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Abstract

Purpose

To compare estimates of 24-hour intraocular pressure (IOP) peak timing and variation ob-
tained using a contact lens sensor (CLS) and using a pneumatonometer.

Methods

Laboratory data collected from 30 healthy volunteers (ages, 20-66 years) in a randomized,
controlled clinical trial were analyzed. Participants were housed for 24 hours in a sleep labora-
tory. One randomly selected right or left eye was fitted with a CLS that monitored circumferen-
tial curvature in the corneoscleral region related to the change of IOP. Electronic output signals
of 30 seconds were averaged and recorded every 5 minutes. In the contralateral eye, habitual
IOP measurements were taken using a pneumatonometer once every two hours. Simulated
24-hour rhythms in both eyes were determined by cosinor fitting. Simulated peak timings (acro-
phases) and simulated data variations (amplitudes) were compared between the paired eyes.

Results

Bilateral change patterns of average 24-hour data for the group were in parallel. The simu-
lated peak timing in the CLS fitted eye occurred at 4:44 AM + 210 min (mean + SD) and the
IOP peak timing in the contralateral eye at 4:11 AM + 120 min (P=0.256, Wilcoxon signed-
rank test). There was no significant correlation between the simulated data variations in the
paired eyes (P=0.820, linear regression).

Conclusions

The 24-hour CLS data showed a simulated peak timing close to the 24-hour IOP peak tim-
ing obtained using the pneumatonometer. However, the simulated variations of 24-hour
data in the paired eyes were not correlated. Estimated 24-hour IOP rhythms using the two
devices should not be considered interchangeable.
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Introduction

Measurements of intraocular pressure (IOP) outside office hours can provide useful informa-
tion for glaucoma diagnosis and treatment [1]-[6]. Examination of IOP during a 24-hour peri-
od is usually performed with subjects housed in a sleep laboratory or an inpatient facility [7]-
[9]. For practical reasons, data are typically collected once every few hours and there is a need
of awakening subjects for tonometry during the sleep period. Recently, a wireless contact lens
sensor (CLS, Triggerfish; Sensimed, Lausanne, Switzerland) has been developed for monitoring
24-hour IOP at home without the need of awakening subjects during sleep [10], [11]. Several
reports have demonstrated good tolerability of the CLS for 24-hour recordings, but the clinical
applications of the CLS need to be investigated [12]-[19]. By design, the CLS detects the cir-
cumferential change in the corneoscleral curvature that is under the influence of IOP. Output
signals from the CLS are in electronic units of millivolt (mV). How to convert the CLS signals
to accurate IOP values is currently unknown, but a unique 24-hour CLS signal pattern is readi-
ly available for each test individual.

We and others have studied 24-hour IOP patterns for various groups of experimental sub-
jects in a sleep laboratory [20]-[26]. Mathematically simulated individual 24-hour IOP
rhythms often showed their peak timings outside office hours. Assuming that the CLS signal
change is closely related to the IOP change [11], the 24-hour CLS output signals should also
provide information of the 24-hour IOP rhythm commonly represented by the simulated peak
timing and the simulated data variation [27]. Therefore, it is important to examine whether or
not the peak timing and variation of the 24-hour CLS data are in agreement with the parame-
ters of 24-hour IOP rhythm determined by an established method. In the present study, we
compared the mathematically simulated peak timing and variation of 24-hour CLS output sig-
nals in one eye with the simulated 24-hour IOP rhythm in the contralateral eye in a group of
healthy adults. In healthy adults, 24-hour IOP rhythms in the paired eyes are relatively sym-
metrical [28].

Methods

Data gathered in a prospective clinical trial for the safety and effectiveness of Triggerfish CLS
were used. This clinical trial (http://www.clinicaltrials.gov; NCT01390779) adhered to the te-
nets of the Declaration of Helsinki, in accordance with the Health Insurance Portability and
Accountability Act, and was approved by the Institutional Review Board of the University of
California, San Diego. Written informed consent was obtained from each participant after an
explanation of the study including the potential side effects.

All subjects underwent a complete ophthalmic examination consisting of a medical history,
best-corrected visual acuity, refraction, ocular biometry, central corneal thickness using an ul-
trasonic pachymeter (Pachette 2; DGH Technology, Exton, PA), slit-lamp biomicroscopy, di-
lated ophthalmoscopy, and Goldmann applanation tonometry during office hours. Exclusion
criteria included the presence of ocular disease other than primary open-angle glaucoma, a
spherical equivalent more than 4 diopters, a cylinder equivalent more than 2 diopters, corneal
or conjunctival abnormalities hindering adaptation of silicone contact lens, and IOP asymme-
try of more than 3 mmHg.

