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Abstract

The translaminar pressure gradient (TLPG) refers to two forces at the lamina cribosa of the optic nerve: the anteriorly
acting intracranial pressure (ICP), and posteriorly-acting intraocular pressure (IOP). It has been proposed that controlling
the translaminar pressure gradient at regular intervals may preserve the optic nerve and slow the course of glaucoma.
The precisional modulation of this TLPG is a recently introduced concept that may play a role in the treatment of oph-
thalmic diseases such as glaucoma. In this manuscript, we review the applications of pressurized goggles on ophthalmic
diseases. We also elaborate upon current investigations in modulation of the TLPG including goggles and the multi-pres-
sure dial goggle. We discuss future research directions for ophthalmic diseases including spaceflight associated neuro-ocu-

lar syndrome (SANS), a large physiological barrier to future long-duration spaceflight.
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Introduction

The ophthalmic system is highly regulated by pressure
both within the eye (i.e., intraocular pressure (IOP)) and
in the brain (i.e., intracranial pressure (ICP)). Diseases
such as glaucoma and idiopathic intracranial hypertension
(ITH) represent disorders of the optic nerve that can lead to
irreversible vision loss. The translaminar pressure gradient
(TLPG) is the relationship between IOP and ICP.
Modulation of the TLPG may mitigate ophthalmic IOP
or ICP related diseases. In this paper, we describe the
TLPG and its relationship to ophthalmic diseases; discuss
the role of spontaneous venous pulsations (SVPs) as a
potential non-invasive indicator of ICP; and review preci-
sional modulation of the TLPG using pressurized goggles.
Modulation of the TLPG has terrestrial (e.g., glaucoma or
ITH) as well as extraterrestrial applications including space-
flight associated neuro-ocular syndrome (SANS).

Methods

Google Scholar, PubMed, Ovid MEDLINE searches from
inception to October 30, 2022 were performed using

the search terms: “Multi-Pressure Dial”, ‘“Translaminar
Pressure Gradient” and “Intraocular Pressure”. Selected

'University College Dublin School of Medicine, Dublin, Ireland

2Michigan Medicine, University of Michigan, Ann Arbor, MI, USA

3Sidney Kimmel Medical College, Thomas Jefferson University,
Philadelphia, PA, USA

*Center for Space Medicine, Baylor College of Medicine, Houston, TX,
USA

*Department of Ophthalmology, Blanton Eye Institute, Houston
Methodist Hospital, Houston, TX, USA

$The Houston Methodist Research Institute, Houston Methodist
Hospital, Houston, TX, USA

7Depar‘tments of Ophthalmology, Neurology, and Neurosurgery, Weill
Cornell Medicine, New York, New York, USA

8Department of Ophthalmology, University of Texas Medical Branch,
Galveston, TX, USA

9University of Texas MD Anderson Cancer Center, Houston, TX, USA

""Texas A&M College of Medicine, Bryant, TX, USA

"'Department of Ophthalmology, The University of lowa Hospitals and
Clinics, lowa City, lowa, USA

'2Vance Thompson Vision, Sioux Falls, SD, USA

Corresponding author:

Ethan Waisberg, University College Dublin School of Medicine, Belfield,
Dublin 4, Ireland.

Email: ethan.waisberg@ucdconnect.ie


https://orcid.org/0000-0001-8999-0212
mailto:ethan.waisberg@ucdconnect.ie
https://us.sagepub.com/en-us/journals-permissions
https://doi.org/10.1177/11206721231199779
https://journals.sagepub.com/home/ejo

Waisberg et al.

1329

articles were limited to English language only. Full refer-
ences were manually searched to find other relevant
studies.

Results

A total of 30 papers were reviewed and 16 papers were
included in this review.

Discussion

Open angle glaucoma (OAG) is the most common optic
nerve related cause of permanent visual loss in the world.
OAG causes gradual degeneration of retinal ganglion
cells (RGC) and up to 57.5 million people are estimated
to be affected worldwide.' Risk factors for OAG include:
increased IOP, age, myopia, gender, frailty, smoking,
family history, systemic hypotension, systemic hyperten-
sion and use of topical or systemic steroids.' loss of
RGC in OAG manifests clinically as loss of the retinal
nerve fiber resulting in visual field reduction, while struc-
tural abnormalities in the optic nerve head (“‘cupping”)
are a result of posterior bowing of the lamina cribrosa.’

