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Purpose: This study analyzes diurnal IOP data (9AM, 12PM, 4PM) from a prospective 12- 
month trial of the OMNI Surgical System in open-angle glaucoma (OAG) patients with the 
aim of evaluating effect of MIGS surgery on the amplitude of the diurnal IOP profile pre- 
and postoperatively.
Setting: Fifteen ophthalmology practices and surgery centers located in 14 states in the 
United States.
Design: Prospective, multicenter, IRB approved study. Patients treated with canaloplasty 
(360°) and trabeculotomy (180°). Patients had cataract and mild–moderate OAG with 
intraocular pressure (IOP) ≤33 mmHg on zero to four hypotensive medications.
Methods: Post-hoc analysis of diurnal IOP data from the multicenter GEMINI study. 
Analysis includes comparison of IOP preoperatively and at month 12 for each of the diurnal 
time points, 9AM, 12PM, 4PM, change in magnitude of spread between the maximum IOP 
and minimum IOP for each patient and the proportions of patients preoperatively and at 
month 12 with IOPs at or below 25, 21, 18, and 15 mmHg, average variability (standard 
deviation of the 9AM, 12PM, and 4PM IOP) preoperatively and at month 12.
Results: A total of 128 patients included in this analysis. IOP at each diurnal timepoint was 
significantly lower postoperatively (p<0.0001). The difference between highest and lowest 
IOP measurement for each patient averaged 2.8 mmHg preoperatively (SD 2.4, MAX 14, 
MIN 0) and 1.8 mmHg (SD 1.7, MAX 10, MIN 0) month 12 (P<0.00001). The proportion 
with IOP ≤ to 25, 21, 18, and 15 mmHg increased; 75%–97%, 27%–88%, 1%–79%, and 
<1%–56%, respectively. The average variability was greater at all time points preoperatively 
(P<0.0001).
Conclusion: This study demonstrates that eyes with OAG can benefit from an overall 
decreased IOP and degree of IOP fluctuations for as long as 12 months after surgical 
treatment with canaloplasty and trabeculotomy.
Keywords: primary open-angle glaucoma, trabeculotomy, viscodilation, OMNI surgical 
system, IOP fluctuation, diurnal IOP

Introduction
Glaucoma is a progressive optic neuropathy that, if unchecked, can result in blindness. 
Treatment is aimed at preventing or retarding the rate of vision loss such that good 
visual function is maintained over a patient’s lifespan.1 Elevated intraocular pressure 
(IOP) is the most important risk factor for development and progression of glaucoma 
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and the only one that can be modified.2 IOP has a normal 
circadian cycle with pressure generally increasing at night, 
peaking in the early morning hours, and then declining 
during the daytime, although peak IOP timing may vary.3–5 

Diurnal fluctuation, particularly where peak IOP is relatively 
high, has been implicated as an important risk factor for 
glaucoma progression, independent of IOP alone.6–8 

Therapies that temper or damp peak fluctuations could thus 
be of great value in reducing the rate of glaucoma 
progression.9

Reduction in the amplitude of diurnal IOP fluctuation 
has been a desired goal of therapeutics for glaucoma for 
many years. Extended duration of action over a 24-hour 
period (and longer) has been cited as an important benefit 
of some topical ocular hypotensive drugs such as the 
prostaglandin analogs.10 Implant and depot delivery of 
IOP-lowering drugs have sought to provide long-term 
IOP control with lower peak amplitude while mitigating 
the problems associated with daily dosing and patient 
adherence.11,12 Surgical intervention can also provide for 
long-term IOP control but, due to the risk and complica-
tion profile, was previously reserved for advanced glau-
coma where significant and permanent damage had 
already occurred. The advent of minimally (or micro) 
invasive glaucoma surgery (MIGS) has, and continues, to 
change the thinking regarding the place of surgery in 
glaucoma treatment with surgical intervention becoming 
increasingly common for mild–moderate glaucoma 
treatment.13–15 Taking the patient behavior variable out 
of the treatment equation is an obvious benefit of 
a MIGS approach. Continuous IOP control that is not 
reliant on adherence to a dosing regimen should result in 
a more even and predictable IOP profile over time. The 
aim of the present study is to challenge this assumption, 
namely, does MIGS surgery result in an overall decreased 
amplitude in the diurnal IOP profile when compared to the 
diurnal IOP profile in the same patients presurgically?