Enrolled subjects were selected based on having a regular daily sleep of approximately 8
hours. Before the laboratory experiment, they were instructed to maintain an accustomed
8-hour sleep for 7 days. Subjects were given a wrist-mounted device (Actiwatch; Mini Mitter,
Sunriver, OR) and a wake/sleep log to keep track of physical activity and light exposure. They
were also asked to abstain from alcohol for 3 days and regular coffee for 1 day. Subjects re-
ported to the university eye clinic before 2 PM. An envelope with a randomized assignment of
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right eye or left eye by computer was opened. Measurements of central corneal thickness were
taken from both eyes and CLS was fitted in the assigned eye [27]. When the CLS recorder was
connected, the device software averaged the first 30-sec CLS output signals (10 Hz) and stored
the average as an arbitrary reference of 0 mV. Averaging 30-sec CLS output signals had been
programmed to continue every 5 minutes and the mV difference from the arbitrary reference
was recorded. A 24-hour CLS recording may contain 288 data points overall.

Subjects with a successful CLS fitting and data recording moved to the adjacent sleep labora-
tory at approximately 2 PM. Laboratory conditions were controlled as described previously
[26]. The 8-hour period of darkness in each sleep room was adjusted close to the individual’s
sleep cycle, and times for the IOP measurements in the contralateral eye were individualized
accordingly. Clock times for lights off (between 10 PM and 11:30 PM) were normalized for
data presentation as if each subject slept from 11 PM to 7 AM. Subjects were provided with a
diary for the recording of physical activities, intake of meals, and other events every half hour.

Measurements of habitual IOP in the contralateral eye were taken once every 2 hours by ex-
perienced technicians using a pneumatonometer (Model 30 Classic; Reichert, Depew, NY).
Measurements were taken from subjects sitting during the diurnal/wake period and supine
during the nocturnal/sleep period. Proparacaine 0.5% was applied for local anesthesia. A hard-
copy printout was inspected visually [21]. Before the nocturnal/sleep period, IOP was mea-
sured at 3:30 PM, 5:30 PM, 7:30 PM, and 9:30 PM. Subjects were instructed to sit for 5 minutes.
Blood pressure and heart rate were measured immediately before the IOP measurements.
Lights were turned off at 11:00 PM and nocturnal measurements were taken at 11:30 PM, 1:30
AM, 3:30 AM, and 5:30 AM. Subjects were awakened, if necessary, and the measurements of
blood pressure, heart rate, and IOP were taken supine under dim light (<10 lux). Light expo-
sure was kept to a minimum during the nocturnal period. When the sleep period ended at 7
AM, room lights were turned on and subjects were awakened, if necessary. Diurnal measure-
ments were taken again at 7:30 AM, 9:30 AM, 11:30 AM, and 1:30 PM in the laboratory as de-
scribed previously. Food and water were available at all times. Meal times and indoor activities
were not regulated. Between the scheduled IOP measurements using the pneumatonometer
every two hours, subjects’ ambulatory postures were not regulated.

The CLS recorder automatically stopped data collection after 24 hours. The CLS was re-
moved from the subject in the eye clinic, the activity diary was collected, and an ophthalmolog-
ic examination including the measurement of central corneal thickness was performed. Data
were downloaded from the CLS recorder to a computer via Bluetooth. This information was
decoded by the CLS manufacturer and all raw data were available to the investigators for analy-
ses. For the registered clinical trial, there were two outcome measures a priori: the wake/sleep
slope of CLS output signals versus IOP and the nocturnal CLS pulse frequency related to the
subject’s heart beats. Evaluations of these outcome measures and adverse events during the
trial are reported separately from the present study [29]. The clinical trial had enrolled 31
healthy individuals and 2 patients with primary open-angle glaucoma. Since 24-hour IOP
rhythms in the paired eyes of glaucoma patients can be relatively asymmetric judging by their
peak timings and data variations [28], only data from the healthy individuals were included in
the present study. We evaluated the 24-hour rhythms in the paired eyes considering all the en-
rolled healthy subjects including one subject whose data were not qualified for the preset out-
come measures due to a small wake/sleep IOP slope.

Two sets of laboratory data were used; recorded CLS output signals (30-sec averages) every
5 minutes in one eye and IOP data from the contralateral eye every 2 hours. Using the least
squares cosinor method [27], [30], the 24-hour rhythm in each of the paired eyes was estimat-
ed. The cosinor method presented the parameters of mesor, acrophase, and amplitude. The
mesor represented 24-hour data average. The acrophase represented the phase timing
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(simulated peak timing). The amplitude (half distance between the cosinor-fit maximum and
minimum) provided simulated 24-hour data variation. A null hypothesis that group phase tim-
ings were distributed randomly in 24 hours was tested using the Rayleigh test [31]. A rejection
of the null hypothesis would indicate a synchronized 24-hour phase timing for the group.