The lamina cribrosa is a connective tissue structure via
which RGC axons transit the eye and is the main site for
RGC axonal damage in OAG. (Figure 1)* Elevated IOP
is the major risk factor for OAG but up to 25-50% of
patients with OAG in the United States had IOP within
the “normal” range (i.e., normal tension glaucoma).*
Reducing IOP medically (e.g., eye drops), with lasers, or
surgically are the only currently proven means of treating
OAG and its subset normal tension glaucoma.’
Additionally, despite reaching a target IOP certain patients
may continue to show disease progression.

In contrast to IOP, ICP is the pressure of the cerebro-
spinal fluid and central nervous system. Papilledema, tran-
sient visual obscuration, vision loss, double vision,
headache, and pulsatile tinnitus are signs and symptoms
of elevated ICP.” In addition, low ICP is characterized
by orthostatic headache, vertigo, neck discomfort, vomit-
ing, and horizontal diplopia.®® It is thought that IOP and
ICP may be related in several ophthalmic diseases. In the
following section, we discuss the relationship between
these two pressures.

The lamina cribrosa is regulated by two distinct pres-
sures: the anteriorly-acting ICP, and posteriorly-acting
IOP.' The difference between these two pressures is the
TLPG. The lamina cribrosa deforms anteriorly in papille-
dema and posteriorly in glaucomatous cupping due to
mechanical pressure alterations.'” Recent research sug-
gests that an imbalance in IOP and ICP (i.e., the TLPG)
may have a role in the development of OAG'® and modu-
lating this TLPG at regular intervals may preserve the optic
nerve function and slow the course of POAG (Figure 2).

IOP and ICP- optic nerve head biomechanics

A study by Tong et al.'' found that IOP and ICP have
opposing effects on lamina cribrosa peak strain and
lamina cribrosa depth. This study also found that the
effects of ICP on the lamina cribrosa peak strain is three
times lesser than the effect of IOP, while the effects of
these forces of lamina cribrosa depth are equivalent.''
Karimi et al conducted a study with three finite element
models of the posterior eye, and found that IOP created a
four time greater stress than cerebrospinal fluid pressure
at the lamina cribrosa and peripapillary sclera.'? A later
study by Zhu et al."® imaged the eyes of adult monkeys
with OCT under varying pressure conditions. This study
found that both IOP and ICP had a significant effect on
lamina cribrosa depth, aspect ratio and Bruch’s membrane
opening area.'? This study also showed that by raising both
ICP and IOP by the same amount, the effects do not cancel
out, and that ICP may play a role in the sensitivity to IOP,
which may affect glaucoma susceptibility.'?

Spontaneous venous pulsations

Spontaneous venous pulsation (SVP) is a pulse of the
central retinal vein that occurs in both normal and patho-
logical conditions and can be visualized using an ophthal-
moscope. The presence of SVPs is decreased across
glaucoma patients, but among normal individuals is
around 87.6-98%.'*"'° The cardiac cycle, which triggers
the pulsation of cerebrospinal fluid (CSF) and in turn
serves as a wave generator for SVP, is thought to be an
important cause of a SVP. Transmural pressure, or the dif-
ferential between IOP and retinal venous pressure, does, in
fact, oscillate because of CSF pulsation.'”'® When the
central retinal vein’s volume notably changes, the SVP
becomes prominent (Figure 3). The vessel must be compli-
ant for this to happen and compliance diminishes at high
volumes.'® This physiological mechanism decreases com-
pliance and prevents rupture. If the vessel is non-compliant
then an SVP may not be observed but transmural pressure
oscillations occurs at large retinal vein fill volumes.'®!'? In
contrast, the SVP is more noticeable when an oscillation
occurs across a compliant vessel. While compliance is an
important factor, change in compliance alone is not suffi-
cient for the SVP to manifest. The SVP may not be seen
even in a compliant vessel if the CSF pulse is not trans-
ferred to the central retinal vein.

The venous pulsation pressure (VPP) is the least IOP at
which the central retinal vein is compliant enough to
clearly pulse in response to CSF pulsations.?’ TOP raises
the pressure difference between the blood in the retinal
veins and the cavernous sinus, hence decreasing the
volume of the retinal veins. As IOP falls, more blood
flows into the retinal vein, increasing its volume and
decreasing its compliance. In contrast, as IOP rises, less
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Axons travel posteriorly from inside the eye through the
lamina cribrosa to the brain.

Optic Nerve Head and
Lamina Cribrosa

Axons from ganglion cells
intermingle with blood
vasculature to form the
optic nerve posterior to
the lamina cribrosa.

