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ABSTRACT

Introduction: The purpose of this study was to
investigate the short-term safety and feasibility
of negative pressure application by the Multi-
Pressure Dial (MPD) System to lower nocturnal
intraocular pressure (IOP) in subjects with open-
angle glaucoma (OAG).
Methods: A prospective, controlled, intra-sub-
ject study of 22 eyes from 11 subjects at a single
site was performed. All subjects had a history of
OAG and were currently using a topical pros-
taglandin. For each subject, the eye with the
highest IOP in the supine position was selected
as the treatment eye (TE) and the contralateral
eye served as the control eye (CE). The negative
pressure for the TE was set to 60% of the base-
line IOP value with no negative pressure in the
CE. IOP measurements were collected at three
prespecified time points overnight in the supine
position with active negative pressure. The

primary outcome measure was mean IOP with
the application of negative pressure.
Results: At the three overnight time points, the
mean (± standard deviation) baseline IOP prior
to negative pressure application was
22.2 ± 2.5 mmHg in the TE and
21.8 ± 2.5 mmHg in the CE. With the applica-
tion of 60% negative pressure to the TE and no
active negative pressure to the CE, the mean
IOP was 14.2 ± 2.2 and 19.5 ± 2.4 mmHg,
respectively. The mean percentage IOP reduc-
tion in the TE was 35% (p\0.001). There were
two minor adverse events, both unrelated to
device wear, and there were no IOP
spikes C 10 mmHg.
Conclusion: The MPD can safely and effectively
lower nocturnal IOP in the supine position. The
MPD holds promise as a potential new, non-
invasive treatment option for the control of
nocturnal IOP.
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Key Summary Points

Why carry out this study?

The current glaucoma treatment
landscape does not have a reliable
treatment option for nocturnal
intraocular pressure (IOP) control.

There is a trend towards elevated
nocturnal IOP in glaucoma patients.

The IOP-lowering ability of the Multi-
Pressure Dial (MPD) has not been
evaluated at night.

What was learned from the study?

The MPD is capable of providing
meaningful IOP reduction ([25%) in
patients with glaucoma in the supine
position at night.

The MPD is a non-invasive treatment
option that may serve as an independent
or adjunctive treatment option for
nocturnal IOP control in the future.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14269835.

INTRODUCTION

Glaucoma remains the leading cause of irre-
versible blindness in the world and is expected
to affect more than 100 million people by 2040
[1]. Current glaucoma treatments primarily
target the reduction of intraocular pressure

(IOP), the only modifiable risk factor proven to
be associated with disease progression [2, 3].
Over the last decade, several new surgical and
medical treatment options have emerged [4–6],
including the introduction of minimally inva-
sive glaucoma surgery, a growing space of sur-
gical treatment options that offer variable IOP-
lowering efficacy but are broadly purported to
have a superior safety profile compared to tra-
ditional, filtering surgery options [4, 7]. Despite
the expansion of treatment options, the current
glaucoma treatment landscape remains devoid
of a treatment option that can be categorized as
non-laser, non-drug and non-invasive. Further-
more, treatment options for glaucoma are more
limited for IOP lowering at night [8]. Recent
studies have highlighted the importance of
nocturnal IOP control for glaucomatous disease
progression, particularly with respect to vul-
nerable patient subgroups, such as those with
normal-tension glaucoma (NTG) [9, 10].

In this study we describe the use of the
Multi-Pressure Dial system (MPD; Equinox
Ophthalmic, Inc., CA, USA) to lower IOP. The
MPD system consists of pressure-sensing gog-
gles connected to a pressure-modulating pump
that individually enclose each periorbital
region. The principle of operation of the device
is based on Pascal’s law, which states that when
there is a change in pressure at any point in a
confined fluid, there is an equal change
throughout the fluid. With a secure, air-tight fit
and a negative pressure value programmed into
the device, negative pressure (or vacuum) is
applied to convey a localized decrease in
atmospheric pressure contacting the surface of
the eye. The localized decrease in pressure
translates to a decrease in pressure inside the
eye (IOP). After the goggles are appropriately
fitted, target negative pressure is programmed
via software into the pump and a target pressure
value can be dialed in for each periorbital
region, enabling the pressure reduction to be
individualized for each eye with proper fit and
wear of the device.

