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Abstract

Current treatments for meibomian gland dysfunction have several limitations, creating a
necessity for other advanced treatment options. The purpose of this study is to determine
the effectiveness of focused ultrasound stimulation for the treatment of dry eye disease
caused by meibomian gland dysfunction. An in vivo study of nine Dutch Belted rabbits was
conducted with focused ultrasound stimulation of the meibomian glands. A customized line-
focused ultrasonic transducer was designed for treatment. Fluorescein imaging, Schirmer’s
test, and Lipiview Il ocular interferometer were used to quantify outcomes from three
aspects: safety, tear production, and lipid layer thickness. Both tear secretion and lipid
layer thickness improved following ultrasound treatment. Five to 10 min after the ultrasound treatment, the mean values of
lipid layer thickness increased from 55.33 +11.15nm to 95.67 +22.77 nm (p < 0.05), while the mean values measured with the
Schirmer’s test increased from 2.0 +2.3 to 7.2 £ 4.3 (p < 0.05). Positive effects lasted more than three weeks. Adverse events
such as redness, swelling, and mild burn, occurred in two rabbits in preliminary experiments when the eyelids sustained a
temperature higher than 42°C. No serious adverse events were found. The results suggest that ultrasound stimulation of meibo-
mian glands can improve both tear production and lipid secretion. Ultimately, ultrasound stimulation has the potential to be an
option for the treatment of evaporative dry eye disease caused by meibomian gland dysfunction.

Impact statement

Current technologies to treat meibomian
gland dysfunction are limited. It is impor-
tant to find a more advanced technology
for the treatment. As a pilot study, this work
used focused ultrasound as a treatment for
meibomian gland dysfunction, as it is
expected to have unique advantages over
other modalities. This work could poten-
tially lead to an in-office or home-use
medical device to treat dry eye disease
conveniently and safely.
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Introduction

Dry eye disease (DED) is one of the most common ophthal-
mic disorders. Population-based epidemiologic studies
have estimated that the prevalence of DED ranges from
5% to 30%. Individuals 50 years or older are more likely
to have DED. Some regions of the world, such as Asia, have
a higher prevalence of DED than other regions.'™ Based on
data from the largest U.S. studies of adults over 50 years of
age, 3.23 million women and 1.68 million men in the United
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States have mild-to-moderate or severe symptoms of
DED.*® As defined by the Dry Eye Workshop (2007),
DED is a multifactorial disease of the tears and ocular sur-
face that results in symptoms of discomfort, visual distur-
bance, and tear film instability with potential damage and
inflammation of the ocular surface.® The final common
denominators of DED are tear film hyperosmolarity and
instability.>”
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DED has two main subtypes of tear film deficiency:
aqueous tear deficiency and evaporative deficiency, which
are secondary to changes in the function of the lacrimal
gland and meibomian gland, respectively.® Meibomian
gland dysfunction (MGD) is considered the most frequent
cause of DED, accounting for more than 70% of DED cases.”
The meibomian glands are located in the upper and lower
eyelids and are responsible for excreting lipids onto the
ocular surface, lubricating the ocular surface during blink-
ing, and protecting against tear evaporation. Recent studies
have shown that eyelid temperature significantly influen-
ces the secretions of the meibomian glands, also known
as meibum. As eyelid temperature increases, secreted
meibum shows a phase-transition phenomenon from a
gel-like state to a fluid state. Higher temperatures reduce
the viscosity of meibum and make it easier to distribute the
fluid over the cornea. The phase-transition temperature of
meibum is ~28°C, as measured from healthy donors.
However, in MGD patients, meibum has an altered lipid
composition, leading to the phase-transition temperature
increasing to higher than 32°C."""° In this case, evaporative
DED is induced by MGD because the generated gel-like
meibum cannot transition into the fluid state to protect
the aqueous part of the tear film from evaporation.