Figure |. The ocular axons travel from the eye through the lamina cribrosa backwards to the brain. This connection represents an
important relationship between intraocular pressure and intracranial pressure. Reprinted from Berdahl JP, Ferguson T), Samuelson TWV.
Periodic normalization of the translaminar pressure gradient prevents glaucomatous damage. Med Hypotheses. Permissions obtained

from Elsevier and Rightslink by Copyright Clearance Center, Inc.

blood can fill the retinal vein, its volume drops, and its
compliance rises.

SVP and VPP can be employed as an ophthalmic bio-
marker of pathological conditions, such as elevated
ICP,*' OAG, and possibly SANS.?* Research indicates
that patients with an elevated ICP are less likely to have
SVPs.?! The two alterations are believed to be driven by
an increase in blood pressure within the retinal vein,
which, in turn, causes the vessel’s volume to grow
beyond its compliance range."’

Glaucoma patients were shown to be less likely to have
SVP than non-glaucoma patients.'® Furthermore, the VPP
is greater in glaucoma patients.”> These changes are
believed to be a result of increased resistance at the
central retinal vein at the lamina cribrosa, which increases
retinal veinous volume upstream of the sclera, and attenu-
ates the transmission of CSF pulsations causing non-

compliance of the retinal venous system.'® VPP levels
are suggested to indicate disease progression.**

Introduction to multi-pressure dial goggles

IOP exhibits a diurnal pattern of variation, with the greatest
magnitude measured at night. Ocular perfusion diminishes
as intraocular pressure rises. This is particularly crucial for
ocular illnesses such as glaucoma.?® IOP may be reduced
non-pharmacologically and non-invasively with the use
of negative pressure goggles (NPGs). For example, —10
mmHg administered by NPG across the orbit using a
vacuum may reduce intraocular pressure by about 6
mmHg without impacting intracranial pressure.”*?’ By
exerting positive pressure, these eyewear may be able to
increase IOP and normalize the TLPG in cases with
increased ICP. The development of vacuum or pressure
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Lamina Cribrosa

An imbalance between
high or normal IOP
and a lower ICP causes
the lamina cribrosa to
extend out and away
from the eye, inhibiting
axonal transport.
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ICP is meaningful only
as it relates to IOP. If
ICP and IOP are out of
balance, axonal
transport is disrupted
and the lamina
deforms resulting in

cupping.

Figure 2. The translaminar pressure gradient can be modulated with changes to intraocular pressure and intracranial pressure in

disease. Thus, also representing that pressure modulation may help to reverse the translaminar pressure gradient back to equilibrium.
Reprinted from Berdahl JP, Ferguson T), Samuelson TW. Periodic normalization of the translaminar pressure gradient prevents
glaucomatous damage. Med Hypotheses. Permissions obtained from Elsevier and Rightslink by Copyright Clearance Center, Inc.

Figure 3. Spontaneous venous pulsations illustrated with still figures with (a) showcasing venous collapse of the retinal vein and (b)
showecasing venous dilation of the retinal vein. Reprinted with permission from Laurent C, Hong SC, Cheyne KR, Ogbuehi KC. The
Detection of Spontaneous Venous Pulsation with Smartphone Video Ophthalmoscopy. Clin Ophthalmol. under Creative Commons
Attribution - Non Commercial (unported, v3.0) License.
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goggles for the orbital region is the subject of active study
at present®® and may have applications for OAG,*’ IIH,
and SANS. The development of pressurized goggles and
the most recent research are covered here.

Multi-pressure dial goggle for precisional TLPG
modulation

The multi-pressure dial goggle is a device developed by
Equinox (Equinox Ophthalmic, Inc., CA, USA) that com-
prises pressure-sensing goggles with a precisional modu-
lating pump (Figure 4). Each eye can be connected to a
separate pump which modulates the individual pressure
of each eye. A handheld device can be used to control
the pump and program individualized pressure values.
An immediate lowering of IOP can then occur after the
negative pressure microenvironment is established.

Specifications. The ophthalmic goggles include lenses with
seals made of silicone, adjustable nasal bridge between the
lenses, tubing to connect googles to the pump, a pump
(programmed by investigators) and a head strap.
Additionally to accommodate variations in facial
anatomy, small, medium and large sized goggles are avail-
able. The mechanism of action of the goggles remains con-
sistent at all goggle sizes. During studies, a modified
version of the MPD system with a special pneumatonome-
try port was used, to allow IOP measurements to be per-
formed while negative pressure is being applied (Figure 4).