In the eye fitted with CLS, 24-hour data average (mesor) was based on an arbitrary reference
during the initial stage of contact lens wearing (average of the first 30-sec data), which may not
provide useful comparison to the 24-hour IOP average in the contralateral eye. The simulated
peak timing of 24-hour CLS data and the simulated peak timing of 24-hour IOP data in the
contralateral eye were compared using the non-parametric Wilcoxon signed-rank test.

P < 0.05 was considered as statistically significant. Since CLS provided output signals in mV
and pneumatonometer provided IOP data in mmHg and the fact that a conversion formula is
unknown, a direct comparison between the paired amplitudes of the simulated 24-hour
rhythms was difficult. Instead, a linear regression analysis was performed to evaluate the corre-
lation between the two amplitudes.

We recognized that, when IOP related data were collected in the paired eyes by different
methods, more factors can influence the estimations of 24-hour rhythm compared to the use of
a single method. In order to evaluate the clinical significance of the impact from the use of two
methods, the time interval between the paired peak timings of 24-hour rhythm was compared
to the related time interval when bilateral IOP data were collected using only the pneumaton-
ometer. For each subject in the present study, the absolute difference in the peak timings of
24-hour CLS data and the contralateral 24-hour pneumatonometer data, regardless of the order
of appearance, was calculated. For bilateral IOP data collected using only the pneumatonometer
under similar laboratory conditions, the absolute time intervals between the peak timings had
been calculated in a recent report including 91 healthy subjects [28]. The comparison of absolute
time intervals between the paired peak timings for subjects in the present study (CLS/pneuma-
tonometer) and the absolute time intervals in that recent report (pneumatonometer/pneuma-
tonometer) was performed using the non-parametric Mann-Whitney rank-sum test.

Results

All 31 healthy subjects had completed the experimental procedure. However, continuous CLS
data could not be retrieved from one subject and this subject was excluded from data analyses.
The remaining 30 subjects included 23 whites, 6 Asians, and 1 black. There were 16 males and
14 females. They had an age of 34.4 + 13.4 (mean + SD; ages 20-66 years), height of
171.2 £ 10.4 cm, weight of 73.9 + 16.4 kg, and body mass index of 25.0 + 4.1 kg/m?. The partic-
ipants had one eye fitted with CLS and the contralateral IOP measured using a pneumaton-
ometer. Comparing the two sets of eyes, there was no difference in Goldmann IOP, axial
length, refractive state, and central corneal thickness based on the enrollment data (Table 1).

Fig 1 presents the overall 24-hour pattern in the CLS output signals. The pattern of 24-hour
IOP in the contralateral eye is presented in Fig 2. The two 24-hour patterns had similarities.
After the initiation of data collection, there was a continuous reduction in CLS output signals
and a continuous IOP reduction toward the transition from the diurnal/wake period to the
nocturnal/sleep period. The lowest CLS signal and the lowest IOP occurred near the end of the
diurnal/wake period. Mean CLS signal and mean contralateral IOP value during the nocturnal/
sleep period were higher than the related values during the diurnal/wake period. By visual in-
spection of Figs 1 and 2, the highest values of the two 24-hour data profiles occurred during the
nocturnal/sleep period.

After 24-hour CLS wear, central corneal thickness decreased from 566.2 + 33.5 ym to
554.9 + 37.1 um and the reduction of 11.3 + 7.2 um was significant (P< 0.001, paired t-test).
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Table 1. Characteristics of the paired study eyes.

Eye with CLS? Contralateral eye Difference®
Goldmann IOP (mmHg) 17.7+27 17.8+ 3.0 0.0+1.5
Axial length (mm) 23.77 £ 0.90 23.76 + 0.88 0.01 £0.22
Refraction (diopter) -0.63 +1.18 -0.60 +1.19 -0.02 £ 0.32
Central corneal thickness (um) 566.4 + 34.6 566.3 £ 35.7 0.1+£7.6

&CLS, contact lens sensor.
PNone of the difference is statistically significant using the paired t-test (N = 30).

doi:10.1371/journal.pone.0129529.1001

There was no such change of central corneal thickness in the contralateral eye; 566.8 £ 31.2 um
at the beginning and 566.1 + 34.9 um at the end of the 24-hour period. There were differences
in the cardiovascular parameters between the diurnal and nocturnal periods. Nocturnal mean
blood pressure was 7.8% less than the diurnal mean blood pressure (6.7 + 7.2 mmHg, P<
0.001) and nocturnal heart rate was 11.4% less than the diurnal heart rate (8.1 + 4.7 beats/min,
P<0.001).

