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Abstract
Purpose To review the existing technology for self-tonometry
and evaluate methods for continuous monitoring of IOP currently undergoing development and clinical trials in humans.
Background Glaucoma is one of the leading causes of blindness worldwide. Current glaucoma therapy is focused primarily on lowering intraocular pressures (IOP). Decisions to
modify treatment regiments are primarily based on office
IOP. Since IOP fluctuates throughout the day, values obtained
in the office may be a poor representation of the patient’s
disease. IOP measurements outside of the physician’s office
environment would provide better knowledge of the disease
state and allow for better-informed medical decision making.
Methods and results We performed a literature search using
Medline and IEEE database for studies investigating technologies that have been developed for continuous 24-hour IOP
monitoring.
Conclusion There is currently no technology that has been
approved for use to allow for continuous monitoring of IOP
fluctuations. New experimental technology being developed
and currently undergoing clinical trials has demonstrated potential for changing the diagnosis and management of glaucoma.
Presentation at a Conference: This article is not planned for presentation
at a conference.
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Introduction
Glaucoma is one of the leading causes of blindness in the
world. In 2002, it was estimated that 37 million people were
blind worldwide. Amongst this group, the second most common cause of blindness was glaucoma, accounting for 12.3 %
of the cases of blindness, second only to cataracts [1]. It was
estimated that in 2010, 60.5 million people suffer from glaucoma worldwide [2]. Glaucoma is characterized by progressive loss of neurons in the retinal nerve fiber layer. This often
results in the loss of the peripheral visual fields, which can be
monitored using visual field testing.
Primary open angle glaucoma is the most common form of
glaucoma, constituting an estimated 74.0 % of cases in 2010
[2]. Risk factors for the development of open angle glaucoma
(OAG) include increasing age, family history, African American race, myopia, thin central corneal thickness, and intraocular pressures (IOP). Currently, the only modifiable risk factor
is elevated IOP. The mainstay of therapy today is targeted at
reduction of IOP through the use of topical and systemic
medications, lasers, and surgical procedures. Modification of
glaucoma treatment regiments is currently guided primarily
by IOP measurements. The gold standard for measurement of
IOP is by Goldmann Applanation Tonometry (GAT) in the
office. Unlike hand-held devices and pneumotonometry, GAT
makes direct contact with the cornea and is mounted on a slit
lamp, yielding accurate measurements while eliminating
errors caused by improper positioning. The device acts
on the principle of applanation, where the force required
to flatten a defined corneal area of 3.06 mm2 is measured and correlated to the IOP using the formula
Force=Pressure/Area [3–5].
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The disadvantage of office GAT is that it only measures
pressures at specific time points while the patient is in the
office during daytime hours. It has been established that IOP
shifts throughout the day in both healthy people and in patients with glaucoma. These diurnal shifts are particularly
significant in glaucoma patients, as large pressure shifts have
been associated with increased progression of glaucoma [6,
7]. The Advanced Glaucoma Intervention Study found these
pressure fluctuations to be particularly important in eyes with
low mean IOP, yielding greater visual field progression
amongst this population [8]. Thus, IOP measurements during
patient office visits may not accurately reflect the patient’s
disease state. With certain patients, one may measure IOP at
multiple times throughout the day in order to create diurnal
curves that would record shifts in IOP values. This technique,
however, is time-consuming, expensive, and impractical for
widespread use [9]. Measurements with GAT are also not
possible while the patient is asleep. This is especially problematic, as it has been found that postural changes from sitting
to supine elevates IOP due to an increase in episcleral venous
pressure and redistribution of body fluid [10–12]. Studies
have also found an elevation in IOP during the nocturnal
period, regardless of sitting or standing positions [9, 13–16].
A sleep laboratory study by Brown et al., revealed that increases in IOP were detected within 30 minutes after onset of
sleep, with further elevations after four hours of sleep. Pressures amongst the subjects returned to baseline within an
average of 404 seconds after awakening [17, 18]. The impact
of different topical medications for treatment of glaucoma on
this phenomenon has also been studied, with latanoprost
yielding the most uniform circadian reduction in IOP. Timolol,
dorzolamide, and brimonidine, on the other hand, yielded
variable results on this circadian fluctuation [19, 20].
Monitoring IOP values at time points outside of the patient’s office visit would provide ophthalmologists with additional information about the patient’s disease and the effectiveness of current treatment regiments. Home monitoring of
other chronic diseases, such as diabetes mellitus by means of
blood glucose monitoring, alerts patients when treatment is
not effective and allows for improved disease control. Thus, it
is a cost-effective tool for improving the quality of life and
prognosis of these patients [21]. This concept is applicable to
glaucoma, as self monitoring of IOP allows patients and
physicians to detect failure of treatment earlier and adjust
management protocols accordingly. One study demonstrated
that 24 hour inpatient monitoring of IOP changed clinical
management in over 75 % of glaucoma patients [22]. Unlike
the self-monitoring of blood glucose levels of diabetes, however, no universally accepted method of self-tonometry currently exists. This article will review the existing technology
for self-tonometry, and evaluate methods for continuous monitoring of IOP currently undergoing development and clinical
trials in humans.
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Methods
We performed a literature search using Medline and the IEEE
database of articles published from the years 1967 to 2013.
Search terms used were glaucoma telemetry, intraocular pressure continuous, intraocular pressure telemetry, triggerfish,
home tonometry glaucoma, parylene intraocular pressure,
and intraocular lens IOP.