Given the importance of meibomian glands in DED
pathogenesis, various devices that target these glands
have been proposed. For example, intense pulsed light'?
and electrical stimulation'* are used to stimulate the lacri-
mal or meibomian glands. Warming devices that heat the
meibomian glands can also improve meibum secretion.'>*®
All of these devices have several advantages and limita-
tions. For example, light and electrical stimulation are
aimed to increase the tear and meibum generation but do
not directly stimulate meibomian gland outflow. Also, sev-
eral side effects, such as blistering and blepharitis, have
been observed from these stimulations. Devices that func-
tion as warming goggles (Blephasteam®, Laboratoires
Thea, Clermont-Ferrand, France) heat the meibomian
glands to improve MGD, but cannot stimulate glandular
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flow due to a lack of compressional effects that can enhance
secretions.

Ultrasound is a safe technology that has been widely
used for medical applications and is an emerging non-
invasive treatment technique.'”*" In this study, a novel
focused ultrasound treatment modality was designed and
applied to stimulate meibomian gland secretions in healthy
rabbits. As a non-invasive treatment modality, ultrasound
has both a heating and stimulating effect to improve mei-
bomian gland secretions and MGD.

Materials and methods

Animals

The study utilized nine Dutch Belted rabbits (female,
6-7months old, three for preliminary study and six for
formal treatment). They underwent ultrasound treatment
of their meibomian glands under anesthesia with a custom-
ized ultrasound transducer. All animals were managed in
accordance with the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals
in Ophthalmic and Vision Research. Procedures were
approved by the Institutional Animal Care and Use
Committee at the University of Southern California
(IACUC Protocol 20838). All experiments were conducted
during the daytime, and the experiment time on each rabbit
was less than 1h. The measurements were repeated three
times per eye.

The experimental setup is shown in Figure 1. The rabbit
was anesthetized with an intramuscular injection of keta-
mine and xylazine (35mg/kg, 5mg/kg). The treatment
area was prepared by shaving the eyelids to remove any
hair that could interfere with the ultrasound waves. A strip
of Tegaderm (3 M, MN, USA) was then applied over the eye
to ensure the eyelids and nictitating membrane were closed
during the treatment, as shown in Figure 1(d). A needle-
type thermocouple, used to measure temperature, was
positioned by inserting the lead into the Tegaderm over

(b)

Figure 1. (a) Schematic diagram of the ultrasound treatment system. Monochromatic signals are generated and amplified by the waveform generator and amplifier. It
drives the line-focus ultrasound transducer to treat the meibomian glands. The transducer is moved gently to cover upper and lower eyelids, approximately 2 s per
sweep (the traversal from upper to lower eyelid then vice versa). A photo of the LipiView® Il and a snapshot of its acquisition procedure are shown in (b) and (c). (d) a
photo of conducting Schirmer’s test on an anesthetized rabbit. (A color version of this figure is available in the online journal.)



the eyelid. The goal was to ensure that the eyelid temper-
ature could be measured throughout the treatment.
Ultrasound gel was then applied within the ultrasound
transducer and on the Tegaderm in an area over the eyelids
and thermocouple lead. The transducer was placed over
the area with gel, and any gaps between the ultrasound
transducer and the target area over the eye were filled in.
Before application, ultrasound gel was heated using a
water bath to 35°C to ensure that the gel did not cool the
eyelid.

Ultrasound transducer and parameters

A diagram of the ultrasound system is shown in Figure 1
(@). A customized, handheld transducer was used in this
study. The transducer had a width of 24 mm, a length of
30mm, and was line focused with a focal depth of 15 mm.
For easier manipulation, a 3D-printed spacer was attached
to the transducer’s surface. The spacer was 1 mm shorter
than the focal length to ensure that the focal line would be
on the surface of the target tissue, as shown in Figure 2(b).
The spacer was then filled with ultrasound gel as acoustic
coupling. The transducer was scanned on the eyelids using
a slow sweeping movement to cover the vertical heights of
both the upper and lower eyelids (approximately 2s going
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from upper to lower eyelid, and 2s going from lower to
upper eyelid, and so on). A waveform generator
(AFG3101, Tektronix, OR, USA) was used to drive the
transducer, and the waveform generator was connected to
an amplifier (100A250A, AMPLIFIER RESEARCH, PA,
USA) with a gain of 50 dB.