Methods
This was a post hoc analysis of diurnal IOP data collected 
from patients treated with the OMNI Surgical System 
(Sight Sciences, Inc, Menlo Park, CA, USA) as partici-
pants in the multicenter, historically controlled GEMINI 
study. The study was a 12-month study with preoperative 
and terminal medication washouts. Washout durations 
were standard and based on medication class (eg, 4 
weeks for beta-blockers or prostaglandin analogs). Six- 
month interim results of the a priori stated endpoints 

have been published16 with 12-month results pending. 
The GEMINI study was conducted under the oversight 
of an IRB (Aspire, Santee, CA, USA), all patients pro-
vided written informed consent prior to inclusion in the 
study, and the study was conducted according to the tenets 
of the Declaration of Helsinki. The GEMINI study was 
registered on clinicaltrials.gov (NCT03861169).

Patients
The patient population has been described elsewhere.16 

Briefly, almost all were primary open-angle glaucoma 
(POAG) (93%), most were white (82%), 30% self- 
reported Hispanic ethnicity, and all were mild–moderate 
glaucoma with an average visual field mean deviation of 
−3.7 ± 3.6 dB. All were adults with a mean age of 68.7 ± 
7.8. Diurnal IOP (DIOP) must have been a minimum of 21 
mmHg following the preoperative medication washout.

Following the medication washout, all patients were 
treated with the OMNI Surgical System (Sight Sciences, 
Inc., Menlo Park, CA) in combination with phacoemulsi-
fication cataract surgery. Details of the treatment have 
been previously reported.16 Briefly, the OMNI device is 
used to perform a sequential ab interno canaloplasty fol-
lowed by a trabeculotomy. In all cases, OMNI was used 
following phacoemulsification and was a standardized 360 
degree canaloplasty and a 180 degree trabeculotomy.

IOP Measurements
Unmedicated washed out IOP was obtained at preopera-
tive baseline and at either 12 or 13 months postoperative. 
Patients on no medication were assessed at 12 months, 
while those on medication underwent washout returning 1 
month later. For the purposes of this paper both are 
referred to collectively as “12-month”. Intraocular pres-
sure was measured at 9 AM ± 1.5 hours, 12 PM ± 1 hour, 
and 4 PM ± 2 hours using Goldmann applanation tonome-
try and the operator/reader protocol to prevent uninten-
tional bias.17 Two measurements were taken from each eye 
with the mean value recorded as the IOP for that time 
point. If the measurements were different by greater than 2 
mmHg a third measurement was taken and the median of 
the three measures was used. Tonometers were calibrated 
a minimum of every 3 months over the course of the study.

Statistical Analysis
Paired t-tests (one-sided, significance level 0.05) were 
used to compare IOP preoperatively and at month 12 
both for mean diurnal IOP and for each of the diurnal 
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time points, 9AM, 12PM, 4 PM. Repeated measures ana-
lysis of variance (ANOVA) was used to evaluate differ-
ences in IOP based on time of measurement, 
preoperatively and at month 12. Levene’s and Bartlett’s 
tests were used to check homogeneity of variances of IOP 
at each of the measurement timepoints. The degrees of 
freedom of the F-test for time effect in the above ANOVA 
were adjusted appropriately to account for sphericity. With 
a significant result from the ANOVA-specific contrasts 
comparing measurements made at different times of day, 
either preoperatively or postoperatively, were made using 
paired t-tests with a Bonferroni correction to control the 
family-wise error rate at 0.05. The question of “Is the 
magnitude of spread between the maximum IOP and mini-
mum IOP for each patient significantly reduced at month 
12 compared to preoperatively” was evaluated using 
a paired t-test. All statistical analyses were conducted in 
R (R Core Team, 2021). Chi-square tests were used to 
compare the proportions of patients preoperatively and at 
month 12 with IOPs at or below 25, 21, 18, and 15 mmHg.

