shaded areas correspond to IOP values that put patients at risk for ocular hypotony.
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activity that requires rapid descent to lower elevations
(e.g., diving, scuba diving, ski jumping, and bungee
jumping) could potentially put patients at risk for
ocular hypotony.

Our model predictions of the risk of ocular
hypotony greatly depended on the profiles of specific
subsea tunnels. Deeper tunnels—such as the Seikan
Tunnel, Bomlafjord Tunnel, and the Atlantic Ocean
Tunnel, which have low elevation values of �240,
�260, and �250 m, respectively—showed more
extensive drops in the IOP values, which would
increase the risk of hypotony at the lowest elevations.
The mechanism of the IOP reduction at the lower
elevations can be described as follows: during the
descent, the bubble size decreases, subsequently
leading to IOP reduction. Although aqueous humor
outflow also drops due to its dependency on IOP as a
physiological feedback mechanism to maintain nor-
mal IOP, the aqueous humor flow changes cannot

entirely compensate for the drop in IOP due to the
bubble size reduction. The reason for such a
phenomenon is that the changes in the bubble size
with elevation are instantaneous, whereas the aqueous
humor feedback mechanism has a much slower pace.
As shown in our parametric study, a slower descent
can help prevent hypotony. Such a case can be
observed in the Channel Tunnel: although it is
relatively deep (the lowest elevation is �115 m), a
slow descent rate of 18 m/min can allow an
accumulation of the aqueous humor that is sufficient
to maintain the IOP above 5 mm Hg in spite of the
instantaneous reductions in bubble size.

It should be noted that the accumulation of the
aqueous humor, which is needed to maintain the IOP
during the descent, could be problematic. As can be
seen in the case of the Seikan Tunnel, increased
volume of the aqueous humor along with the bubble
size expansion could lead to IOP values above the

Figure 5. Changes in the minimum value of the predicted IOP during travel through the simulated tunnels in response to alteration of
the initial bubble size (%). The shaded areas correspond to IOP values that put patients at risk for ocular hypotony.

8 TVST j 2019 j Vol. 8 j No. 1 j Article 4

Rashidi, Thomas, and Amini



normal value of 15 mm Hg. To avoid high peak IOP
values after ascending from the lowest point of the
tunnel, the ascent rate should also be kept low so that
the eye can compensate for the expansion of the
bubble.

Our parametric study also predicted that two of
the simulated tunnels, the Bomlafjord Tunnel and the
Atlantic Ocean Tunnel, are the most dangerous
tunnels to travel in, as compared to other tunnels
simulated in this study. In particular, the risk of
ocular hypotony can be eliminated only if the
intravitreal gas bubble is smaller than 20% of the
ocular globe volume. In all other cases for these
tunnels, IOP was predicted with values less than 5 mm
Hg for all simulated ranges of descent rate, aqueous
humor production rate, outflow facility, and ocular
compliance (Figs. 4–8).

It should be noted that two of the tunnels (Seikan
Tunnel and Channel Tunnel) are rail tunnels that
could be used for high-speed trains. The internal

pressure of a high-speed train may fluctuate while
traveling through a tunnel.29 In particular, a com-
pression/expansion wave is formed when a train
enters/exits the tunnel, and the wave propagates
along the tunnel at a nearly sonic speed. This pressure

change depends on many factors including the length
of the train, the shape of the train, the section of the
train in which the patient is seated, the tunnel cross-
sectional area, and how well the train car is sealed.
This fluctuation in pressure could be as high as 2 kPa

and may exceed the pressure changes due to the
change in elevation. Such fluctuations are not
included in our current model, and our predicted

Figure 6. Changes in the minimum value of the predicted IOP during traveling through the simulated tunnels in response to alteration
of the aqueous production rate. The shaded areas correspond to the IOP values that put the patients at risk for ocular hypotony.
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IOP in these tunnels may not reflect the actual IOP of
passengers traveling in high-speed trains.29

Similar to many other theoretical models, the
model used in this study is not free of limitations. We
have extensively discussed our model limitations in
our previous publications.9,11 Briefly, our model did
not include volume changes due to ocular blood flow.
Further, the nonlinearity in the ocular globe in
response to IOP changes was not considered; neither
were the viscoelastic effects and gas diffusion.
Moreover, a fixed outflow facility was used in the
model, even though it has been shown that outflow
facility is altered with changes in IOP.30,31 In our
previous work,9,11 we were confident that the above-
mentioned limitations did not affect our model
predictions significantly because we were able to

closely match the model predictions with clinically
and/or experimentally measured values in a number
of cases for which those data were available.
Although the physical phenomena occurring during
the descent portion of the travel through a subsea
tunnel is similar in theory to those of our previously
validated model, to our best knowledge, no measure-
ments of IOP during travel to lower altitudes are
available for case-specific validations. Future exper-
imental measurements of IOP changes during travel
to lower elevations will be extremely beneficial for
further assessing the accuracy of our theoretical
model predictions. Collectively, due the assumptions
and simplifications, the exact IOP value predicted by
this theoretical model may be different from the
clinical measurements of IOP.

Figure 7. Changes in minimum value of the predicted IOP during travel through the simulated tunnels in response to alteration of the
outflow facility. The shaded areas correspond to IOP values that put patients at risk for ocular hypotony.
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In summary, our simulation showed that traveling

through subsea tunnels can put patients with intra-

vitreal gas bubbles at risk for ocular hypotony. Such

risk mainly depends on the change in elevation during

travel, the descent rate, and the initial bubble size.

