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Abstract

Importance: Long-term data are needed regarding effective and safe glau-

coma treatment modalities.

Background: This study evaluated 4-year outcomes of second-generation tra-

becular micro-bypass stent implantation (iStent inject) combined with topical

travoprost in open-angle glaucoma (OAG).

Design: Prospective, non-randomized, multi-surgeon study at a tertiary care

ophthalmology centre.

Participants: OAG subjects with preoperative intraocular pressure (IOP)

18 to 30 mmHg on two medications and 22 to 38 mmHg post-washout.

Methods: Subjects (n = 53) underwent standalone iStent inject implantation

and started travoprost on postoperative Day 1. Measures included IOP, medica-

tions, comprehensive ophthalmic examinations and testing, and adverse events

(AEs). Annual medication washouts were performed.

Main Outcome Measures: Mean medicated and unmedicated IOP; and pro-

portions of eyes with IOP ≤18mmHg, ≤15 mmHg, or ≥20% reduced while on

travoprost vs screening IOP on two medications.

Results: At 48 months postoperative, 85% of eyes reduced IOP ≥20% on

travoprost vs screening IOP on 2 medications; 92% of eyes had IOP ≤18 mmHg

on travoprost; and 83% had IOP ≤15 mmHg on travoprost. At Month 49 (post-

washout), 90% of eyes reduced IOP ≥20% vs preoperative washout IOP.

Throughout follow-up, mean IOP on travoprost was 11.9 to 13.0 mmHg (34%-

40% reduced vs 19.7 mmHg on 2 medications preoperatively; P < .0001

throughout), and post-washout IOP was 16.5 to 17.7 mmHg (28%-34% reduced

vs 24.9 mmHg preoperatively; P < .0001 throughout). Favourable safety
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included minimal AEs; stable visual acuity, cup-to-disc ratio and visual fields;

and no secondary surgeries.

Conclusions and Relevance: Combining iStent inject implantation with topi-

cal prostaglandin produced significant and safe 4-year IOP and medication

reductions in OAG.
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1 | INTRODUCTION

Glaucoma is the primary cause of irreversible blindness
worldwide.1-3 An estimated 64.3 million people aged 40 to
80 years had open-angle glaucoma (OAG) in 2013; and as
the aging population continues to expand worldwide, glau-
coma is projected to increase to 76.0 million by 2020 and
118.8 million by 2040.3 Glaucoma is a progressive condi-
tion that requires lifelong treatment. Approximately 40%
of glaucoma patients require multiple medications,4 which
often results in suboptimal adherence due to factors such
as medication costs, ocular surface damage, local and sys-
temic side effects, complex dosing regimens and difficulty
with instillation.5,6 For example, in a study of over 1200
enrollees with newly diagnosed OAG in a managed care
database, adherence was low at 1-year post-diagnosis, and
it decreased further by 4 years post-diagnosis.6 When med-
ication adherence and/or effectiveness begins to diminish,
laser trabeculoplasty is often employed. However, this
treatment modality may induce inflammation and is
known to wane in effectiveness over time.7,8 In the past,
the next step up in a patient's treatment course would be a
filtering surgery such as trabeculectomy or tube implanta-
tion. However, these surgeries can scar ocular tissues and
produce significant risks—many of which are lifelong—
and thus patients' disease often must progress considerably
before the benefits are felt to warrant the risks.9-11

Over the past decade, the introduction of micro-
invasive glaucoma surgery (MIGS) has addressed this rel-
ative gap in the treatment algorithm for glaucoma. MIGS
procedures are characterized by a micro-invasive
approach, minimal tissue trauma, rapid recovery, at least
modest efficacy, and a high safety profile.12 The first
MIGS device, the iStent Trabecular Micro-Bypass
(Glaukos Corp., San Clemente, California), has amassed
a considerable evidence base of clinical data and publica-
tions, including outcomes through 5 years of follow-
up.13-24 The more recently introduced second-generation
iStent inject Trabecular Micro-Bypass (Glaukos Corp.)
has been analysed in clinical studies with outcomes up to
3 years postoperative.25-35 The substantial evidence base

for these devices has warranted the completion of several
rigorous meta-analyses36-39 and health economics
studies.40-42

