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Techniques and outcomes of minimally invasive
trabecular ablation and bypass surgery

Kevin Kaplowitz," Joel S Schuman,®3 Nils A Loewen?

ABSTRACT

Minimally invasive glaucoma surgeries (MIGS) can
improve the conventional, pressure-dependent outflow
by bypassing or ablating the trabecular meshwork (TM),
or creating alternative drainage routes into the
suprachoroidal or subconjunctival space. They have a
highly favourable risk profile compared to penetrating
surgeries, and lower intraocular pressure with variable
efficacy that may depend on the extent of outflow
segments accessed. Since they are highly standardised
procedures that use clear corneal incisions, they can
elegantly be combined with cataract and refractive
procedures to improve vision in the same session. There
is a growing need for surgeons to become proficient in
MIGS to address the increasing prevalence of glaucoma
and cataracts in a well-informed, aging population.
Techniques of visualisation and instrumentation in an
anatomically highly confined space with semitransparent
tissues are fundamentally different from other anterior
segment surgeries, and present even experienced
surgeons with a substantial learning curve. Here, we
provide practical tips, and review techniques and
outcomes of TM bypass and ablation MIGS.

INTRODUCTION
There are compelling needs for ophthalmic sur-
geons to become proficient in minimally invasive
glaucoma surgeries (MIGS) to address the increas-
ing lifespan and glaucoma prevalence.! * Fewer
patients and physicians are willing to accept the sig-
nificant risks of traditional glaucoma surgeries that
occur even in the most experienced hands: leakage,
endophthalmitis, hypotony, hardware erosion,
damage to ocular tissues and other complications
that are vision threatening occur with an additive
probability of 77% of trabeculectomies and 58% of
tubes.®> Since cataracts and refractive errors com-
monly coexist, and cataract removal can further
lower intraocular pressure (IOP),* normalise anter-
jor segment anatomy,” and reduce release of pseu-
doexfoliative material or pigment,® it is useful to
address them in the same session. Expedited recov-
ery, absence of postoperative procedures and ability
to avoid conjunctival scarring, hypotony” and chor-
oidal effusion are additional benefits.® °

MIGS require skills fundamentally different from
traditional glaucoma surgery and may present even
experienced anterior segment surgeons with a sig-
nificant learning curve. Excellent gonioscopy skills
and access to a surgical microscope with outstand-
ing optics, large tilt capabilities, and illumination
with a high Kelvin colour temperature (eg, a xenon
high-intensity-discharge light source) are crucial to
properly visualise the lacy and often non-
pigmented trabecular meshwork (TM). MIGS can

be divided into procedures that improve pressure-
dependent outflow by (1) bypassing or eliminating
the TM, and ones that (2) create alternative drain-
age routes by shunting aqueous humour into the
suprachoroidal or subconjunctival space. Here, we
review techniques and results of TM bypass and
ablation surgeries and share key steps from our
own experience in making them more successful.
The sections are ordered by the extent of access to
outflow segments, reflecting recent insights from
canalography into how discontinuous and septated
Schlemm’s canal (SC) is in vivo.'? !

TM BYPASS DEVICES

iStent Inject

Concept and technique

The second-generation iStent Inmject (Glaukos,
Laguna Hills, California, USA), is 0.4 mm long,
0.3 mm wide and consists of titanium with heparin
coating. Two bullet-shaped stents are preloaded in an
injector. This allows for perpendicular implantation
into TM and penetration of the tip into SC of both
stents without withdrawing the inserter, avoiding
hypotony and reflux of blood from the collector
channels and SC."> TM stents increase outflow by
allowing aqueous to directly bypass the TM. Since
SC is discontinuous and septated, flow is not circum-
ferential'® ''; outflow segments may be accessed over
approximately 60° with a single stent although indi-
vidual anatomy varies.'® Placement of a second stent
may increase the number of drainage segments
accessed and potentially lower IOP further.

The preoperative regimen is identical to standard
phacoemulsification.'* Following cataract extraction,
intracameral acetylcholine is used for miosis. The
chamber is deepened with viscoelastic. Overinflation
must be avoided as it can collapse SC and lead to
implantation of the device into the outer wall of SC
instead of the TM, while insufficient viscoelastic pre-
vents proper angle visualisation. After rotating the
microscope the first stent is inserted with a gentle
push into nasal TM under direct gonioscopic view
and released from the inserter. The second stent is
then placed in a position of at least two clock hours
away from the first one (to increase the chance of
accessing a different drainage segment). Viscoelastic
and refluxing blood are aspirated, and the stent place-
ment is confirmed gonioscopically. The eye is pres-
surised with saline. A fluoroquinolone is given four
times per day for 1 week, along with prednisolone
acetate 1%, 4—6 times a day, and tapered weekly as
for all procedures discussed here.

Results
Outflow facility doubled after inserting one stent
and doubled again with two stents in an anterior

Kalojmiig bt Al tigkes o thox0{617 tiveio. BRtployen@li33Reedduced by BMJ Publishing Group Ltd under licence. 1


http://crossmark.crossref.org/dialog/?doi=10.1136/bcr-2013-202101&domain=pdf&date_stamp=2013-12-12
http://bjo.bmj.com/
http://bjo.bmj.com/
http://group.bmj.com/
http://group.bmj.com/

Downloaded from bjo.bmj.com on January 21, 2014 - Published by group.bmj.com

chamber (AC) perfusion model.'* Twenty patients in a consecu-
tive series had a mean IOP of 20 mm Hg on 1.3 medications
which was reduced to 17 mm Hg (14% decrease) on 0.3 drops
1 year after combined phacoemulsification and two stent place-
ments.”® Side effects included transient IOP spikes >30 mm Hg
at postoperative day 1 in 15%. With four patients, although two
stents were thought to have been inserted, only one could be
found. No patient lost vision (figure 1).

iStent G1

Concept and technique

The first generation iStent G1 (Glaukos) is three times larger
than the iStent Inject. After angle visualisation described above,
this device is gently leaned against the TM but slightly left
towards the opposite side of the chamber to provide a more
pointed engagement for easier entry (figure 2). Using a gentle
sweeping motion, the stent is pushed through the TM while the
base is kept parallel to the iris.'® The stent is released and gently
tapped with a leftward motion to properly insert it and drive it
through the TM or free it from the outer wall.