Previous studies

Numerous studies have demonstrated the usefulness of
NPGs as a feasible treatment option for ocular illnesses.
Samuelson et al.*° established that NPGs exhibited good

Figure 4. Multi-pressure dial (MPD) goggles that allows for precisional application of negative pressure with an access port for
pneumatonometry measurements during negative pressure application. Reprinted with permission from Ferguson TJ, Radcliffe NM, Van
Tassel SH, Baartman BJ, Thompson VM, Lindstrom RL, Ibach M}, Berdahl JP. Overnight Safety Evaluation of a Multi-Pressure Dial in Eyes
with Glaucoma: Prospective, Open-Label, Randomized Study. Clin Ophthalmol. under Creative Commons Attribution — Non

Commercial (unported, v3.0) License.
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safety parameters and the potential for well-tolerated, pro-
longed therapy administration in patients. In their investiga-
tion, 10 individuals with open-angle glaucoma had —10
mmHg applied to one eye and normal atmospheric pressure
applied to the other eye for 8 h. At the completion of the
trial, patient tolerance and interest in NPGs as prospective
glaucoma treatments were reported. On a scale of 1-10
with 1 being the best, a positive interest response of 1.8 +
0.5 was noted with a mean tolerability of 1.8 +0.4.%°

Ferguson et al.*® examined the overnight safety of MPD
in eyes with glaucoma over seven consecutive days with an
randomized, open-label study. Prior to the testing period,
the application of negative pressure (10 mmHg), caused
IOP to 18.2+3.8 mmHg to 14.0 +2.1 mmHg (p<0.01).
Following 7 days of the study, application of the negative
pressure caused a reduction in IOP of 16.9 +4.3 mmHg to
13.5+ 3.7 mmHg. This study showed that a statistically
significant decrease in IOP (>20%) was seen, in addition
to current therapy and that the MPD can be worn comfort-
ably and safely overnight (Table 1).

Ethier et al.>' used a lumped parameter mathematical
model to the effects of negative pressure goggles on IOP.
The model used in this study considered episcleral
venous pressure, aqueous humour dynamics and changes
in the volume of ocular blood. The researchers found that
clinical data is consistent with model-generated predictions
if: 1) negative pressure goggles caused an increase in ocular
globe volume and increased intraocular blood volume; 2)
negative pressure causes a reduction in episcleral venous
pressure, which alters aqueous humor dynamics and slows
the speed of IOP adjustments.®' It is important to note that
the mechanism behind the increase of globe/blood volume
as a rapid response to the application of negative pressure
via goggles is not fully understood.

Shafer et al.>* examined the effect of negative pressure
in human cadaver eyes. The intra-goggle space, posterior
segment and retrobulbar space were cannulated to
provide measurements of retrobulbar pressure (RBP),
IOP and intra-goggle pressure. This study found that nega-
tive pressure applied with the multi-pressure dial system
reduced IOP without an effect on RBP.

In addition, it has been demonstrated that the goggles can
deliver precise IOP measurements. Ferguson et al.** demon-
strated that pneumotonometry may be performed using the
excursion test method, which employs a Tono-Pen tip
cover and NPGs to provide precise, reliable, and reprodu-
cible measurements of intraocular pressure (IOP). In this
investigation, 480 paired IOP measurements were obtained
with and without a Tono-Pen cover at four pressure levels of
7, 10, 20, and 30 mmHg. The results confirmed that pneu-
motonometry with a Tono-Pen cover in conjunction with
NPG is an acceptable method for measuring IOP.*?

Lastly, a study by Swan et al.** demonstrated that
among 65 participants randomized to receive either no
negative pressure or negative pressure for 60 min at

Table |. Relevant literature relating to translaminar pressure
gradients and spontaneous venous pulstations.

The relationship Ocular axons travel https://
between intraocular from the eye pubmed.
pressure (IOP) and through the lamina ncbi.nlm.
intracranial pressure cribrosa to the nih.gov/
(ICP) brain 33254565/

Pressure changes The translaminar https:/
cause lamina pressure gradient pubmed.
cribrosa distortion (difference ncbi.nim.
in papilledema and between IOP and nih.gov/
glaucomatous ICP) may have a 33254565/
cupping. role in the

development of
primary open-angle
glaucoma (POAG)

Lamina cribrosa depth, Eyes of adult monkeys https:/
aspect ratio, and that were imaged pubmed.
Bruch’s membrane revealed that both ncbi.nlm.
opening area are all IOP and ICP had a nih.gov/
impacted by IOP significant impact 34736887/
and ICP. on lamina cribrosa

parameters

Using spontaneous SVPs are observed in  https:/
venous pulsations both normal and pubmed.
(SVP) as an pathological states, ncbi.nim.
ophthalmic and their incidence nih.gov/
biomarker decreases among 32099318/

individuals with
glaucoma.