Technology for non-continuous tonometry
In 1997, Draeger et al., published results of a study on intraocular pressure measurements done by astronauts on themselves during the Spacelab D2 mission using an automated
version of the Goldmann Applanation Tonometry (GAT).
During this mission, the flight crew successfully measured
their IOP by positioning the device in front of their eye, and
allowing it to automatically applanate the cornea. This was the
first reported case of people performing self-tonometry [23].
Since then, multiple attempts have been made to produce a
device, which patients can use to measure their own intraocular pressure at home. The result of these include the Proview
pressure phosphene tonometer, the Ocuton S, and the Tiolat
iCare. Extensive studies have been performed comparing the
self-tonometry IOP measurements using these devices with
those obtained by the physician via Goldmann Applanation
tonometer. Results of these studies have been mixed.
The Ocuton S, an automatic tonometer based on the device
created by Draeger during the Spacelab D2 mission, allows
self-measurement of IOP by patients. By instructing patients
to place the device in front of their eyes, the device automatically contacts the cornea and determines IOP using the principle of applanation. Studies on its accuracy yielded significantly different IOP measurements as compared to GAT despite long periods of training for use in self tonometry. Mean
pressure measurements by self tonometry with the Ocuton S
were up to 6 mmHg higher than those obtained by GAT, and
only 67 % of patients could yield median values within
3 mmHg of GAT even after six repeated measurements
[24–28]. In addition, because this device required direct contact with the cornea during applanation, patients using this
device for long-term self monitoring of IOP would require
chronic use of a topical anesthetic. Patients using the Ocuton S
were, therefore, susceptible to adverse sequelae associated
with topical anesthesia abuse such as toxic keratopathy, corneal ulceration, and perforation [29–31].
The Proview pressure phosphene tonometer is a small,
unpowered spring-compression device that uses the principle
of pressure phosphene, the induction of light sensation by
application of pressure to the eyes. Patients are instructed to
place the tip of the device to the superonasal orbit over the
upper eyelid and apply increasing pressure until a visual
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sensation resembling a halo is produced. The measured reading is then taken from the device. Most studies done to
evaluate self-tonometry with this device have demonstrated
significant differences in the IOP values obtained by this
device compared to GAT [32–36]. The device tended to
overestimate IOP at measurements under 10 mmHg and underestimate at measurements over 20 mmHg, with one study
finding only 37.4 % of measurements using the pressure
phosphene tonometer falling within +/- 2 mmHg and 67 %
within +/- 4 mmHg of measurements with GAT. Patients with
IOPs less than 10 mmHg or over 20 mmHg in this study
yielded measurements with an absolute mean difference of
6.6 mmHg compared to GAT. Despite these shortcomings,
however, use of the pressure phosphene monitor yielded a
significant reduction in anxiety (from 1.86 to 1.37 on a 5-point
anxiety scale questionnaire) after four weeks to six weeks of
use, demonstrating the psychological benefits of selftonometry [35].
The Tiolat iCare acts on the principle of rebound tonometry, where a moving object colliding with the cornea without
the need for topical anesthetic will decelerate more rapidly at
higher IOPs. This allows the measurement of IOP values by
monitoring the motion parameters of the colliding object
against the cornea. Studies on self-tonometry with the iCare
rebound tonometer yielded reasonable correlation of IOP
measurements with the device compared to GAT, with some
studies reporting correlation coefficients between 0.79 to 0.95
[37, 38]. Proper positioning with this device, however, is
difficult in a home environment and can greatly affect the
results obtained with the device. Muttuvelu demonstrated a
mean difference of 3-4 mmHg between central and peripheral
corneal measurements [39, 40]
Other portable technologies for monitoring IOP have been
developed for use in the office. In theory, many of these
devices can be adapted for patient use in monitoring their
own IOP at home. These include the Tono-Pen, the Diaton
ballistic tonometer, and non-contact tonometers such as the
Pulsair Keeler, Reichert AT550, and the Ocular Response
Analyzer. The Tono-Pen is the most commonly used portable
device. Only one study currently exists reporting a single
patient that was taught to use the Tono-Pen to measure his
own IOP over the course of four years, with 93 % of his
measurements falling within 2 mmHg of the GAT measurements [41]. No large scale studies have been done to determine whether patients can use this device to accurately measure their own IOP. The dexterity required to correctly position the device, as well as the need to keep one’s eyelids open
during readings makes the device technically challenging for use in self-tonometry. Use of this device also
requires the use of topical anesthetics [42–44]. Optimal
use of these devices would involve family members
performing the tonometry, rather than the patient taking
self-measurements.