Results
There were 149 patients enrolled in the GEMINI study 
and, of these, 128 completed the month 12 visit and were 
available for this analysis. DIOP was reduced from 
a preoperative mean of 23.7 ± 3.1 mmHg to 15.6 ± 4.2 
at the 12-month endpoint (P<0.0001). IOP at each of the 
diurnal timepoints was also significantly lower postopera-
tively than for the corresponding timepoints at the preo-
perative baseline. Figure 1 shows that 95% (122/128) of 
patients experienced an IOP reduction, 91% (117/128) an 
IOP reduction of at least 3 mmHg (an IOP reduction of 
uncontested clinical significance), and 86% (110/128) an 
IOP reduction of at least 20%.

The magnitude of the difference between the highest 
and lowest IOP measurement for each patient at either the 
preoperative visit or the month 12 postoperative visit pro-
vides an index of the IOP fluctuations experienced by each 
patient before and after treatment (Figure 2). 
Preoperatively this range averaged 2.8 mmHg (SD 2.4, 
MAX 14, MIN 0) which was decreased to 1.8 mmHg 
(SD 1.7, MAX 10, MIN 0) at month 12, a difference that 
was highly significant (P<0.00001). Excluding those 
patients that required IOP-lowering medication during 
the 12-month follow-up and underwent a terminal washout 
prior to diurnal IOP measurements at month 12 yielded 
results similar to the group as a whole albeit with an even 
greater difference between preoperative and month 12 

diurnal range in IOP (Figure 3). Regression analysis 
showed that change in diurnal range of IOP was not 
associated with baseline preoperative IOP (r2=0.028).

Patient-level IOP data are presented in Figure 3 where 
all preoperative and all month 12 IOPs are plotted. It is 
clear from a superficial visual examination of the charts 
that the amplitude of the IOP measured at each time point 
for each patient is almost always substantially lower at 
month 12 when compared to the corresponding preopera-
tive measurement. The exceptions are relatively few in 
number and are clustered toward the right side of the 
graphs. There were 24 patients that resumed topical med-
ical therapy during the 12-month follow-up period. These 
patients underwent a 4-week washout of their medication 
before measuring and recording the month 12 DIOP used 
for analysis. These 24 patients are represented by the last 
24 data point pairs (on the right side of the graphs in 
Figure 3). Table 1 presents the proportion of IOP measure-
ments > or ≤ 25 mmHg, 21 mmHg, 18 mmHg, and 15 
mmHg at both preoperative and month 12 for each of the 
three diurnal timepoints. Significantly greater proportions 
of patients are at or below each of these IOP thresholds at 
12 months compared to pre-operatively at all three diurnal 
timepoints (all P<0.0001, chi-square test, Table 1). Taken 
together, the proportion of IOP measurements less than or 
equal to 25, 21, 18, and 15 mmHg increased from 75% to 
97%, 27% to 88%, 1% to 79%, and <1% to 56%, respec-
tively. The absolute variability (standard deviation of the 9 
AM, noon, and 4 PM IOP) preoperatively and at month 12 
is shown in Figure 4. Note that the preoperative variability 
is greatest for 61% (78/128), equal for 6% (8/128), and 

Figure 1 Scatterplot of pre-op DIOP versus post-op DIOP for each patient. Points 
below the diagonal represent a decrease in IOP. Red line indicates a 3 mmHg 
reduction; Dashed line a 20% reduction.
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less for 33% (42/128) statistically significant (P<0.0001, 
3-sample test for equality of proportions, chi-square 
86.2, df=2).

Discussion
Our analysis of GEMINI data shows that in addition to 
significant overall mean IOP reduction, the amplitude of 
mean IOP was reduced at each of the diurnal time points 
where IOP was measured. Moreover, 95% of patients had 
diminished peak IOP post-surgically when compared to 
the preoperative measurements. The importance of IOP 
reduction is inarguable and has been demonstrated in land-
mark studies such as the AGIS and the EMGT.2,18 The 
importance of IOP fluctuation in glaucoma progression is 
also generally accepted. Asrani et al showed that range of 
home-measured IOP over 5 days was the strongest pre-
dictor of progression over 8 years. Cumulative risk of 
progression was 88% for the patients with the greatest 
range in IOP (upper quartile) and 57% for those in the 
lower quartile.6 Kim et al classified eyes using the 
Glaucoma Rate Index (GRI) as fast progressors (GRI ≤ 
−37) or slow progressors (GRI between −37 and −6). 
Logistic regression analysis identified higher peak IOP as 
a significant predictor for fast progression.7 In the present 
study, we show that the month 12 variability and range in 
the IOP measurements was significantly decreased from 
the preoperative level, effectively, a “flattening” of the 
diurnal curve, at least during daylight (ie, office) hours. 
Whether or not this can be extrapolated to the nighttime 

hours, where IOP was not measured, cannot be determined 
from this dataset.