Using the technique of cosinor fitting, the acrophase (phase timing) and amplitude for the
24-hour CLS data as well as for the 24-hour IOP data in the contralateral eye were calculated.
The Rayleigh test indicated that both the CLS output signals and the pneumatonometer data
had a synchronized 24-hour phase timing. Fig 3 shows the distribution of acrophases and am-
plitudes for the two 24-hour rhythms. The peak timings for the 24-hour CLS data occurred at
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Fig 1. Twenty-four-hour pattern of contact lens sensor (CLS) output signals in ambulatory healthy adults. N = 30. Error bars, SD.
doi:10.1371/journal.pone.0129529.g001
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Fig 2. Twenty-four-hour intraocular pressure (IOP) pattern in the contralateral eye. Data were collected
sitting during the diurnal/wake period and supine during the nocturnal/sleep period using a pneumatonometer
(N =30). Error bars, SD.

doi:10.1371/journal.pone.0129529.9002

4:44 AM * 210 min and for the IOP data in the contralateral eye at 4:11 AM * 120 min. The
difference between the paired peak timings was not statistically significant (P = 0.256, Wil-
coxon signed-rank test). The amplitude for the 24-hour CLS rhythm was 99.8 + 65.5 mV and
the amplitude for the 24-hour IOP rhythm was 3.1 + 1.4 mmHg. Linear regression analysis
showed no significant correlation between these two data variations (Fig 4; r = 0.043,

P = 0.820).

Median of the absolute time interval between the paired peak timings (CLS/pneumaton-
ometer) was 2 hour and 4 min (ranged from 4 min to 9 hour and 12 min) in the present group
of 30 healthy individuals, which was significantly different (P<0.01, Mann-Whitney rank-sum
test) from the median of 53 min (ranged from 2 min to 10 hour and 26 min) when bilateral
IOP data were obtained using only the pneumatonometer from 91 healthy individuals [28].
For the latter group, there was a significant correlation between the simulated variations of
24-hour IOP data in the paired eyes (r = 0.774, P<0.001; linear regression analysis).

Discussion

In this study, the estimated group mean of 24-hour peak timing obtained with the CLS was not
statistically different from the estimated group mean of 24-hour IOP peak timing in the contra-
lateral eye obtained with the pneumatonometer. As the reported group means of 24-hour IOP
peak with pneumatonometry are outside usual office hours in previous studies [20]-[22], [24],
[25], the CLS technology has the potential to estimate the group 24-hour peak timing. The CLS
estimated that 77% (23/30) of simulated peak timings occurred during the nocturnal/sleep pe-
riod for individuals housed in the sleep laboratory. For comparison, CLS recording at home in
glaucoma patients showed that 66-74% of the peak timings appeared during the nocturnal/
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Fig 3. Estimated 24-hour rhythms in the paired eyes of healthy adults. Data were from contact lens sensor (CLS) output signals in one eye and
measurements of intraocular pressure in the contralateral eye (N = 30). The clock time of the acrophase (phase timing) is shown with the amplitude in the
radial scale as % of the maximal amplitude in the same group of eyes.

doi:10.1371/journal.pone.0129529.9003

sleep period using the same cosinor fitting technique [27]. However, our results from this
group of healthy adults showed a lack of correlation between the amplitudes of simulated
24-hour CLS output signals and 24-hour IOP in the contralateral eye. Since relatively symmet-
rical 24-hour rhythms including the parameters of peak timing and data variation were antici-
pated in the paired eyes of healthy individuals [28], this lack of correlation reflects the difficulty
in the conversion of CLS output signals to accurate IOP values using a general formula. Esti-
mated 24-hour IOP rhythms using the two devices should not be considered interchangeable.
The current CLS with its software configuration can provide up to 288 data points during a
24-hour period, which is more comprehensive than the 12 data points obtained in the sleep
laboratory using a pneumatonometer. With more data points, an estimation of the 24-hour
rhythm can be improved. However, as the wireless CLS technology is new, currently uncharac-
terized factors may cause more data variations. The uncharacterized factors may include the
unknown relation between IOP and CLS output signals during the initial stage of wearing con-
tact lens when the arbitrary reference unit was set by the manufacturer, the effect of unilateral
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(P =0.820, linear regression, N = 30).

doi:10.1371/journal.pone.0129529.9004

CLS fitting on the sleep posture and IOP, and signal baseline drift [32], [33]. Since our calcula-
tions were based on the CLS raw data from all available 30 healthy subjects, these uncharacter-
ized factors may contribute to the relatively large data variation in the simulated peak timings.

The CLS uses an embedded strain gauge that senses the circumferential curvature in the cor-
neoscleral region [10], [11]. The relationship between IOP change and the volume change in
the corneoscleral region has not been fully characterized. The pneumatonometer provides IOP
values when the applanation state in the central cornea occurs between an externally applied
pressure and IOP [34]. Since these two different techniques were used to obtain IOP-related
data from the paired eyes, the absolute time difference in the estimated 24-hour peak timings
was likely to be larger than the absolute time difference in the paired IOP peaks when only the
pneumatonometer was used [28]. Judging the group medians, the absolute time difference as-
sociated with the use of two devices was increased moderately by 71 min. This magnitude of
change may or may not be clinically significant; the increase was within the time interval of 2
hours scheduled for IOP measurements using the pneumatonometer. It is notable that data col-
lected every 2 hours using the pneumatonometer may have missed some maximal and minimal
values that would have been obtained with the CLS data recordings every 5 minutes.