Before the in vivo experiments, gelatin phantom experi-
ments were conducted to quantify the heating ability of
generated ultrasound and to determine the duty cycle
and input voltage of the ultrasound. Parameters were
chosen with the purpose of applying a gradual and stable
temperature increase to the eyelids. The free-field ultra-
sound field was measured by the hydrophone (HGL-0400,
ONDA, CA, USA) in a large water tank. To better illustrate
the acoustic field and to confirm the ultrasound-induced
temperature increase, an acoustic-bioheat simulation was
conducted using finite-element analysis software.
(COMSOL 5.3a, COMSOL Inc., MA, USA)

In vivo ultrasound parameter optimization

Three healthy Dutch belted rabbits were initially used to
test the ultrasound’s safety and to optimize treatment
parameters. The goal of these preliminary studies was to
determine the appropriate timing of treatment as well as
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Figure 2. (a) The demonstration of the transducer and 3D-printed spacer. (b) The cross-sectional view of the transducer and spacer design. The spacer ensured that
the focal area was located on the surface of the eyelid. (c) Simulated ultrasound field distribution showing the ultrasonic focal area; White bar: 0.4 mm. (d) Simulated
temperature distribution caused by ultrasound heating effect. (Input voltage 300 mV, cycle number 300, heating time = 1205s.) (e) Ultrasound-induced temperature
increase in simulation and preliminary experiments using different combinations of cycle number and input voltage (300/300 mV, 400/400 mV, 500/500 mV).

(f) Ultrasound-induced temperature increase in preliminary experiments and formal experiments with 300 cycle number and 300 mV input voltage. Three sets of hollow
circles with dotted lines indicate the temperature increase in the preliminary experiments. Six sets of solid circles and solid lines are from the formal experiments. Eyelid
temperatures are controlled to be no higher than 41°C in formal experiments. (A color version of this figure is available in the online journal.)
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the ultrasound parameters that would produce an accept-
able temperature increase on the eyelid. In this optimiza-
tion study, three parameters were adjusted —the duration
of treatment (2, 3, and 4 min), the combinations of cycle
numbers in each pulse, and the amplitude of the ultra-
sound (300/300mV, 400/400mV, and 500/500mV).
Temperatures exceeding 41°C were deemed unacceptable
due to the risk of thermal injury and would prompt
cessation of treatment.”"** The final set was chosen as
300/300mV for a gradual temperature increase around
3 degrees per minute, as shown in Figure 2(e) and (f). The
eyelids and ocular surface were inspected during and after
treatment to detect thermal injury. The ocular surface was
inspected under cobalt blue light after the instillation of
fluorescein and topical proparacaine.

Formal treatment protocol

Six female Dutch belted rabbits were treated under the opti-
mized conditions of 300/300 mV. Three baseline pretreat-
ment measurements were taken on each eye of an awake
rabbit. The lipid layer thickness was measured using the
LipiView® II ocular interferometer (Figure 1(b) and (c))
(TearScience, Morrisville, NC, USA). The ocular surface
was examined with fluorescein staining (BioGlo
Fluorescein Sodium Ophthalmic Strips, Jorgensen
Laboratories, Inc., Loveland, CO, USA) and photographs
taken at the time of the staining. Tear production was mea-
sured with Schirmer strips (Merck Animal Health,
Kenilworth, NJ, USA).

The rabbit was then anesthetized as mentioned above.
The same three measures (LipiView, fluorescein, Schirmer)
were repeated. For each rabbit, one eye was randomly
chosen to be treated, while the other eye acted as a control.
The ultrasound treatment procedure, as described above,
was performed for 2 min. The transducer was placed over
the closed eyelids and moved over the entire eyelid area to
ensure treatment of as many glands as possible. During the
treatment, the temperature of the eyelid was recorded
every 30s.

The detailed chosen parameters for the in vivo
experiment were as follows: the center frequency used
for the ultrasound was 3.3MHz; the pulse repetition
frequency (PRF) was 1kHz; the cycle number was 300
(9% duty cycle); the amplitude of the signal was 300mV.
This combination of cycle number and input voltage was
chosen because these conditions induced a temperature
increase that was gradual and easy-to-control (~3 degrees
per minute). The center frequency was chosen in
consideration of the focal area and safety. Lower frequency
ultrasound has weaker heating effects in biological
tissues; hence, it requires higher acoustic pressure to
heat the eyelid. On the other hand, higher frequency ultra-
sound has a finer heating area with more concentrated
energy, making it harder to uniformly heat the whole
eyelid.