Glaucoma is a pernicious disease that can cause sub-
stantial and significant damage before it is detected.19,20 

This fact, and the development of surgical treatments with 
favorable safety profiles, has led to an increasing willing-
ness to intervene as early as possible in the course of the 
disease.21 The OHTS showed that over a 5-year period, the 
likelihood of developing glaucoma, defined as 
a reproducible visual field defect or clinically significant 
optic disc defect, was over twice as great in untreated 
versus treated eyes.22 Similarly, the EMGT demonstrated 
that early intervention (SLT and betaxolol drops) in 
patients with early glaucoma resulted in a smaller propor-
tion of patients showing progression compared to 
untreated controls (59% and 76%, median follow-up of 8 
years) and for those showing progression, mean time to 
progression was greater for treated than for the untreated 
controls (67 months versus 49 months).18 Migdal et al 
showed that, in newly diagnosed glaucoma, early surgical 
treatment with trabeculectomy resulted in no significant 
visual field deterioration over the 5-year follow-up 
period.23 While lowering IOP is universally acknowledged 
to be key in limiting progressive glaucomatous damage, 
modulation of peak 24-hour IOP has been increasingly 
recognized as important.24 IOP fluctuation and peak IOP 
have been shown to be significant risk factors for progres-
sion of glaucoma.7,9 Our data are limited to showing 
modulation of IOP fluctuation during just one-third of 

Figure 2 Magnitude of fluctuation in patient diurnal IOP measurements. Error bars represent standard deviation. (A) All patients (N=128), (B) Patients requiring medication 
washout at month 12 excluded (N=104).
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the full 24-hour diurnal cycle and we do not know if this 
can be generalized to the span of hours (including night-
time) where IOP was not measured. However, it is not 
unreasonable to speculate that interventions reducing both 
IOP and the magnitude of diurnal fluctuations, even if 
limited to a portion of the full diurnal cycle, should have 
a salutary effect on disease progression.

Evidence that IOP increases during the night, likely due 
to both circadian factors as well as supine body position,25 

suggests that any effort directed at IOP reduction should also 
attempt to provide 24-hour efficacy. A beta-blocker, for 

example, would provide little if any nighttime protection 
because aqueous humor production is substantially dimin-
ished at night.26 On the other hand, it seems reasonable that 
the influence of surgical modification of the conventional 
outflow pathway, by reducing resistance to outflow, may be 
operative throughout the 24-hour cycle. While certain drugs, 
such as the prostaglandins, can have a 24-hour duration of 
IOP-lowering effect,27 they remain reliant on patient adher-
ence and behavior to consistently achieve this benefit. In 
contrast, depending on whether IOP-lowering medications 
have been eliminated or simply reduced, patient adherence 

Figure 3 Preoperative (red) and month 12 (green) IOP for each patient at 9 AM (A), noon (B), and 4 PM (C). The 24 data points closest to the right side of each graph are 
from those patients that were placed on ocular hypotensive medications during follow-up and required a month 12-washout prior to IOP measurement.

Clinical Ophthalmology 2021:15                                                                                                   https://doi.org/10.2147/OPTH.S335486                                                                                                                                                                                                                       

DovePress                                                                                                                       
3935

Dovepress                                                                                                                                                            Pyfer et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


has a lesser (or no) impact on IOP-control following surgical 
intervention.