The studies examining iStent and iStent inject have
ranged from cataract-combo to standalone settings;
randomized controlled multi-arm trials as well as
single-surgeon studies; single or multi-stent implanta-
tion; various types of glaucoma (including pseudo-
exfoliative, pigmentary, secondary) and ocular hypertension;
in disease severity ranging from newly diagnosed to
advanced; and in surgery-naïve eyes as well as eyes refrac-
tory to prior filtering procedures.13-35

The present study assesses long-term outcomes fol-
lowing standalone implantation of iStent inject and post-
operative topical prostaglandin in eyes with OAG,
thereby targeting both trabecular and uveoscleral aque-
ous outflow. The prior publication from this study
showed that intraocular pressure (IOP) was reduced by
≥34% with reduction of 1 medication at 18 months vs
preoperative.34 The present report shows efficacy and
safety outcomes through 4 years after implantation of
the device.

2 | METHODS

2.1 | Patient population and study
design

This prospective, single-arm, multi-surgeon study
enrolled subjects with OAG, cup-to-disc (C:D) ratio ≤0.9,
normal anterior chamber angle by gonioscopy (Shaffer
grade ≥3; normal anatomy; no peripheral anterior syn-
echia [PAS], rubeosis or other angle abnormalities that
could impair proper stent placement), and best-corrected
visual acuity (BCVA) better than or equal to 20/100 in
the study eye. Preoperative IOP was required to be 18 to
30 mmHg on two medications, and 22 to 38 mmHg fol-
lowing a specified medication washout period (5 days for
carbonic anhydrase inhibitors, 2 weeks for alpha agonists
and 4 weeks for beta blockers, prostaglandin analogues,
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pilocarpine or combination therapy). Patients were
excluded if they had undergone prior glaucoma surgery,
or if they had uveitic, traumatic, neovascular, angle-
closure or vascular-disease-associated glaucoma.

Study participants were evaluated at postoperative
Day 1, Week 1 and at Months 1, 3, 6, 12, 13, 24, 25, 36,
37, 48 and 49. Medication washout was performed preop-
eratively and at each annual visit, followed by a visit
1 month later to measure unmedicated IOP and to
resume travoprost (ie, at 13, 25, 37 and 49 months,
respectively). All participants were provided study medi-
cation free of charge throughout the study. Preoperative
and postoperative assessments included IOP, medication
usage, BCVA, slit lamp and optic nerve examinations, C:
D ratio, visual fields, corneal pachymetry and adverse
events (AEs) and secondary surgical interventions. Diur-
nal IOP measurement (consisting of the average of three
IOP measures at 9 AM, 12 PM and 4 PM in a single day) was
completed at Baseline and at every postoperative visit
from Month 6 onwards. IOP was measured by Goldmann
applanation with the two-observer masked method used
in clinical trials and described in the Ocular Hyperten-
sion Treatment Study, in which one observer (masked to
readings) measures IOP whereas a second observer
(masked to measurement) records the measurement.
Additional medication was to be instituted if the IOP
exceeded 21 mmHg at any postoperative visit, and/or in
the case of concerning optic nerve or visual field findings
at the discretion of the investigators.

The study was conducted at the S.V. Malayan Ophthal-
mological Centre in Yerevan, Armenia. Surgeries were
completed by one US glaucoma fellowship-trained staff
surgeon (L. V.) and 10 visiting ophthalmologists from the
MIGS Study Group, a multi-national group formed to
study outcomes of iStent and iStent inject implantation in
varying degrees of OAG. The staff surgeon and glaucoma-
trained ophthalmologists at the Centre completed preoper-
ative and postoperative examinations. The study was
approved by the appropriate ethics committee (the Ethics
Committee of the Armenian Ministry of Health). All pro-
cedures were performed in accordance with the 1964 Dec-
laration of Helsinki (as revised in Brazil 2013). Written
informed consent was obtained from all individual partici-
pants included in the study. The registration number for
the study is NCT02873806 (www.clinicaltrials.gov).