With the advantage of collecting data continuously, the 24-hour CLS data profile may be
used to evaluate the impact of awakening subjects during sleep for the IOP measurements.
There were rhythmic data variations in the CLS output signals near the times of nocturnal IOP
measurement at 1:30 AM, 3:30 AM, and 5:30 AM (see Fig 1). When the nocturnal IOP mea-
surements were taken, the drop of mean blood pressure from the diurnal value was not in the
commonly reported 10-20% dipper range for ambulatory blood pressure monitoring [6], [35].
Although the sample size is small, these observations suggest that some artifacts on blood
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pressure may have occurred due to awakening subjects for the nocturnal IOP measurements.
However, the impact may not significantly affect the estimation of 24-hour peak timing as re-
ported previously in another study [36].

There are unavoidable cornea-related issues when using the CLS in comparison with direct
IOP monitoring using an intraocular wireless sensor [8], [37]. Our results showed a significant
decrease of central corneal thickness of 11 um in the CLS fitted eye at the end of 24-hour labo-
ratory experiment. The cause is unclear. While endogenous swelling of central corneal thick-
ness was expected during the nocturnal/sleep period for both eyes [38], [39], the CLS clinical
trial associated with the present study did not examine the change in the central or peripheral
corneal thickness during the nocturnal/sleep period [39], [40]. Whether or not corneal swelling
at night may affect the sensing mechanism of CLS is unclear.

In summary, cosinor fitting of 24-hour data using the newly developed CLS presented a
simulated peak timing that was not significantly different from the simulated 24-hour IOP
peak timing in the contralateral eye using the pneumatonometer. More studies are needed to
determine whether or not 24-hour CLS data is useful in the estimation of habitual 24-hour IOP
peak timing. However, the current CLS technology does not provide a reliable estimate of
24-hour IOP variation.

Author Contributions

Conceived and designed the experiments: JHKL KM RNW. Performed the experiments: JHKL.
Analyzed the data: JHKL KM RNW. Contributed reagents/materials/analysis tools: JHKL KM
RNW. Wrote the paper: JHKL KM RNW.

References
1. Weinreb RN, Khaw PT. Primary open-angle glaucoma. Lancet. 2004; 363: 1711-1720. PMID:
15158634

2. Barkana, Anis S, Liebmann J, Tello C, Ritch R. Clinical utility of intraocular pressure monitoring out-
side of normal office hours in patients with glaucoma. Arch Ophthalmol. 2006; 124: 793-797. PMID:
16769832

3. Coleman AL, Miglior S. Risk factors for glaucoma onset and progression. Surv Ophthalmol. 2008; 53
Suppl 1: S3-S10.

4. MansouriK, Orguel S, Mermoud A, Haefliger |, Flammer J, Ravinet E, et al. Quality of diurnal intraocular
pressure control in primary open-angle patients treated with latanoprost compared with surgically treat-
ed glaucoma patients: a prospective trial. Br J Ophthalmol. 2008; 92: 332—336. doi: 10.1136/bjo.2007.
123042 PMID: 18211927

5. Sultan MB, Mansberger SL, Lee PP. Understanding the importance of IOP variables in glaucoma: a
systematic review. Surv Ophthalmol. 2009; 54: 643-662. doi: 10.1016/j.survophthal.2009.05.001
PMID: 19665744

6. Quarantal, Katsanos A, Russo A, Riva l. 24-hour intraocular pressure and ocular perfusion pressure
in glaucoma. Surv Ophthalmol. 2013; 58: 26—41. doi: 10.1016/j.survophthal.2012.05.003 PMID:
23217586

7. BaggaH, Liu JH, Weinreb RN. Intraocular pressure measurements throughout the 24 h. Curr Opin
Ophthalmol. 2009; 20: 79-83. doi: 10.1097/ICU.0b013e32831eef4f PMID: 19240539

8. Sit AJ. Continuous monitoring of intraocular pressure: rationale and progress toward a clinical device. J
Glaucoma. 2009; 18: 272-279. doi: 10.1097/1JG.0b013e3181862490 PMID: 19365190

9. LiuJH, Weinreb RN. Monitoring intraocular pressure for 24 h. Br J Ophthalmol. 2011; 95: 599-600. doi:
10.1136/bjo.2010.199737 PMID: 21330554

10. Leonardi M, Leuenberger P, Bertrand D, Bertsch A, Renaud P. First steps toward noninvasive intraocu-
lar pressure monitoring with a sensing contact lens. Invest Ophthalmol Vis Sci. 2004; 45: 3113-3117.
PMID: 15326128