Prior studies have reported favorable safety
and tolerability results for up to 8 h of contin-
uous wear time with the MPD [11, 12]. How-
ever, the immediate IOP-lowering ability of the
device at night has not been reported. Given the
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trend towards elevated nocturnal IOP in glau-
coma patients, we sought to determine whether
the MPD could address this unmet need in
glaucoma management. This study aimed to
evaluate the safety and feasibility of the MPD in
lowering nocturnal IOP in the supine position.

METHODS

This prospective, fellow eye-controlled study
was performed at a single site (Mexico City,
Mexico). The study procedures were approved
by Comité de Ética en Investigación, Universi-
dad de Monterrey, the local Ethics Committee
of the institution where the study was per-
formed (reference number: 1208-2019-a-EXT-
CEI). The study procedures were in accordance
with the 1964 Helsinki declaration and its later
amendments or comparable ethical standard.
All subjects included in the study provided
informed consent prior to the beginning the
study. This study was designated as a non-sig-
nificant risk clinical study and did not require
clinical trial registration.

Key inclusion criteria were age C 22 years, a
documented diagnosis of open-angle glaucoma
(OAG) in both eyes, periorbital anatomy that
allowed a proper and secure, air-tight seal when
the goggles were put in place and ability to
tolerate IOP measurements with the device in
place. Subjects who met the inclusion criteria
had to have a screening IOP measurement of C
16 and B 32 mmHg in both eyes and had to be
currently using a prostaglandin analog medica-
tion for treatment of glaucoma in both eyes.

Exclusion criteria included the presence or
history of any eye condition/disease that could
compromise evaluation of the study results or
subject safety. Subjects with macular degenera-
tion, retinal detachment or other fundus find-
ings that could prevent visualization of the
retina in either eye, eyelid edema or conjuncti-
val chemosis in either eye, history of corneal
transplant in either eye, or history of allergy to
any of the testing materials (e.g. silicone) were
excluded. Subjects with a history of filtering
glaucoma procedure (e.g. trabeculectomy, tube
shunt) in either eye were also excluded, as were
subjects with narrow anterior chamber anatomy

(Shaffer angle grade B 2) as visualized by
gonioscopy. To limit variability in this small
sample size, subjects currently using glaucoma
medications other than prostaglandin analogs
were also excluded.

Study Materials

The MPD primarily comprises two distinct
components: pressure-sensing goggles and a
programmable, pressure-controlling pump. The
two components are connected with tubing
that extends from the pump individually to
each periorbital region. This design enables
individualized negative pressure control for
each eye.

A modified version of the MPD (only for
investigational use), called the Excursion MPD,
was used in this study at the study site to obtain
IOP measurements at active negative pressure.
The Excursion adaptation of the device contains
an access port on each of the lenses that enables
a pneumatonometer to make IOP measure-
ments under active negative pressure. Because
the negative pressure microenvironment
requires a sealed environment, a specialized
method of IOP measurement, also known as the
excursion test method, was employed, as
described in detail in [13]. Of note, the pneu-
matonometric measurement employed with the
Excursion test method occurs across a latex
membrane (tono-pen cover) and remains
external to the negative pressure microenvi-
ronment. This method allows for IOP measure-
ments relative to atmospheric pressure. A
diagram of this method is shown in Fig. 1.

Study Design

During the baseline visit (visit 1) the subjects
were: (1) assessed in terms of the inclusion/ex-
clusion criteria; (2) checked that a proper seal
could be achieved with the device; and asked to
undergo a battery of baseline clinical tests,
including best-corrected visual acuity, manifest
refraction, IOP with Goldmann applanation
tonometry (GAT), gonioscopy and comprehen-
sive slit lamp and dilated fundoscopic exami-
nation. Additional IOP measurements were
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obtained using the Reichert model 30 pneu-
matonometer (PTN; Reichert Inc., Buffalo, NY,
USA) in both the upright (seated) and supine
position. The eye with higher IOP based on
supine pneumatonometry was assigned as the