2.2 | Stent description and implantation
technique

The iStent inject Trabecular Micro-Bypass Stent System
consists of a biocompatible disposable stainless steel
inserter pre-loaded with two micro-scale stents, to allow

access to more collector channels (Figure 1). Each stent is
a biocompatible, implant-grade, single-piece stent with
dimensions of 360 μm length and 230 μm width, 4 outlet
lumens for multi-directional aqueous outflow from the
anterior chamber into Schlemm's Canal; a streamlined
implantation procedure designed to facilitate a shorter
learning curve; and a symmetric design that allows for
implantation in either right or left eyes. The stents are
implanted ab internally approximately 2 clock-hours
apart through the nasal trabecular meshwork into
Schlemm's canal, thereby enhancing physiologic trans-
trabecular outflow. Topical travoprost was started on
postoperative Day 1, thereby enhancing uveoscleral out-
flow. After surgery, patients received topical anti-
infective (for 1 week) and anti-inflammatory (for
4 weeks) medications.

2.3 | Statistical analyses

Descriptive statistics (mean ± SD) were used to charac-
terize mean medicated and unmedicated IOP through
4 years postoperative. Proportional analyses were com-
pleted for IOP reduction ≥20% on travoprost vs screening
IOP on two medications; and IOP ≤18 mmHg
and ≤15 mmHg on travoprost. Preoperative and postop-
erative mean IOP measurements were compared using a
paired t test, whereas proportions were compared using
the McNemar test. Statistical significance was designated
as P < .05. Eyes with secondary glaucoma surgery (either
incisional or laser procedures) or commencement of addi-
tional ocular hypotensive medications were considered
non-responders in proportional analyses.

3 | RESULTS

3.1 | Subject characteristics and
accountability

All subjects completed 4 years of follow-up. Baseline
demographic and ocular characteristics were presented
in the prior publication and are summarized in Table 1;
they include screening IOP of 19.7 mmHg on two medi-
cations, and post-washout baseline unmedicated IOP of
24.9 mmHg.

3.2 | IOP and medications

Throughout 4 years of follow-up, mean IOP on travoprost
ranged from 11.9 to 13.0 mmHg (34%-40% reduction vs
preoperative IOP of 19.7 mmHg on two medications;
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P < .0001 at all time points), and unmedicated post-
washout IOP ranged from 16.5 to 17.7 mmHg (28%-34%
reduction vs preoperative unmedicated IOP of
24.9 mmHg; P < .0001 at all time points) (Figure 2).

At Month 48 (n = 53), 85% of eyes reduced IOP by
≥20% on travoprost vs screening IOP on 2 medications;
92% of eyes had IOP ≤18 mmHg on travoprost; and 83%
had IOP ≤15 mmHg on travoprost (Figure 3). At Month
49 (after medication washout), 90% of eyes reduced IOP
by ≥20% vs preoperative washout IOP.

Over 4 years of follow-up, four patients had an addi-
tional medication added to their treatment regimen
(brinzolamide in one patient at 18 months, timolol in
two patients at 30 months, and dorzolamide in one
patient at 42 months). All other patients remained on

only travoprost except during washout periods, as per the
study protocol.

3.3 | Safety

All eyes underwent successful standalone implantation of
two iStent inject stents with no intraoperative complica-
tions. Throughout follow-up, there were no serious or
device-related AEs and no cases of hypotony, PASs, stent
obstruction, or corneal decompensation. No eyes necessi-
tated secondary glaucoma surgery. BCVA remained
unchanged between screening and Month 48 (Figure 4).

Mean C:D ratio, visual field mean deviation and cen-
tral corneal thickness also remained stable through
Month 48 (Table 2). Postoperatively, 2 subjects had cata-
ract progression, 1 of which resulted in mild BCVA loss
(from 20/29 to 20/33); and 1 subject had neurological
(non-glaucomatous) changes in visual field. All AEs were
considered by the investigator to be “definitely unrelated”
to study treatment.