11. Leonardi M, Pitchon EM, Bertsch A, Renaud P, Mermoud A. Wireless contact lens sensor for intraocu-
lar pressure monitoring: assessment on enucleated pig eyes. Acta Ophthalmol. 2009; 87: 433—-437.
doi: 10.1111/j.1755-3768.2008.01404.x PMID: 19016660

PLOS ONE | DOI:10.1371/journal.pone.0129529 June 15,2015 9/11


http://www.ncbi.nlm.nih.gov/pubmed/15158634
http://www.ncbi.nlm.nih.gov/pubmed/16769832
http://dx.doi.org/10.1136/bjo.2007.123042
http://dx.doi.org/10.1136/bjo.2007.123042
http://www.ncbi.nlm.nih.gov/pubmed/18211927
http://dx.doi.org/10.1016/j.survophthal.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19665744
http://dx.doi.org/10.1016/j.survophthal.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23217586
http://dx.doi.org/10.1097/ICU.0b013e32831eef4f
http://www.ncbi.nlm.nih.gov/pubmed/19240539
http://dx.doi.org/10.1097/IJG.0b013e3181862490
http://www.ncbi.nlm.nih.gov/pubmed/19365190
http://dx.doi.org/10.1136/bjo.2010.199737
http://www.ncbi.nlm.nih.gov/pubmed/21330554
http://www.ncbi.nlm.nih.gov/pubmed/15326128
http://dx.doi.org/10.1111/j.1755-3768.2008.01404.x
http://www.ncbi.nlm.nih.gov/pubmed/19016660

@’PLOS ‘ ONE

24-Hr IOP Rhythm Determined by Contact Lens Sensor

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

Mansouri K, Shaarawy T. Continuous intraocular pressure monitoring with a wireless ocular telemetry
sensor: initial clinical experience in patients with open angle glaucoma. Br J Ophthalmol. 2011; 95:
627-629. doi: 10.1136/bj0.2010.192922 PMID: 21216796

Pajic B, Pajic-Eggspuchler B, Haefliger I. Continuous IOP fluctuation recording in normal tension glau-
coma patients. Curr Eye Res. 2011; 36: 1129-1138. doi: 10.3109/02713683.2011.608240 PMID:
21978205

De Smedt S, Mermoud A, Schnyder C. 24-hour intraocular pressure fluctuation monitoring using an oc-
ular telemetry Sensor: tolerability and functionality in healthy subjects. J Glaucoma. 2012; 21: 539-544.
doi: 10.1097/1JG.0b013e31821dac43 PMID: 21602707

Mansouri K, Medeiros FA, Tafreshi A, Weinreb RN. Continuous 24-hour monitoring of intraocular pres-
sure patterns with a contact lens sensor: safety, tolerability, and reproducibility in patients with glauco-
ma. Arch Ophthalmol. 2012; 130: 1534—1539. doi: 10.1001/jamaophthalmol.2013.1350 PMID:
23229696

Lorenz K, Korb C, Herzog N, Vetter JM, Elflein H, Keilani MM, et al. Tolerability of 24-hour intraocular
pressure monitoring of a pressure-sensitive contact lens. J Glaucoma. 2013; 22: 311-316. doi: 10.
1097/1JG.0b013e318241b874 PMID: 23524857

Mottet B, Aptel F, Romanet J- P, Hubanova R, Pépin J- L, Chiquet C. 24-hour intraocular pressure
rhythm in young healthy subjects evaluated with continuous monitoring using a contact lens sensor.
JAMA Ophthalmol. 2013; 131: 1507—-1516. doi: 10.1001/jamaophthalmol.2013.5297 PMID: 24158696

Tojo N, Otsuka M, Miyakoshi A, Fujita K, Hayashi A. Improvement of fluctuations of intraocular pressure
after cataract surgery in primary angle closure glaucoma patients. Graefes Arch Clin Exp Ophthalmol.
2014; 252: 1463-1468. doi: 10.1007/s00417-014-2666-7 PMID: 24862301

Agnifili L, Mastropasqua R, Frezzotti P, Fasanella V, Motolese |, Pedrotti E, et al. Circadian intraocular
pressure patterns in healthy subjects, primary open angle and normal tension glaucoma patients with a
contact lens sensor. Acta Ophthalmol. 2015; 93: e14—e21. doi: 10.1111/a20s.12408 PMID: 24720477

Liu JH, Kripke DF, Hoffman RE, Twa MD, Loving RT, Rex KM, et al. Nocturnal elevation of intraocular
pressure in young adults. Invest Ophthalmol Vis Sci. 1998; 39: 2707-2712. PMID: 9856781

Liu JH, Kripke DF, Twa MD, Hoffman RE, Mansberger SL, Rex KM, et al. Twenty-four-hour pattern of
intraocular pressure in the aging population. Invest Ophthalmol Vis Sci. 1999; 40: 2912—-2917. PMID:
10549652