1181

The Diaton tonometer uses the ballistic principle of tonometry transpalpebrally through the eyelid. This device is designed with a tip that rests on the patient’s eyelids and allows
for measurement of IOP by monitoring the interaction of a free
falling rod with the elastic surface of the eye through the upper
eyelid. While this device does not require the use of topical
anesthesia, the Diaton tonometer is very technically challenging to be used on oneself. Accurate measurements require for
patients to fixate their gaze at a 45o angle and the ciliary line of
their upper eyelid positioned to coincide with the upper border
of the limbus [42, 45, 46]. No studies on self-tonometry have
been done with the Diaton tonometer to determine if it is a
feasible option for self-tonometry.
Non-contact tonometers act primarily on the principle of
cornea applanation using air released from the device’s pneumatic system. The Pulsair Keeler non-contact tonometer has
been tested for use in self-tonometry in a single study, which
yielded IOP measurements to within 1 mmHg of GAT in 73 %
of cases. Only 75 % of patients in the study, however, were
able to use the device on themselves successfully [43]. Multiple other non-contact tonometers have also been considered
for self-tonometry. The accuracy of these devices in measuring IOP at home has not been evaluated in large scale studies.
A major disadvantage to these devices is their inability to
obtain IOP measurements while the subject is asleep. The
greatest disadvantages of the non-contact tonometers, however, is their cost, with some devices priced at up to $15,000.
Cook et al., published the results of a meta-analysis pooling
data from articles that evaluated the agreement of various
tonometers with GAT. Although non-contact tonometers produced the most accurate results, only 66 % of measurements
were within 2 mmHg of those obtained by GAT. The Ocuton S
was the least accurate, with only 33 % of IOP values within
2 mmHg of GAT measurements. Thus, a major disadvantage
is the poor overall accuracy of these devices in obtaining IOP
values even when operated by trained professionals [47].