treatment eye (TE) while the intra-subject con-
tralateral eye was assigned as the control eye
(CE). Following assignment of the TE/CE, a
sequence of IOP measurements were made in
the supine position under various conditions.
The initial measurements were obtained after
the Excursion MPD was securely in place with-
out negative pressure to establish a baseline IOP
for both eyes. Prior to the application of nega-
tive pressure, the device was programmed with
the appropriate negative pressure value for each
eye. The negative pressure value for the TE was
set to 60% of the supine IOP value measured by
the PTN prior to the MPD being worn; for
example, a subject with an IOP value of
20 mmHg had a target negative pressure value
set at 12 mmHg. After the MPD was securely in
place with the correct target negative pressure
setting, the IOP was obtained. This was done at
visit 1 to ensure the IOP in the TE with active
negative pressure was not harmful to the sub-
ject. A summary of the IOP measurements
obtained at visit 1 are shown in Fig. 2.

Eligible subjects who met the inclusion cri-
teria and completed the testing at visit 1 were
scheduled to return for visit 2, which consisted
of an overnight stay, within 7 days of visit 1.
Visit 2 could occur as early as on the same day
(evening) as visit 1. At visit 2, subjects were
admitted to a sleep clinic. Each subject was re-
fitted with the Excursion MPD, and three IOP

Fig. 1 The Excursion Multi-Pressure Dial system. The
pneumatonometer is inserted through the open, distal end
of the access port and gently placed against the tono-pen
cover on the cornea to obtain an intraocular pressure
measurement

Fig. 2 The mean intraocular pressure (IOP) results for all three time points for the treatment eye and control eye. Of note,
the negative pressure (NP) setting for the control eye was 0 mmHg. The far right group of bars shows the mean IOP across
all three time points for the treatment eye and control eye
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measurements were made overnight at three
prespecified time points (all local time): 10:30
p.m., 2:00 a.m. and 5:30 a.m. For each subject,
the MPD was programmed with the negative
pressure (TE only) set to 60% of the IOP value in
the supine position measured at visit 1. In the
CE, the negative pressure setting was pro-
grammed to 0 mmHg. All measurements
occurred in the supine position prior to sitting
up to simulate a nocturnal IOP measurement.
To maintain the integrity of the initial IOP
measurement, subjects were scheduled to be in
the supine position starting at 10:00 p.m. in
preparation for the initial measurement. At
each specified time point, the MPD was securely
placed on the subject while the subject
remained supine, and a measurement was taken
prior to negative pressure application. Follow-
ing the initial IOP measurement, the negative
pressure application was activated, and IOP
measurements were again recorded in both
eyes. After each set of IOP measurements, the
device was removed; this sequence of measure-
ments was repeated for all three time points. A
summary of the sequence of IOP measurements
at visit 2 are summarized in Fig. 3.

Following the three scheduled overnight IOP
measurements, a repeat slit lamp examination
was performed as well as repeat IOP measure-
ments by GAT. In addition, an assessment of
adverse events was performed.

Outcome Measures

The primary outcome measure in this study was
the mean IOP with active negative pressure (as
measured by PTN with the Excursion MPD in
place) at the three prespecified time points
during visit 2. The mean IOP was evaluated for
the study eye (TE) and CE separately at visit 2.

The safety assessment included changes in
slit lamp examination following visit 2, the rate
of ocular adverse events and the rate of IOP
increases C 10 mmHg by GAT following visit 2
compared to the IOP measured at visit by GAT.

Statistical Analysis

A repeated-measures analysis of variance test
was performed to evaluate the mean IOP with
active negative pressure in the TE compared to
baseline at the three overnight time points. Post

Fig. 3 Comparison of the percentage of IOP reduction in
the treatment eye and control eye for each subject (subjects
1–11). It is noted that 9 of the 11 subjects achieved

a[ 30% IOP reduction in the treatment eye with the
application of negative pressure
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hoc paired t tests were performed to compare
the mean IOP in the TE prior to and following
the application of negative pressure with the
baseline value at all three time points. Statistical
analyses were performed using Prism 8 software
(GraphPad Software Inc., San Diego, CA, USA).
The significance level was set at p B 0.05.