Showing diminished IOP peaks and fluctuations should 
not be confused with demonstrating an effect on progression 
of disease. Direct demonstration of retarding or halting pro-
gression requires a specific protocol design with rigorous 
visual field testing, repeat testing when defects are detected, 
and generally a multi-year follow-up period.28,29 

Nevertheless, there is strong evidence linking IOP peaks 
and fluctuations to progression of disease.6,7 Significantly 
reducing IOP peaks and fluctuation, in addition to significant 
and clinically meaningful overall IOP reduction, as shown in 
the GEMINI study, suggests that the patients in this study 
treated with a MIGS procedure such as OMNI should be less 
likely to progress as rapidly as before the surgical interven-
tion. Kim et al showed that eyes categorized as “fast decay-
ing” in terms of visual field had mean IOP of 14.1 mmHg, 
a peak IOP of 22.4 mmHg, and IOP fluctuation of 3.3 mmHg. 
Conversely, “stable” or “improving” eyes had essentially the 
same mean IOP as fast decayers (14.1 vs 14.3 vs 13.8 mmHg) 

but a peak IOP that was 2.6 to 3.4 mmHg lower and IOP 
fluctuation that was approximately 1 mmHg lower (3.3; 2.5 
mmHg).7 The results from the present study show peak IOP 
reduced by over 8 mmHg and a reduction in fluctuation of 1 
mmHg (from 2.8 to 1.8) suggesting that the risk of visual 
field progression may have been ameliorated, particularly in 
comparison to their pre-study, unmedicated status.

There are limitations to the present analysis. First, 
analysis of fluctuation was not an a priori goal of the 
GEMINI study. However, we have assiduously employed 
appropriate statistical analyses including testing for nor-
mality and using distribution-free methods where appro-
priate, controlling for multiplicity using Bonferroni 
correction, and limiting our data interrogation to focus 
on intrapatient IOP variability. Second, as stated above, 
this study does not address progression. The GEMINI 
study was not designed to assess progression. 
Automated perimetry was performed at preoperative 
baseline and at month 12 primarily for eligibility and 
safety reasons; however, there were no adverse events 

Table 1 Number and Proportion of Patients with IOP Above and Below 15, 18, 21, and 25 mmHg at Preoperative and Month 12 
Postoperative Visits at 9AM, Noon, and 4PM

Preoperative N (%) Month 12 N (%)

9 AM Noon 4 PM 9 AM Noon 4 PM

>25 mmHg 40 (31) 31 (24) 26 (20) 4 (3) 6 (5) 3 (2)
≤25 mmHg 88 (69) 97 (76) 102 (80) 124 (97) 122 (95) 125 (98)

>21 mmHg 99 (77) 92 (72) 89 (70) 18 (14) 16 (13) 11 (9)

≤21 mmHg 29 (23) 36 (28) 39 (30) 110 (86) 112 (88) 117 (91)
>18 mmHg 125 (98) 128 (100) 127 (99) 26 (20) 28 (22) 25 (20)

≤18 mmHg 3 (2) 0 1 (1) 102 (80) 100 (78) 103 (80)

>15 mmHg 127 (99) 128 (100) 128 (100) 58 (45) 56 (44) 54 (42)
≤15 mmHg 1 (1) 0 0 70 (55) 72 (56) 74 (58)

Note: Chi-square tests comparing proportions preoperatively versus month 12 for each time point were all highly significant (P<0.0001).

Figure 4 Variability in the three diurnal IOP measurements (9 AM, noon, 4 PM) for each patient at preoperative (red) and month 12 (blue).
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for worsening of visual field mean deviation. Third, there 
was not an untreated control group. Including a “no treat-
ment” or placebo control is problematic for ethical rea-
sons in a 12-month long study such as GEMINI where 
patients have a progressive and potentially blinding dis-
ease. However, the analysis does compare preoperative 
with postoperative IOP data for the same patients; effec-
tively each patient serving as their own control. Finally, 
our data suggest that MIGS could be effective in control-
ling IOP fluctuations, but our data are restricted to eyes 
treated with canaloplasty and trabeculotomy using the 
OMNI Surgical System. We do not know if our findings 
can be generalized to other MIGS procedures and 
implants.

The present study demonstrates that eyes with primary 
open-angle glaucoma can benefit from an overall 
decreased IOP and degree of IOP fluctuations for as long 
as 12 months after surgical treatment with canaloplasty 
and trabeculotomy. Further study with a greater sample 
size and longer follow-up are needed and ongoing. Study 
using other MIGS procedures to determine the general-
izability of these results are also needed.
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