After the treatments were completed, the transducer,
Tegaderm, and thermocouple were removed from the
eyelid. The three measurements done prior to treatment
(LipiView, fluorescein, Schirmer) were repeated

within 10min of completion of the procedure.
These measurements were again repeated upon awakening
from anesthesia, after one week, and after three weeks.

Lipid layer thickness measurement

The LipiView II ocular interferometer measures lipid layer
thickness. The LipiView interferometer captures video of
the eye and provides reports based on the videos, which
can be analyzed further. A photo of the device and a snap-
shot of the video are shown in Figure 1(b) and (c). The
rabbit eye is blinked manually during Lipiview measure-
ments to avoid exposure keratopathy, as the anesthetized
rabbit eyelids are open at rest. The interferometer was able
to distinguish between an open eye and a closed/blinking
eye. Manual blinking was performed for both awake and
anesthetized rabbits.

Fluorescein imaging

One drop of sterile eyewash was placed on a fluorescein
strip, and the strip was gently touched to the inferior fornix.
The eyelid was manually blinked to disperse the stain. The
ocular surface was examined under cobalt blue light with-
out the use of a slit lamp. Therefore, under examination
with fluorescein staining, the cornea was noted to be
either clear, with evidence of keratopathy, or with frank
corneal abrasion.

Schirmer’s test

A Schirmer’s test with topical anesthetic was performed as
shown in Figure 1(d). The fornices were dried gently, and
the Schirmer strip was placed in the inferior fornix. Tear
production at 1 min was recorded for each eye.

Statistical analysis

The Student’s paired f-test (two-tailed) was performed with
MATLAB (R2017a; The MathWorks, Inc., MA, USA) to ana-
lyze Schirmer’s test results and lipid layer thickness (LLT).
Two-way analysis of variance (ANOVA) and Tukey’s
multiple comparison were also conducted to compare the
treatment effects measured at different time points. In all
tests, p < 0.05 was considered statistically significant. The
results are provided in the form of “mean =+ standard
deviation.” Error bars in all figures represent the standard
deviation.

Results

Ultrasound field and heating effect

The measured ultrasonic spatial-peak-pulse-average inten-
sity was Isppa =62 W/ cm?, and the spatial-peak-temporal-
average intensity was Igpra =62W/ cm?. The mechanical
index (MI) was 0.75, which was within the FDA require-
ment of imaging ultrasound (MI <1.9).

Before the in vivo experiment, the ultrasound heating
effect was verified and calibrated using gelatin phantoms.
Preliminary experiments were then conducted on rabbits to
determine a safe temperature and proper treatment time.



Temperature increases in simulation and preliminary
experiments are shown in Figure 2(e), comparing the
heating effect with different combinations of cycle num-
bers and input voltages. Figure 2(f) shows the
temperature-increasing curves measured in both prelimi-
nary experiments and formal experiments, where the
parameter combination was 300/300mV. With increasing
treatment times, the eyelid temperature increased. After
each ultrasound treatment, the rabbits’ eyes were exam-
ined for potential injury. Eyelid edema and erythema and
exposure keratopathy were observed in the first two pre-
liminary experiments, in which the treatment times were
4 and 3min, respectively, and temperatures were over
42°C. No injury was observed in the third preliminary
experiment in which the treatment time was 2min.
Therefore, to prevent thermal eyelid injury, the treatment
time in formal experiments was chosen as 2min, and the
eyelids temperatures were controlled within 41°C.
Temperature increasing curves in the formal experiments
are shown in Figure 2 by solid lines and points as well.
All final temperatures were lower than 41°C.

The effect of ultrasound treatment

The changes in LLT and tear production were used to
evaluate the ultrasound’s therapeutic effect on DED, and
the results are shown in Figure 3. The change in
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values between when the animal was anesthetized and
awake are shown in figures as red triangles (anesthetized)
and green squares (awake), respectively. Averaged results
of both treatment group and control group are shown in
Table 1.