RESULTS

Subject Demographics

A total of 11 subjects diagnosed with bilateral
OAG were enrolled in and successfully com-
pleted the study. One subject did not ade-
quately meet the inclusion criteria and was not
included in the study. All subjects were His-
panic. The mean age of the subjects was
64.9 ± 6.9 years, and nine were women.

IOP Results

The IOP results for each time point in the
overnight visit are shown in Fig. 1. At 10:30
p.m., the first overnight time point of visit 2,
the mean IOP in the TE and CE prior to the
application of negative pressure was 22.5 ± 3.2
and 21.3 ± 2.9 mmHg, respectively. Following
the application of negative pressure to the TE,
the mean IOP of the TE was 14.0 ± 2.4 mmHg,
or a 38% reduction (p\ 0.001); the mean IOP of
the CE at the same time point was
19.4 ± 2.3 mmHg. At the second time point
(2:00 a.m.), the mean IOP before negative
pressure application was 21.8 ± 2.22 mmHg in
the TE and 21.7 ± 1.8 mmHg in the CE. Fol-
lowing activation of negative pressure to the TE,
the mean IOP in the TE was 14.3 ± 2.3 mmHg,
a 34% reduction (p\0.001); the mean IOP in
the control eye was 19.3 ± 1.8 mmHg. At the
third time point, 5:30 a.m., the mean IOP in the
TE and CE prior to application of negative
pressure was 22.2 ± 2.2 and 22.3 ± 2.9 mmHg,
respectively. After negative pressure application
to the TE, the mean IOP in the TE was reduced
by 35% to 14.4 ± 2.1 mmHg (p\ 0.001); in the
CE, at the same time point, the mean IOP was
19.9 ± 3.0 mmHg.

Overall, across all three time points at night,
the mean IOP prior to application of negative
pressure was 22.2 ± 2.5 mmHg in the TE In the
CE, the mean IOP prior to negative pressure
application was 21.8 ± 2.5 mmHg. The mean
IOP of the TE and CE groups prior to the
application of negative pressure was not signif-
icantly different (p = 0.53). With the applica-
tion of negative pressure in the TE and no
application of active negative pressure in the
CE, the mean IOP was 14.2 ± 2.2 and
19.5 ± 2.4 mmHg, respectively. Overall, the
mean percentage IOP reduction in the TE with
the application of negative pressure was 35%
(p\ 0.001).

Figure 2 shows the comparison of IOP
reduction between the TE and CE. Every subject
achieved an IOP reduction of[ 20% with neg-
ative pressure application in the TE at all three
overnight time points. In 82% (9/11) of sub-
jects, the mean IOP reduction was C 30% across
all three overnight time points.

Safety Measures

No qualitative changes in the TE or CE were
observed on comprehensive slit lamp evalua-
tion following the overnight study period at
visit 2. The mean IOP by GAT at visit 1 was
17.9 ± 1.6 mmHg in the right eye and
17.3 ± 1.3 mmHg in the left eye. Following visit
2, repeat IOP measurements obtained in the
upright position by GAT were 16.9 ± 3.1 and
16.3 ± 2.1 mmHg in the right and left eye,
respectively. There were no instances of IOP
increases C 10 mmHg in either the right or left
eye measured bya GAT at visit 2 compared to
baseline.

There were two adverse events that occurred
during the study period. One subject had diar-
rhea during the study period which was self-
limited and resolved without sequelae. Another
subject had eye pain during the study period,
and an examination revealed anterior uveitis for
which the subject was treated with appropriate
topical therapy.
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DISCUSSION

Clinicians managing patients with glaucoma
almost always rely on IOP measurements
obtained in-office, or during the day, to guide
treatment decisions and assess successful man-
agement of disease progression. These mea-
surements, however, only convey a brief
snapshot of a patient’s 24-h IOP profile and may
consistently miss peak IOP levels [14]. Recent
studies using 24-h IOP monitoring have
demonstrated that for many patients, the peak
IOP occurs at night [15–17]. Additionally, prior
studies have demonstrated that glaucomatous
patients endure larger fluctuations in IOP at
night compared to healthy controls [18]. The
current glaucoma treatment landscape would
benefit from treatment options that safely lower
IOP at night. Additionally, new adjunctive or
independent treatments that provide nocturnal
IOP control would address a sizable unmet need
[19, 20].