Liu JH, Zhang X, Kripke DF, Weinreb RN. Twenty-four-hour intraocular pressure pattern associated
with early glaucomatous changes. Invest Ophthalmol Vis Sci. 2003; 44: 1586—1590. PMID: 12657596

LiuH, Fan S, Gulati V, Camras LJ, Zhan G, Ghate D, et al. Aqueous humor dynamics during the day
and night in healthy mature volunteers. Arch Ophthalmol. 2011; 129: 269-275. doi: 10.1001/
archophthalmol.2011.4 PMID: 21402980

Mottet B, Chiquet C, Aptel F, Noel C, Gronfier C, Buguet A, et al. 24-hour intraocular pressure of young
healthy humans in supine position: rhythm and reproducibility. Invest Ophthalmol Vis Sci. 2012; 53:
8186-8191. doi: 10.1167/iovs.12-10877 PMID: 23132807

Grippo TM, Liu JH, Zebardast N, Arold TB, Moore GH, Weinreb RN. Twenty-four-hour pattern of intra-
ocular pressure in untreated patients with ocular hypertension. Invest Ophthalmol Vis Sci. 2013; 54:
512-517. doi: 10.1167/iovs.12-10709 PMID: 23211815

Mansouri K, Weinreb RN, Liu JH. Effects of aging on 24-hour intraocular pressure measurements in sit-
ting and supine body positions. Invest Ophthalmol Vis Sci. 2012; 53: 112—-116. doi: 10.1167/iovs.11-
8763 PMID: 22159010

Mansouri K, Liu JH, Weinreb RN, Tafreshi A, Medeiros FA. Analysis of continuous 24-hour intraocular
pressure patterns in glaucoma. Invest Ophthalmol Vis Sci. 2012; 53: 8050-8056. doi: 10.1167/iovs.12-
10569 PMID: 23139273

Liu JH, Weinreb RN. Asymmetry of habitual 24-hour intraocular pressure rhythm in glaucoma patients.
Invest Ophthalmol Vis Sci. 2014; 55: 7398-7402. doi: 10.1167/iovs.14-14464 PMID: 25324285

Mansouri K, Weinreb RN, Liu JH. Efficacy of a contact lens sensor for monitoring 24-h intraocular pres-
sure related patterns. PLoS One. 2015; 10: e0125530. doi: 10.1371/journal.pone.0125530 PMID:
25942434

Lee YR, Kook MS, Joe SG, Na JH, Han S, Kim S, et al. Circadian (24-hour) pattern of intraocular pres-
sure and visual field damage in eyes with normal-tension glaucoma. Invest Ophthalmol Vis Sci. 2012;
53: 881-887. doi: 10.1167/iovs.11-7846 PMID: 22266515

Zar JH. Biostatistical analysis. 5th ed. Upper Saddle River, NJ: Pearson Prentice Hall; 2010.

Faschinger C, Mossbéck G. Validity of the results of a contact lens sensor? Author Affiliations: Universi-
ty Eye Clinic, Medical University, Graz, Austria.JAMA Ophthalmol. 2013; 131: 696—697.

PLOS ONE | DOI:10.1371/journal.pone.0129529 June 15,2015 10/11


http://dx.doi.org/10.1136/bjo.2010.192922
http://www.ncbi.nlm.nih.gov/pubmed/21216796
http://dx.doi.org/10.3109/02713683.2011.608240
http://www.ncbi.nlm.nih.gov/pubmed/21978205
http://dx.doi.org/10.1097/IJG.0b013e31821dac43
http://www.ncbi.nlm.nih.gov/pubmed/21602707
http://dx.doi.org/10.1001/jamaophthalmol.2013.1350
http://www.ncbi.nlm.nih.gov/pubmed/23229696
http://dx.doi.org/10.1097/IJG.0b013e318241b874
http://dx.doi.org/10.1097/IJG.0b013e318241b874
http://www.ncbi.nlm.nih.gov/pubmed/23524857
http://dx.doi.org/10.1001/jamaophthalmol.2013.5297
http://www.ncbi.nlm.nih.gov/pubmed/24158696
http://dx.doi.org/10.1007/s00417-014-2666-7
http://www.ncbi.nlm.nih.gov/pubmed/24862301
http://dx.doi.org/10.1111/aos.12408
http://www.ncbi.nlm.nih.gov/pubmed/24720477
http://www.ncbi.nlm.nih.gov/pubmed/9856781
http://www.ncbi.nlm.nih.gov/pubmed/10549652
http://www.ncbi.nlm.nih.gov/pubmed/12657596
http://dx.doi.org/10.1001/archophthalmol.2011.4
http://dx.doi.org/10.1001/archophthalmol.2011.4
http://www.ncbi.nlm.nih.gov/pubmed/21402980
http://dx.doi.org/10.1167/iovs.12-10877
http://www.ncbi.nlm.nih.gov/pubmed/23132807
http://dx.doi.org/10.1167/iovs.12-10709
http://www.ncbi.nlm.nih.gov/pubmed/23211815
http://dx.doi.org/10.1167/iovs.11-8763
http://dx.doi.org/10.1167/iovs.11-8763
http://www.ncbi.nlm.nih.gov/pubmed/22159010
http://dx.doi.org/10.1167/iovs.12-10569
http://dx.doi.org/10.1167/iovs.12-10569
http://www.ncbi.nlm.nih.gov/pubmed/23139273
http://dx.doi.org/10.1167/iovs.14-14464
http://www.ncbi.nlm.nih.gov/pubmed/25324285
http://dx.doi.org/10.1371/journal.pone.0125530
http://www.ncbi.nlm.nih.gov/pubmed/25942434
http://dx.doi.org/10.1167/iovs.11-7846
http://www.ncbi.nlm.nih.gov/pubmed/22266515