An evident increase in LLT with a mean value of
40.33 nm (paired t test; p < 0.05) was observed after the ultra-
sound treatment. Meanwhile, the LLT from the control eyes
did not show any significant changes. However, during the
anesthesia, the mean of LLT slightly decreased from
54.18 nm to 39.00 nm.

The mean values of the Schirmer’s test were 2.04+2.3 at
pre-treatment (awake) point, 2.3+29 at pre-treatment
(anesthetized) point, 4.1 £4.1 at post-treatment (anesthe-
tized) point, and 7.2 £4.3 at post-treatment (awake) point.
The overall mean increase in tear flow, measured via
Schirmer’s test, was 5.2 mm, which is significant enough
(paired T test; p < 0.05) to support the ultrasound treatment
effect. In contrast, no significant changes were seen in the
control group.

Examination with fluorescein imaging

Figure 4 shows the representative images of corneal fluo-
rescein staining taken under the cobalt blue light.
Examinations of the corneas of all six rabbits in the
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Figure 3. Ultrasound treatment effects. (a) and (b) demonstrate the changes of LLT and Schirmer’s value before and after the ultrasound treatment. Each trial
indicates one rabbit. Red triangles show the changes when the rabbits are anesthetized. Green squares show the changes when the rabbits were awake
pre- and post-treatment. (c) and (d) respectively show the changes of LLT and Schirmer’s value from the control group. Error bars represent the standard deviation.

(A color version of this figure is available in the online journal.)
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Table 1. Summarized results of LLT and Schirmer’s value from all groups.

Pre-treatment

Post-treatment

Awake Anesthetized Anesthetized Awake
Treatment group
LLT (hm) 55.33+11.15 54,18 +13.15 39.00+10.48 95.67 +£22.77
Schirmer’s value 2.0+23 23+29 41+441 7.2+43
Control group
LLT (nm) 54.79+12.04 53.26 +13.95 34.77 +£10.72 56.29 4+ 10.82
Schirmer’s value 22+1.9 21+14 20+1.8 22+1.7

LLT: lipid layer thickness.
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Figure 4. Representative images of corneal fluorescein-stained eyes, showing the ocular surfaces’ conditions both pre- and post the ultrasound treatment. (A color

version of this figure is available in the online journal.)
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Figure 5. Long-term effects of the ultrasound treatment. Measured LLT (a) and Schirmer’s values (b) are demonstrated in time sequence. Solid circles are the initial
values before the treatment. Triangles show the increased values after the treatment at three time points: right after waking up from anesthesia, one week after the
treatment, and three weeks after the treatment. Different rabbits are represented by different colors. Error bars represent the standard deviation. (A color version of this

figure is available in the online journal.)

formal experiment were clear without any abrasion pre-
and post-treatment.

Long-term effects

The mean increase in LLT peaked at week 1 (39 nm) but was
improved compared to baseline at three weeks after treat-
ment (mean 33nm, paired T test; p <0.05). In contrast, the
treatment effect on tear production diminished faster. After
one week, the mean increase decreased from 7.2 to 3.9 mm.
After three weeks, the mean increase was 2.33 (paired T test;
p <0.05). Figure 5 shows LLT and Schirmer’s testing results
before, immediately after, and at one and three weeks after
treatment.

Adverse effects

No long-term adverse effects were observed in all six rab-
bits used in the formal experiments. In preliminary experi-
ments, there was eyelid erythema, edema, and keratopathy
at temperatures greater than 42°C, as noted previously.
These symptoms all resolved within one week with the
application of topical erythromycin ophthalmic ointment
two times per day.

Discussion

Dry eye is a common and chronic ophthalmic disease that
significantly affects patients’ quality of life. While no



method currently available can radically cure DED, the pro-
posed ultrasound treatment could be a safe, convenient,
and comfortable treatment modality for patients.
Considering the shape of the eyelids and the fact that the
meibomian glands are distributed medially and laterally
throughout the eyelid, the specifically designed line-
focused ultrasound transducer reported here is more suit-
able and efficient than the conventional point-focused
transducer.