Contact lens telemetry
A disadvantage common to all of the portable tonometers is
their inability to obtain continuous IOP measurements. This is
especially problematic during the nocturnal period, as studies
have shown that the highest IOP values tend to occur during
the hours of sleep and in the early morning [22, 27]. Hence,
we continue to search for devices that allow for continuous
24-hour monitoring of IOP that will be easy and convenient
for patient use, as well as reasonably priced.
Recording of ocular dimensional changes related to IOP
with the use of a contact lens is an attractive option; it is
noninvasive and allows for continuous wear, thus making
24 hour measurements possible. An in vitro study by Hjortdal
et al., in 1995 with enucleated human eyes found a human
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corneal curvature change of 3 μm in response to an artificial
change in the IOP of 1 mmHg [44]. Lam et al., later found
similar results with an in vivo study looking at corneal curvature changes associated with postural changes [48]. Since
then, this concept has been applied to the creation of contact
lenses capable of sensing IOP-related changes in vivo.
Leonardi was the first to publish on the creation of a soft
contact lens with an embedded microfabricated strain gauge
capable of detecting changes in the corneal curvature in response to IOP changes. This design was initially created with
a 3 cm microflex connection cable that connected the lens to
an external electronic device for recording of these corneal
changes. This device was tested in enucleated porcine eyes
that were cannulated and connected to an external fluid source
allowing for artificial IOP changes. IOP was monitored using
manometry, where an electronic sensor directly measures the
pressure of the anterior chamber through the tubing connected
to the cannulating needle. The contact lens yielded measurements with very good correlation to actual internal IOP values
measured by manometry [49]. Leonardi later also produced a
wireless version of this strain gauge contact lens. This device
contained a built-in gold antenna and telemetric microprocessor allowing for wireless power and transmission of measurement data. The results of in vitro studies with this wireless
sensing contact lens on cannulated porcine eyes were published in 2009. The results demonstrated measurements that
correlated well with actual IOP values measured by internal
manometry with a reproducibility of 0.2 mmHg [50].
The wireless contact lens design has been adapted for
commercial manufacturing by Sensimed. This product, called
SENSIMED Triggerfish, is a soft silicone contact lens with a
14.1 mm diameter sensor, a built-in circular microantenna, a
circular strain gauge acting as sensors, and a microprocessor
to communicate with an external antenna (Fig. 1). The external antenna is placed around the eye and allows for transmission of energy from a recorder to the contact lens, and data
from the contact lens microprocessor to the recorder through a
cable connected to the antenna. The recorder is worn by the
patient and allows for transfer of data to a computer using
Bluetooth technology after completion of the recording. This