Smaller changes in elevation, slower descent rates,

and smaller sizes for the injected bubbles can be

considered to avoid extreme IOP reductions. Al-

though future experimental measurements could

increase the level of confidence in our theoretical

model, we believe that cautioning patients to avoid

travel through deep subsea tunnels may be necessary

to avoid ocular hypotony following the injection of

intravitreal gases.

Figure 8. Changes in minimum value of the predicted IOP during travel through the simulated tunnels in response to alteration of the
ocular globe compliance. The shaded areas correspond to the IOP values that put patients at risk for ocular hypotony.

Figure 9. IOP changes versus elevation for a number of different
descent rates within the range of those used in the five simulated
tunnels.
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Appendix

The governing equations of the system were
developed as described below:

The change in bubble volume DVBwas defined as
the sum of change in the ocular globe volume DVglobe

and the change in the aqueous humor volume DVAqu:

DVB ¼ DVglobe þ DVAqu ð1Þ

The change in bubble volume was also defined as

DVB ¼ VB � V0B; ð2Þ
where VB is the bubble volume and V0B is the initial
bubble volume.

Using Boyle’s law and assuming isothermal
pressure/volume changes, we defined the volume of
the gas bubbles VB as the following:

VB ¼ V0B
P0in
Pin

: ð3Þ

The initial bubble volume V0B was reported as a
percentage of initial globe volume V0globe:

V0B ¼ a0V0globe: ð4Þ

Equations (2), (3), and (4) were then combined:

DVB ¼ a0V0globe
P0in
Pin
� a0V0globe: ð5Þ

The change in the globe volume V0globe was also
calculated based on a compliance factor j (obtained
from a finite element–based pressure volume curve of
the globe, as described previously9,11,33) and the
change in the gauge intraocular pressure Gauge IOPð Þ:

DVglobe ¼ j DGauge IOPð Þ: ð6Þ

The pressure difference between the absolute
intraocular pressure Pin and the absolute exterior air
pressure Pout was defined as Gauge IOP; and the
change in Gauge IOP from the initial elevation (i.e.,
DGauge IOP) was written as:

DGauge IOP ¼ ðPin � PoutÞ � ðP0in � P0outÞ: ð7Þ
Equations (6) and (7) were then combined:

DVglobe ¼ j Pin � Pout � P0in þ P0outð Þ: ð8Þ
DVB and DVglobe from Equations (5) and (8) were

then substituted into Equation (2):

V0B
P0in
Pin
� V0B � jðPin � P0in � Pout þ P0outÞ

� DVAqu

¼ 0: ð9Þ

By multiplying Equation (9) by Pin, we obtained a
quadratic governing equation:

V0BP0in � V0BPin � jPinðPin � P0in � Pout þ P0outÞ
� DVAquPin

¼ 0;

ð10Þ
Or, when arranged by the unknown pressure Pin

and after using Equation (4):

jPin
2

� jPOin þ jPout � jP0out � a0V0globe � DVAqu

� �
Pin

� a0V0globeP0in
¼ 0:

ð11Þ
The rate of the other unknown in Equation (11),

which is the change in the aqueous humor total
volume in the ocular globe DVAqu, was calculated
based on the inflow rate and outflow rate of the
aqueous humor (note that

dVAqu

dt ¼ d
dt DVAqu

� �
since

VAqu ¼ V0Aqu þ DVAqu and V0Aqu, i.e., the initial
aqueous humor volume, is not a function of time):

d

dt
DVAqu

� �
¼ outflow rate� inflow rate; ð12Þ

Where the inflow rate was given by the aqueous
production rate QAqu minus a pressure dependent
term for pseudofacility k:

inflow rate ¼ QAqu � k Pin � Pout � P0in þ P0outð Þ:
ð13Þ
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The outflow facility l, absolute episcleral venous
pressure Pe, and a pressure independent term for
uveoscleral outflow U were used to define the outflow
rate:

outflow rate ¼ lðPin � PeÞ þU: ð14Þ
The second governing equation of the system was

obtained by combining Equations (12), (13), and (14):

d

dt
DVAqu

� �
¼ l Pin � Peð Þ þU

� QAqu � k Pin � Pout � P0in þ P0outð Þ
� �

:

ð15Þ
The above differential equation [Equation (15)]

along with the quadratic equation [Equation (11)]
were solved simultaneously for the unknown values of
Pin and DVAqu. The quadratic formula and Euler’s
method were used to solve these equations using
internally developed codes in MATLAB (Math-
Works, Natick, MA). Since Pin is an absolute pressure
value, only the positive root of the quadratic equation
was acceptable. Other parameters that are used in the
above equations are described in Table 2, and the
numerical values used for the constants are listed in
Table 3. In addition, the barometric formula37 was
used to calculate the absolute exterior air pressure
Pout:

Pout ¼ 0:1013 ð1�2:263 10�5hÞ5:26 MPa

¼ 759:8 ð1�2:263 10�5hÞ5:26 mm Hg ð16Þ
where h is the elevation. The initial elevation was used
to calculate the initial exterior pressure. In addition, a
constant gauge episcleral venous pressure of 9 mm Hg
at all elevations was used to calculate the absolute
episcleral venous pressure Pe:

Pe ¼ Pout þ 9 mm Hg ð17Þ
Finally, a 15-mm Hg pressure difference between

the absolute interior and exterior pressures was used
to calculate the initial absolute intraocular pressure
P0in:

P0in ¼ P0out þ 15 mm Hg: ð18Þ
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