SVP and venous Glaucoma patients are  https:/
pulsation pressure less likely to have pubmed.
(VPP) in glaucoma SVPs and display ncbi.nim.
patients higher VPP levels. nih.gov/

12881331/

Negative pressure NPGs can lower IOP  https:/
goggles (NPGs) for without the need pubmed.
IOP reduction for pharmacologic ncbi.nim.

or invasive nih.gov/
procedures. 33061256/

The application of The utilization of the  https:/
multi-pressure dial MPD goggle helps pubmed.
(MPD) goggle for with precise ncbi.nlm.
accurate application of nih.gov/
modulation of the negative pressure, 33061256/
TLPG creating an

immediate
reduction of
intraocular
pressure.

25%, 50%, and 75% of baseline IOP, there was a clinically
and statistically significant reduction in IOP at all negative
pressure settings. This creates the potential for ocular
illness applications in the real world.

Current IOP-controlling treatments include ocular drops,
laser treatments, and surgical procedures.”’** However, the
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IOP-lowering effects of these medications are frequently
unpredictable and, in the case of eye drops, can be compro-
mised by noncompliance.”’ With the use of NPG, a more
targeted and precise method of decreasing IOP that is also
accurate and well-tolerated by patients is available.?

Future potential utilization of positive pressure
goggles

SANS is found in astronauts after long-duration spaceflight
(LDSF) and is characterized by globe flattening, optic disc
edema, choroidal folds and a hyperopic refractive shift.*®
The pathophysiology of SANS is poorly known.
Nonetheless, several ideas involving cephalad fluid
changes, elevated intracranial pressure, ocular glymphatic
system congestion, upward brain shift, and cerebral
volume pulsatility have emerged.*>>® The findings of
SANS were initially termed “Vision Impairment and
Intracranial Pressure” (VIIP). Several findings have sug-
gested that increased ICP may not be the sole reason for
SANS; compared to terrestrial ICP elevations (e.g., IIH),
astronauts do not display diplopia, severe headache, or pul-
satile tinnitus. Post-flight lumbar puncture opening pres-
sures have also been normal to only slightly elevated in
SANS astronauts, and a much larger majority of SANS astro-
nauts display asymmetric or unilateral optic disc edema as
opposed to bilateral optic disc edema in IIH. While these dif-
ferences occur, there is still a large focus on elevated ICP as a
major role in SANS, as well as modulating the TLPG as a
SANS countermeasure. Further research is required to fully
understand the SANS pathophysiology, and our group has
been developing a NASA-funded head mounted visual
assessment system to finely assess the visual system during
long duration spaceflight.®*~*!

As a mitigating method for SANS, swimming goggles
have been studied. According to prior research, swimming
goggles that exert direct pressure on the eye might artifi-
cially elevate IOP.** A terrestrial counterpart to SANS
was created by placing swimming goggles with direct pres-
sure on the eye on healthy subjects in a head-down tilt.
During head-down tilt, swimming goggles were observed
to raise IOP and the TLPG. The authors of the study
propose that a moderate increase in IOP may aid in the
safe mitigation of SANS; however, additional research is
required to determine the safety of increasing IOP for
extended periods. Positive pressure goggles may aid in
increasing IOP more so than standard swimming
goggles, hence giving an additional means of increasing
the TLPG.*

Conclusion

The TLPG is an emerging area of ophthalmic research on
disorders of both IOP and ICP. Pressurized goggles may

act as a potential treatment for terrestrial ocular disorders
such as POAG or IIH by modulating this TLPG. By evalu-
ating for SVPs during changes in pressure, these goggles
may also permit indirect measurements of ICP. Using
goggles to apply positive pressure as a therapeutic
method for astronauts during extended spaceflight may
be beneficial for the extraterrestrial condition, SANS. As
an emerging countermeasure and therapeutic device for
various ophthalmic diseases, further validation research
is required for this modern technology for widespread clin-
ical use.
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