This prospective, controlled study demon-
strated the nocturnal IOP-lowering ability of the
MPD device at three independent time points
during the nocturnal period. At all three time
points throughout the night, there was a sta-
tistically and clinically significant IOP reduc-
tion of[ 30% from baseline while the device
was worn with active negative pressure. The
mean IOP in the TE was reduced to\15 mmHg
at all three time points. This IOP reduction was
observed in patients already on a topical pros-
taglandin, indicating the MPD can still achieve
meaningful IOP reduction in eyes currently
receiving medical treatment. Additionally, the
IOP reduction was[20% in all subjects
regardless of baseline IOP (Fig. 2). Although
negative pressure settings were not tailored to
target goals for each patient in this study, the
titratability of the MPD is an attractive element
as some patients may be subject to larger
increases in nocturnal IOP [21].

The safety results of this study were also
favorable, corroborating prior studies evaluat-
ing the safety and tolerability of the device in
healthy subjects [11, 12]. There were no IOP
spikes above baseline following the overnight
visit in either the CE or TE. There were no

changes observed on slit lamp examination in
the anterior or posterior segment following visit
2 in comparison to baseline, with the exception
of evidence of anterior inflammation detected
in one patient that responded and resolved with
appropriate topical therapy. Given the non-in-
vasive nature of the device, it remains unlikely
that its wearing prompted the development of
anterior inflammation, in particular because
this has not reported in any prior study evalu-
ating the safety and efficacy of the device.
Consistent with prior work evaluating the
device, there were no serious adverse events.

A prior study investigating the safety and
tolerability of continuous, nightly wear of the
MPD over a 7-day period [22] produced favor-
able results, indicating that patients would be
amenable to continuous overnight wear. This
earlier study primarily focused on the safety and
tolerability of the MPD and did not obtain IOP
measurements in the nocturnal setting or
supine position. Coupled with the results of this
present study, these findings indicate the MPD
could represent the first, non-invasive inter-
vention for nocturnal IOP control and could be
worn nightly as an adjunct or independent
treatment option. The ability to safely and
consistently control nocturnal IOP would be
particularly meaningful for patients with NTG,
a subset of glaucoma associated with greater
fluctuations in nocturnal IOP and lower ocular
perfusion pressure [6, 23].

Given the novelty of employing negative
pressure to lower IOP, future investigation is
critical. The findings of this study highlight the
short-term reduction in nocturnal IOP, with an
IOP reduction of[ 20% at three different time
points. It remains important, however, to note
that the IOP reduction conferred by the MPD is
limited to when the device is worn with nega-
tive pressure. With removal of the device, the
IOP returns to baseline.

The limitations of this study include the
small sample size, the single visit, the short-
term duration and the non-randomized design.
Measuring IOP using a pneumatonometer and a
tonometer tip cover remains a novel method of
IOP measurement, and while favorable results
regarding the accuracy and precision of the
method have been reported in prior clinical
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work [13], no published benchtop studies have
specifically investigated the precision of the
method in a benchtop setting with active neg-
ative pressure. It remains unclear which effects,
if any, the MPD may have over the long term
with repeated wear at night for weeks to
months. This study exclusively included His-
panic subjects, which limits the generalizability
of this study to other patient populations. In
this study, an IOP reduction was also observed
in the contralateral, or control eye. Although a
minor reduction, this has not been demon-
strated in prior studies evaluating the IOP-low-
ering ability of the device [22, 24] and suggests
future investigation is warranted evaluating the
IOP-lowering ability of the MPD in the noctur-
nal setting and/or supine position.

CONCLUSION

Overall, the results of this short-term study are
favorable, demonstrating that the MPD repre-
sents a non-invasive, safe option for reducing
IOP in the supine position at night. This non-
laser, non-drug, non-invasive approach to noc-
turnal IOP control could be used adjunctively
(as observed in this study) or as an independent
treatment option. In conclusion, the significant
reduction in IOP achieved through application
of negative pressure to the periocular space
indicates the MPD could fill an existing void for
a non-invasive intervention that safely controls
nocturnal IOP.
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