4 | DISCUSSION

This study evaluated the performance, safety, and dura-
bility of using iStent inject implantation (targeting trabec-
ular outflow) coupled with a prostaglandin medication
(targeting uveoscleral outflow) to treat patients with
OAG not controlled on two preoperative medications.
The previous publication from this study showed effec-
tive IOP- and medication-lowering capacity through
18 months,34 and the results reported here demonstrate
persistence of these outcomes for 49 months after sur-
gery. To date, these are some of the longest-term out-
comes published on any MIGS device. They also provide
data on standalone usage of iStent inject, which is
approved for standalone indications in many regions of
the world and may be a suitable treatment option for
patients who may not need concomitant cataract surgery.
The findings from this study are consistent with the
results of approximately 20 other studies summarized by

FIGURE 1 iStent inject trabecular micro-bypass stent system

TABLE 1 Demographic and preoperative characteristicsa

N = 53

Age (years) Mean ± SD 64.7 ± 9.6

Range 41-83

Gender (n) Male/female 27/26

Eye OD/OS 27/26

Status of lens Phakic/pseudophakic 50/3

Medicated IOP (mmHg)
at screening

Mean (SD) 19.7 ± 1.6

Range 18-23

C:D ratio Mean (SD) 0.7 ± 0.1

Range 0.4-0.9

Proportion of eyes on medication classes

Prostaglandin + Beta blocker 62% (n = 33)

Prostaglandin + Carbonic anhydrase inhibitor 36% (n = 19)

Beta blocker + Carbonic anhydrase inhibitor 2% (n = 1)

BCVA 20/40 or better 87% (n = 46)

Post-washout IOP
(mmHg)

Mean ± SD 24.9 ± 1.1

Range 22.3-28.3

Abbreviations: BCVA, best-corrected visual acuity; C:D, cup-to-disc;
IOP, intraocular pressure.
aDue to ongoing data monitoring and corrections, some values in
the current Table 1 are not identical to the demographics table of
the prior publication.34
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Pillunat et al which showed consistent reduction of mean
IOP to ≤15 mmHg or a ≥ 20% reduction vs preoperative
IOP values of over 20 mmHg, and that this reduction is
sustainable for years after surgery.43 The findings also
align with a study by Huang et al of aqueous humour
outflow patterns after iStent inject implantation with cat-
aract surgery, which showed significant postoperative
outflow improvement and even restoration of flow in for-
merly dormant areas.44

The rationale behind the two-stent design of iStent
inject is supported by both preclinical and clinical studies.
For example, Bahler et al showed IOP reduction from 19.7
to 13.6 mmHg after insertion of one iStent, and further
reduction to 10.0 mmHg after a second iStent (P < .05 for
both).45 Bahler later showed that one iStent inject stent

increased outflow facility from 0.16 to 0.38 μL/min/
mmHg, with concurrent IOP reduction from 16.7 to
8.6 mmHg.46 Addition of a second iStent inject stent fur-
ther increased outflow facility to 0.78 μL/min/mmHg
(n = 2). Hunter et al used a whole eye perfusion model to
show 6.0 mmHg of IOP reduction after one iStent, and an
additional 2.9 mmHg of IOP lowering with a second
iStent.47 Hunter also used computational fluid dynamics
(CFD) to show that resistance through both iStent and
iStent inject is smooth, laminar and extremely low, even
despite their micro-size design. The CFD models showed
negligible flow resistance (0.0285 mmHg/μL/min for two
iStent inject stents), meaning that only 0.071 mmHg of
pressure is needed to drive all aqueous humour production
through the stents.47 This pressure is clinically insignifi-
cant compared to a normal IOP of 15 mmHg.

FIGURE 2 Mean intraocular pressure through 4 years postoperative. Eyes with additional medication were counted as non-responders,

and their subsequent data were excluded from IOP calculation (n = 4, see text for details). No eyes had secondary glaucoma surgery. Vertical

bars represent SD. †Post-washout IOPs are shown in red. Medication washout was completed preoperatively and annually during follow-up.