Fig. 1 Triggerfish wireless intraocular pressure sensing contact lens
©Sensimed AG
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lens is designed to capture ocular dimensional changes at the
corneoscleral area for 30 seconds every 5 minutes, allowing
for the collection of a total of 86,688 data points over a 24hour period. A clinical trial using SENSIMED Triggerfish
demonstrated good tolerability by healthy volunteers without
significant discomfort for an average consecutive period of
23.23 hours with only mild visual complaints that resolved
within 24 hours of removal [13]. Additional clinical trials with
this device in patients with primary open angle and
pseudoexfoliative glaucoma yielded 24-hour individual profiles that demonstrated variations related to the circadian
rhythm, with the highest value occurring during the nocturnal
period [51, 52]. Further study on the safety and tolerability in
POAG or POAG suspect patients wearing the device during
multiple 24-hour periods revealed good tolerability when
measured using a visual analog scale score. A study by
Mansouri revealed no persistent serious adverse effects, as
the only serious adverse effect observed was conjunctival
hyperemia [53]. A second study by Lorenz demonstrated
good tolerability, with only one patient in a cohort of 40
participants experiencing intolerance and nonpersistent epithelial defects [54]. The SENSIMED Triggerfish offers a noninvasive method for capturing ocular dimensional changes
related to IOP without the use of topical anesthetics. Moreover, recording such changes with a contact lens allows for
continuous 24-hour use, including nocturnal recording while
the patient is asleep. Self application of this device is also
possible for home use in the future, as the only skill required
for use of the device is the ability to put in a soft contact lens.
Currently, however, the product is only available with a medical prescription, and requires healthcare professionals to set
up the system. Efficacy of this device for widespread use,
however, is limited by the small possibility of device malfunction. Monitoring was interrupted because of technical problems in a small percentage of subjects. Another possible
limitation of the SENSIMED Triggerfish is intolerance in
patients with preexisting severe dry eye syndrome. One case
of a corneal ulcer was found in a patient with severe dry eye
disease after use of the contact lens [52]. Currently, the device
is contraindicated in subjects with severe dry eye syndrome.
Finally, the current generation of this contact lens sensor
displays data for ocular dimensional changes in arbitrary units
proportional to the electrical signal generated by the sensor
rather than millimeters of mercury. This limitation makes it
difficult to translate measured values into clinically useful
values, as no conversion to mmHg currently exists [55].
Further human studies with the sensing contact lens will
determine the accuracy of the device when used in vivo in
comparison to measurements obtained by more established
methods of IOP measurement such as GAT.
Another contact lens sensor design was recently tested both
in vitro and in vivo conditions, and was reported by Sanchez
et al. This device, a rigid, gas-permeable contact lens, is
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designed in the shape of a doughnut with a 3.0 mm central
hole covered by a round membrane. Two wires are attached to
the sensing layer of the membrane and connected with both a
reading and recording unit. Data from these units can be
transferred onto a computer via a Bluetooth connection. The
flexible membrane acts as the sensing component capable of
detecting corneal deformations that result in electrical resistance changes.(Fig. 2) Deformation of the cornea, caused by
pressure changes of as little as 1 mmHg can be detected by the
round membrane. In vitro studies with cannulated porcine
eyes demonstrated excellent linear correlation between IOP
and contact lens sensor resistance response, with a sensitivity
of 0.04 Ω/mmHg. In vivo testing on a single human subject
that wore the sensing contact lens for two hours found that use
of the sensor caused no signs of relevant clinical complications. Changes in the resistance of the bilayer film were
detected in response to physiological changes in IOP that
occur during ocular massage, strong blinking, and eye movements. Currently, this device is designed to work with a wired
connection to the contact lens, which does not allow continuous wear for more than a few hours [56]. Further work is
necessary in order to reconfigure this device for wireless
energy and data transmission, thus allowing for better tolerability and longer continuous wear. In addition, transparency of
the bilayer film must be improved, as the current design of the
device causes significant visual disturbances to the patient
while worn. While this design provides an alternative approach to measuring IOP with a contact lens, it remains to
be seen whether this finished design will provide any advantage over the Triggerfish lens.

Early implant telemetry
In 1967, Collins reported the development of the first implantable device that could be used to continually monitor IOP.
This device relies on the introduction of a gas bubble encapsulated in a rigidly suspended flexible film. Changes in the