@’PLOS ‘ ONE

24-Hr IOP Rhythm Determined by Contact Lens Sensor

33.

34.

35.

36.

37.

38.

39.

40.

Malihi M, Sit AJ. Effect of head and body position on intraocular pressure. Ophthalmology. 2012; 119:
987-991. doi: 10.1016/j.ophtha.2011.11.024 PMID: 22341914

Currie BD, Bagga H, Rademaker AW, Tanna AP. Effect of instrument orientation on the accuracy of in-
traocular pressure measurements in human cadaveric eyes: manometric evaluation of the model 30
classic pneumatonometer and Tono-pen XL. J Glaucoma. 2011; 20: 465-469. doi: 10.1097/IJG.
0b013e3181f46324 PMID: 20852435

Pickering TG, Shimbo D, Haas D. Ambulatory blood-pressure monitoring. N Engl J Med. 2006; 354:
2368-2374. PMID: 16738273

Aptel F, Tamisier R, Pepin J- L, Mottet B, Hubanova R, Romanet J- P, et al. Hourly awakening vs con-
tinuous contact lens sensor measurements of 24-hour intraocular pressure. Effect on sleep macrostruc-
ture and intraocular pressure rhythm. JAMA Ophthalmol. 2014; 132: 1232—-1238. doi: 10.1001/
jamaophthalmol.2014.1761 PMID: 25074578

Todani A, Behlau |, Fava MA, Cade F, Cherfan DG, Zakka FR, et al. Intraocular pressure measurement
by radio wave telemetry. Invest Ophthalmol Vis Sci. 2011; 52: 9573-9580. doi: 10.1167/iovs.11-7878
PMID: 22039243

Kida T, Liu JH, Weinreb RN. Effect of 24-hour corneal biomechanical changes on intraocular pressure
measurement. Invest Ophthalmol Vis Sci. 2006; 47: 4422—-4426. PMID: 17003435

Hubanova R, Aptel F, Chiquet C, Mottet B, Romanet JP. Effect of overnight wear of the Triggerfish sen-
sor on corneal thickness measured by Visante anterior segment optical coherence tomography. Acta
Ophthalmol. 2014; 92: e119-e123. doi: 10.1111/a0s.12241 PMID: 23848265

Freiberg FJ, Lindell J, Thederan LA, Leippi S, Shen Y, Klink T. Corneal thickness after overnight wear
of an intraocular pressure fluctuation contact lens sensor. Acta Ophthalmol. 2012; 90: e534—e539. doi:
10.1111/j.1755-3768.2012.02495.x PMID: 22974389

PLOS ONE | DOI:10.1371/journal.pone.0129529 June 15,2015 11/11


http://dx.doi.org/10.1016/j.ophtha.2011.11.024
http://www.ncbi.nlm.nih.gov/pubmed/22341914
http://dx.doi.org/10.1097/IJG.0b013e3181f46324
http://dx.doi.org/10.1097/IJG.0b013e3181f46324
http://www.ncbi.nlm.nih.gov/pubmed/20852435
http://www.ncbi.nlm.nih.gov/pubmed/16738273
http://dx.doi.org/10.1001/jamaophthalmol.2014.1761
http://dx.doi.org/10.1001/jamaophthalmol.2014.1761
http://www.ncbi.nlm.nih.gov/pubmed/25074578
http://dx.doi.org/10.1167/iovs.11-7878
http://www.ncbi.nlm.nih.gov/pubmed/22039243
http://www.ncbi.nlm.nih.gov/pubmed/17003435
http://dx.doi.org/10.1111/aos.12241
http://www.ncbi.nlm.nih.gov/pubmed/23848265
http://dx.doi.org/10.1111/j.1755-3768.2012.02495.x
http://www.ncbi.nlm.nih.gov/pubmed/22974389