BL, baseline; IOP, intraocular pressure; M, month; Med, medication; Preop, preoperative; SCR, screening

FIGURE 3 Proportional analysis of mean IOP and IOP

reduction at 4 years postoperative. Eyes with additional medication

were counted as non-responders, and their subsequent data were

excluded from IOP calculation (n = 4, see text for details). No eyes

had secondary glaucoma surgery. IOP, intraocular pressure; M,

month; Med, medication; Preop, preoperative

FIGURE 4 Preoperative and Month 48 best-corrected visual

acuity (n = 53 at both time points)
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In the clinical setting, comparative studies have eval-
uated outcomes following implantation of one, two, or
three iStents as a standalone procedure17; one or two
iStents with cataract surgery48; and two or three iStents
with cataract surgery.49 These studies showed consistent
trends towards greater IOP and medication reductions
with addition of more stents. More recently, Guedes et al
and Manning et al have reported greater IOP and medi-
cation reductions with iStent inject (containing two
stents) vs iStent (containing a single stent).25,26 Together,
these preclinical and clinical studies confirm that while
the first stent produces much of the treatment benefit,
additional stent(s) can allow for further gains.

Reducing IOP and medications is especially appealing
given the societal, financial and personal costs of other
glaucoma treatments (eg, medications, laser procedures
and filtering surgeries). The devices can augment or
replace existing medical therapies, and because they are
implanted, adherence is ensured without additional
patient effort. Eliminating the reliance on patient adher-
ence is a key benefit of surgical glaucoma treatments.
Reducing medication burden and IOP is a central goal of
any glaucoma therapy, including conventional surgeries
as well as new technologies under development (eg,
drug-eluting implants) and surgical options that combine
different MIGS procedures. Reduction in medications
translates to lower financial costs and fewer side effects
for patients; the ab interno iStent inject implantation pro-
cedure is tissue-sparing in case of future surgery; and the
procedure has fewer complications or serious side effects
than other surgical treatments, such as hypotony, choroi-
dal detachment, endophthalmitis, corneal compromise
and PASs.9-11,50

The safety outcomes in this study were favourable.
Visual acuity, visual fields, C:D ratio and corneal thick-
ness remained stable over the course of follow-up. Three
participants (6%) experienced AEs, consistent with the
low AE rates in numerous previous studies and in the
device's pivotal randomized controlled trial.25-35

As with any study, this trial had limitations that
should be considered. The sample size was modest,
although this drawback was counterbalanced by 100%

accountability at 4 years. As a single-arm open-label
study, there was no separate control group of medication
alone; however, this was handled by treating each eye as
its own control (ie, preoperative vs postoperative), as is
commonly done in longitudinal clinical trials. Diurnal
IOP measurements were taken at all key time points in
the study, which is a strength of the study; however, the
potential for regression to the mean still must be consid-
ered for the baseline measures.

Despite these limitations, this dataset provides insight
on the long-term performance and safety of the iStent
inject device in combination with a prostaglandin. The
findings are consistent with existing evidence that iStent
inject can effectively and safely decrease IOP and medica-
tions over the long term, and that it retains a favourable
safety profile throughout the postoperative period. Thus
for the appropriate patient, iStent inject appears to be a
well-suited treatment option for long-term glaucoma
management, effectively lessening the burden carried by
patients, physicians and the health care system due to
the disease.
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TABLE 2 Screening and Month

48 mean cup-to-disc ratio, visual field

and central corneal thickness

Screening Month 48 P-Valuea

N 53 53

C:D ratio, mean (SD) 0.7 (0.1) 0.7 (0.1) 1.000

VF − MD (dB), mean (SD) −5.6 (5.4) −5.4 (5.6) .852

VF − PSD (dB), mean (SD) 3.8 (3.4) 3.7 (3.6) .883

Corneal thickness (μm), mean (SD) 538.8 (38.1) 541.3 (36.2) .730

Abbreviations: C:D, cup-to-disc; MD, mean deviation; PSD, pattern SD; VF, visual field.
aPaired t test. All values are not significant.
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