Fig. 2 Sanchez’s IOP sensing contact lens using a piezoresistive bilayer
membrane. Image provided courtesy of author [56]
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volume of the gas bubble due to IOP changes are detected
using a strain gauge sensor comprised of a pair of parallel
spiral coils, which create a circuit whose frequency changes
with relative coil spacing (Fig.3). Increased pressure from the
intraocular environment acting on the device forces the coils
together and lowers their resonant frequency. Repeated
sweeping using an external detector, and monitoring of the
energy absorbed by the implanted device allows continuous
recordings of IOP results. Implantation of the device into
rabbits demonstrated significant transient changes in the IOP
during blinking, and continued functioning in 90 % of cases
after six months of implantation. Further development for
clinical trials in humans with this implantable sensor was
never done because of reported difficulties with stability and
proper positioning after implantation [57, 58].
Wolbarsht et al., reported the design and results of an
experimental elastic band implanted at the equator of the
globe, similar in design to the scleral buckle used for repair
of retinal detachments. Experimentation with cadaveric human and animal eyes found reproducible correlations between
changes in the diameter of the eye and changes in the IOP. In
this device, a sensor, which is a pressure transducer, is connected to leads composed of thin wire (Fig.4). The transducer
is implanted onto the eye in a scleral buckling procedure.
Increases in the IOP lead to stretching of the transducer and
increased electrical resistance. In vitro studies showed almost
linear relationships between the electrical resistance of the
device and the IOP of cannulated eyes measured by manometry. A significant advantage of this method of implantation
telemetry is the fact that there is no need for entry into the
globe, and the rate of endophthalmitis associated with intraocular interventions is minimized. In vivo studies, however,
there were several problems arising after implantation of this
device, including leakage of current, a high frequency of
ocular infection despite the extraocular location of the device,
and inflammation at the site of the band [59]. In addition,
scleral expansion associated with changes in the IOP is not the
same for all parts of the eye. Changes in IOP cause uneven
changes in the length of the strain gauge depending on its
location, making the relationship between its length and IOP

Fig. 3 Passive bubble tonometers developed by Collins for implantation
into the eye. © 1967 I.E. [57]
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Modern telemetry research

Fig. 4 Elastic band strain gauge applied in vitro to an enucleated human
eye, similar to that of a sclera buckle [59]

nonlinear. This problem causes difficulty with interpreting the
results obtained by the device [59]. Moreover, scleral expansion will push the band against surrounding tissue, changing
strain gauge length depending on the individual orbit anatomy. This makes the device difficult for practical use because it
will require in vivo calibration in each individual. No further
studies have yet been published on the use of this device.
A choroid surface implant design was proposed by Rizq
et al., for continuous monitoring of IOP. This device is designed to be implanted by trephination of a 2.5 mm diameter
disc from the sclera with a depth of 0 to 2 mm below the
surface of the sclera. The implant is then glued to a plate,
which is sutured to the sclera for stabilization. The built-in
sensor is in intimate contact with the choroid and detects IOP
values (Fig. 5). Signal from the implant is amplified and
filtered using an external preamplifier and subsequently
logged using a data logger. In vitro testing of the device in
cannulated cadaveric eyes revealed measurements that differed from anterior chamber IOP values measured by manometry by 1.9 to 3.3 mmHg. No comparison of measured values
with this implant to GAT was done during this study. Similar
to the scleral buckle designs previously described, this device
has the advantage of being implanted in a nonpenetrating
procedure. In vivo studies of this device in humans have not
been done [60].

Fig. 5 Schematic of the choroid surface intraocular pressure monitor
described by Rizq [60]