The safety of any device is of significant concern for a
potential ophthalmic treatment procedure. By minimizing
the axial resolution (<1.2mm) and utilizing an ultrasound
spacer, the ultrasound treatment area was limited in the
eyelids to prevent any direct damage to the ocular surface
or eyeball. The fluorescein staining used in this study was
an effective method for ocular surface evaluation. Increased
corneal staining evident of injury was only observed in the
groups that were treated continuously longer than 2 min.
The eyelid burns and corneal staining observed in the pre-
liminary study were caused by the local overheating in the
eyelids, given that the measured eyelid temperature in
these groups was higher than the 42°C.

Two metrics were used in this study to quantify the
ultrasound treatment effects. One was Schirmer’s test,
which is the classic method for measuring the production
of the aqueous component in tears. The other metric was
the LLT measured using the commercial device, LipiViewll
Interferometer. As it is important for a DED-related study
to be able to measure the LLT, LipiView Interferometry
provides a non-invasive and useful method for quantifying
this metric. In this study, we used the contralateral eyes as
controls to avoid errors caused by individual ocular varia-
tions and measurement protocols.

Although these rabbits were healthy, we noted the
female rabbits” baseline LLT readings were lower than a
couple of the male counterparts that were used early in
the process of optimizing the formal testing protocol. We
decided to only use female rabbits in the formal testing
protocol because lower baseline LLTs would allow for
detection of improvement in the LLT in these healthy
rabbit models as well as for consistency. This gender dis-
crepancy may be worth exploring in the future should a
model for dry eye need to be established for further testing.

Luetal. Ultrasound stimulation to treat dry eye

It was noted that anesthesia affected the effects of ultra-
sound treatment. As shown in Figure 6, comparing the LLT
of anesthetized animals pre- and post-treatments showed
that the LLT slightly decreased to about ~15.18 nm in the
treatment group and ~18.49nm in the control group.
Ultrasound cannot be the main reason for the attenuation,
since it occurred in both groups. This finding may be due to
anesthesia itself impeding or slowing lipid secretion from
the meibomian glands while the rabbit is under anesthesia.
It has been reported that any condition that results in weak-
ness of the orbicularis muscle will likely have a component
of obstructive MGD.?Also, the orbicularis oculi would be
relaxed during anesthesia.?*?® Therefore, we infer that the
anesthetic phenomenon may be due to the relaxation of
orbicularis oculi muscles that help secrete the meibum
from the meibomian glands. Once the rabbit was awak-
ened, the full effects of the ultrasound could be appreciat-
ed. Similar to the LLT, the increase in tear production was
not significant when the animals were still in anesthesia.
The effect became evident only after the animals were
woken up.

This anesthetic effect would not occur in humans under-
going a similar treatment, as they would not need to be
anesthetized for this treatment. This finding is interesting,
however, for patients undergoing anesthesia for surgery.
One of the reasons that the eye may need to be lubricated
during anesthesia is to prevent side effects of dry gritty eyes
or even corneal abrasions.

The Schirmer’s increase was somewhat unexpected
since the treatment was only specifically targeting the mei-
bomian glands. With the lacrimal gland being on the infe-
rior orbit in rabbits, it is possible that there was some
collateral gentle stimulation from the treatment. However,
this increase was not as long lasting as the LLT improve-
ment, as shown in Figure 5. Also, in contrast to the relative-
ly stable LLT values, the increase of tear production
(Schirmer’s test value) varied significantly among different
rabbits, which was reflected by the relatively large standard
deviations. Further study, with larger sample size and dif-
ferent genders, would be helpful in better assessing both
the effectiveness and safety of the treatment technique.

In conclusion, our results suggest that the ultrasound
stimulation on meibomian glands can improve both tear
production and lipid secretion. These positive effects can

LLT Schirmer's test
* ns * ns
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Ml Pre-treatment Awake
-] Pre-treatment
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Figure 6. Statistical analysis (One-way ANOVA) was conducted to compare the treatment effect at four time points. It is shown that the significant increases were only
observed between “Pre-treatment Awake” and “Post-treatment Awake.” “ns” indicates “Not significant,” and “*” means “p < 0.05.” Error bars represent the standard

deviation.
LLT: lipid layer thickness.
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last at least three weeks. No adverse effects were caused by
the determined-safe ultrasound treatment settings. With
advantages such as safety, convenience, and cost-
effectiveness, ultrasound treatment has the potential to
become a primary option for patients to treat evaporative
DED caused by MGD.
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