While early attempts at developing implantable sensors were
met with limited success, the availability of modern technology has paved the way for the development of devices with
improved accuracy and biocompatibility. The incorporation of
an IOP sensor into an artificial intraocular lens (IOL) that can
be implanted into the eye during cataract extraction was first
reported in 1992 by Svedbergh. Their device utilizes the
bubble spiral circuit proposed by Collins in 1967. The size
of this sensor is decreased in order to fit it into the haptics of an
IOL. IOP values are obtained by an external detector, which
can be integrated into devices such as spectacles. This detector
scans resonant frequencies of the circuit, which changes based
on effects of IOP acting on the implanted sensor, similar to the
design reported by Collins. Only in vitro studies in a nonbiological setup have been reported, and though intentions for
animal testing with the device had been mentioned, in vivo
studies have thus far not been published [61].
Since then, multiple attempts have been made to create an
IOL capable of monitoring IOP using modern microchip
technology. Walter reported the construction of an encapsulated miniaturized electronic capacitive pressure sensor that is
integrated with electronics on a single chip. The device is
completely encapsulated in biocompatible silicone similar to
that found in traditional IOLs. This sensor is coupled to an
external readout device that can be integrated into spectacles
using magnetic high-frequency transmission. The sensor has
been integrated into the haptics of an IOL and implanted into
cannulated enucleated porcine eyes and cannulated rabbit eyes
in vivo. Implanted sensors yielded the same IOP data as
pneumotonometry both in vitro and in vivo. No long-term
in vivo animal studies could be obtained, as this device was
too large for long-term implantation in rabbits and would not
fit within the capsular bag [62].
Hille reported another design of a sensor integrated into an
IOL. This design is a silicone chip with a 1 μm thick membrane that is comprised of two components: a sensor that has
no energy source or transmission capability, and an implanted
telemetry component that is responsible for signal processing
and Alternating Current (A/C) power transmission. In vitro
studies with this IOL yielded transmissions accurate to within
1 mmHg of each other at a rate of three measurements per
seconds. No in vivo studies have been performed with this
IOL design [63].
Despite the fact that these earlier designs have not yet
translated into human studies, the integration of an IOP sensor
into an implantable IOL offers the advantage of continuous
IOP monitoring in glaucoma patients who will undergo cataract extraction and IOL implantation, without the need for an
additional procedure. Reducing the number of procedures will
reduce the risk of endophthalmitis associated with multiple
intraocular surgeries.
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An alternative method of continuous IOP monitoring was
reported by Chen, which involved the use of a completely
unpowered parylene pressure tube sensor. The original device
is a spiral tube formed by a biocompatible long, thin-walled
channel that is deformed by the difference between the pressure encapsulated in the tube and the ambient pressure around
it. This results in the free end of the spiral tube undergoing
angular deformation in response to IOP changes when the
device is implanted into the anterior chamber. These sensors
are then packaged onto platforms with feet that allow for
sutureless anchoring onto the human iris. Deformation of the
parylene tube IOP sensor can be visually detected by physicians or the patient using magnifying equipment or stereoscopes. Newer long-armed and serpentine-tube designs offer
the advantage of being able to be implanted onto the iris using
a 19-gauge needle (Fig. 6). This device is currently undergoing in vivo testing to determine its tolerability and efficacy in
the intraocular environment. The advantage to this device is
good biocompatibility of the device and low cost of production, as no electronic transmission system is required to collect
IOP measurements. The main disadvantage to the use of this
implant, however, is that because values are not electronically
recorded, measurements at home rely on patient’s selfvisualization of the implant using a stereoscope. Nocturnal
IOP values cannot be obtained while the patient is asleep
using this implant, as it requires visualization of the device
in the anterior chamber. In addition, patients with advanced
glaucoma may have difficulty visualizing the deformations of
the implant, as many of them possess loss of peripheral visual
fields [64, 65].
Clinical trials in humans are currently taking place to
evaluate the use of a modern capacitive pressure sensor for
continuous IOP monitoring in humans. An implantable sensor
utilizing micro plate capacitors, with thin diaphragms that
deflect under pressure, has been developed by Implandata
GmbH. Similar to the previous designs by Collins, this device
detects the distance between two silicone electrodes, which
varies depending on applied ambient pressure. It is designed
with a link between the reader and the implant that supplies
the implanted lens with power and data transmission from the

Fig. 6 Different conformations of implantable unpowered parylene
MEMS intraocular pressure sensors. Size is compared to a 19 gauge
needle (left) [65]
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Fig. 7 Implandata GmbH’s permanent intraocular pressure sensor implant placed in conjunction with IOL placement during cataract extraction. Figure provided courtesy of Implandata Ophthalmic Products
GmbH

lens to an external reader. This implantable system is encapsulated in a biocompatible silicone rubber material suitable for
long-term implantation. The external reader device can allow
for up to 3,000 measurements, which equals to about
one month of measurements with a 15 minute interval in
between each measurement.

Fig. 8 MEMS capacitative pressure sensor and microprocessor measuring 0.5x1.5x2 mm3 for implantation into anterior chamber [68]
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This sensor has been designed as a flexible intraocular
implant that can be implanted either into the sulcus between
the capsular bag and iris or placed into the capsular bag itself
(Fig. 7). This is achieved through a corneoscleral tunnel
similar to IOL implantation, and always occurs during cataract
extraction (CE-IOL) or keratoprosthesis (Kpro) procedures
[66]. Todani et al., reported the results of animal trials in
rabbits with the IOL device, yielding good tolerability of the
sensor and IOP results with good concordance to true values
obtained by cannulation manometry [67]. Currently, this device is undergoing a clinical trial in Europe, where it is placed
in the sulcus by piggyback implantation during IOL placement in glaucoma patients undergoing cataract surgery. Preliminary data demonstrates excellent correlation and consistency when IOP data from the implant is compared to IOP
measurements obtained by GAT [66]. Moreover, this device
would be of particular benefit to patients after Kpro, as current
methods of measuring IOP in this population with finger
tension palpation and transpalpebral devices have poor correlation with values obtained by GAT [39].
This capacitive pressure sensor was also integrated into an
episcleral implant that can be implanted into patients not
requiring a CE-IOL procedure. The initial design of this
device applanated a 7 mm cross section of the sclera and
was fixed onto the sclera with two sutures. In vivo studies in
living rabbits demonstrated good agreement between measurements by the episcleral IOP sensor and manometry. Some
offset from measurements by manometry, however, did exist
and were possibly explained by the extrusion of sutures due to
high forces acting on them. A modified form of the episcleral
implant by Implandata GmbH that conforms to the shape of
the sclera and uses four sutures for fixation may lead to
improved implant stability, optimizing experimental outcomes. Success of this device in animal studies will allow
for an implant that does not require entry into the globe,
lowering risks of endophthalmitis associated with intraocular
surgery [66].
Recent advancements in microprocessing technology have
paved the way for the creation of cubic-millimeter sized
energy autonomous microprocessors for implantation. Chen
described a 1 mm3 sized wireless IOP monitor that can be
inserted into the anterior chamber through a CE-IOL incision
and anchored onto the iris (Fig.8). The device measures IOP
every 15 minutes using a capacitive sensor and has an internal
thin-film lithium battery capable of powering the device for
28 days with no energy harvesting. To extend battery lifetime,
a solar cell is integrated into the device to recharge the battery
and allow for energy autonomy with 1.5 hours of sunlight or
ten hours of indoor light daily. Up to 500-1,000 readings of
IOP data are stored into the built in memory for download to
an external device placed near the eye. In vivo studies have
not yet been performed, but implantation into animal models
are planned for the near future [68].
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Lee et al., recently described a second 1 mm3 wireless
sensor node that can be adapted for use in biological implantation, including IOP monitoring. This general purpose microprocessor has the advantage of allowing for more flexible
re-programming and re-synchronizing than previous designs.
Integration of a pressure sensor into this device has been done
and in vitro benchtop testing revealed no measurement drifts
after two weeks. Additional testing and animal model implantation is expected in the near future to evaluate the in vivo
efficacy and tolerability of this device [69].

Conclusion
It has been proven that fluctuations in IOP are important in
disease prognosis and can greatly affect clinical management.
However, no effective method of 24-hour IOP monitoring
currently exists outside of office visits. Current portable devices for IOP measurement have not been shown to be reliable
for home use by patients, and have not yet yielded accurate
results compared to GAT. These devices are also unable to be
used to evaluate nocturnal values while patients are asleep.
IOP monitoring by telemetry is a favorable option to overcome these issues and help guide clinical care. Current clinical
trials on contact lens and implantable sensors are underway to
evaluate potential devices for continuous monitoring of IOP in
glaucoma patients. Favorable outcomes in these trials could
provide an effective way of monitoring IOP changes that
occur throughout the day and night, and provide improved
clinical data to guide treatment decisions.
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