Results

One stent doubled the outflow facility in perfused donor eyes and
insertion of two stents quadrupled it.!” An in vivo analysis used
fluorophotometry to confirm that the placement of two stents
with phacoemulsification increased trabecular outflow facility by
275% over baseline, while phacoemulsification alone increased it
by only 46%.'® A prospective study showed that IOP decreased by
25% at 6 months, while the number of medications decreased
from 1.5 to 1 (n1=58)."* Only three cases (5%) were advanced to
trabeculectomy. At 12 months, the IOP reduction averaged 18%,
and 62% patients had an IOP <18 mm Hg, while 26% had
<15 mm Hg."* In a randomised controlled trial (RCT) that com-
pared 36 patients who underwent stand-alone phacoemulsification
to a combined group of phacoemulsification/stent placement,
there was a a 17% IOP decrease at 15 months in the combined
group versus a 9% decrease in the stand-alone phacoemulsification
group despite being on one more medication.’® Another RCT
(n=240) required an entry IOP of >22 mm Hg following medica-
tion washout.?® Per protocol, postoperative IOP was maintained

Figure 1  Procedures enhancing conventional outflow by degree of
angle access. Left half: trabecular meshwork (TM) bypass stents
(counter clockwise): (a) iStent inject, (b) iStent G1 and (c) hydrus. Right
half: TM ablation devices (clockwise): (d) laser-assisted endoscopic
goniopuncture with single, circular entry and (e) trabectome with
plasma ablation tip that can remove TM up to 180° (blue half-circle
arrows). The naturally segmented and discontinuous Schlemm’s canal
limits the extent of access to drainage segments that can be achieved
with bypass stents (background canalography image courtesy of The
Glaucoma Imaging Group, UPMC Eye Center, University of Pittsburgh
School of Medicine).

Figure 2 Engaging the trabecular meshwork with the iStent G1 and
trabectome. A more pointed angle (left inset) allows for easier entry
into Schlemm’s canal (blue) compared to a parallel orientation (right
inset).

below 21 with topical medications in both groups, and mean
reduction of IOP was only 1.5 mm Hg in the treatment group
versus 1 mm Hg in the control group. After 24 months, the IOP
decrease was 89%0 in the combined group versus 1% in the phacoe-
mulsification group.>!

A 5-year study of 13 combined phacoemulsification and stent
procedures found a 16% decrease from 19 mm Hg baseline,
while 42% of patients required no further medication.*”
A study that compared two with three stents (combined with
phacoemulsification) found a 20% pressure reduction in both
groups after 1 year.”> However, only 46% of the patients with
two stents were off medication at 1 year versus 72% with three
stents. A study of stand-alone stent implantation (n=10) found
a 27% IOP decrease after 1 year and mean reduction of medica-
tions from 2.9 to 1.8.%*

Complications unique to the iStent include obstruction by
fibrin or peripheral anterior synechiae (PAS) (4% of 111
patients*®) and stent malposition (14%). Stent obstruction has
been managed with observation or argon laser. Four of 111
patients required surgical stent repositioning or replacement.
Although increased IOP following stent placement has been
reported, it occurred more frequently in the control group with
cataract surgery alone.>! No patient lost more than one line of
Snellen visual acuity. There are no reports of serious complica-
tions, such as choroidal effusion, persistent hypotony, bleb for-
mation, or endophthalmitis.

Hydrus: ab interno SC scaffold

Concept and technique

The hydrus microstent scaffold (Ivantis, Irvine, California,
USA), is composed of nitinol, a nickel-titanium alloy with a
1 mm terminal lumen in the AC. This device dilates SC to a
diameter of 241 microns, reducing flow resistance and bypassing
TM, and extends the range of circumferential flow by disrupting
smaller septations.”> There is a 15 mm long version and an
8 mm flatter version.?® The 15 mm stent dilates about five clock
hours of SC and doubled the outflow facility; both devices
increase outflow facility to a similar extent.*® 2’
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The hydrus is preloaded in an injector with a bent tip for
gonioscopic insertion into the nasal SC. The hydrus is advanced
to engage the TM and advanced into the SC. Blood can be seen
refluxing from the tip in the AC after implantation.

Results

Preliminary data on 28 patients showed that after 6 months,
combined phacoemulsification and stent insertion resulted in
approximately a 15% decrease in IOP from a baseline of
18 mm Hg, while medications decreased from 2.4 to 0.1.%
Another preliminary study found an approximately 35%
decrease in IOP from 25 mm Hg (measured after medication
washout) at 12 months.?’ The two most common complications
were transient hyphema in 15% and PAS formation in 10% of
patients.

TM ABLATION DEVICES

Laser-assisted endoscopic trabeculostomy and

goniopuncture

Concept and technique

Laser-assisted endoscopic trabeculostomy removes TM over a
circular area and was first demonstrated with a ruby laser,*° fol-
lowed by argon,®® neodymium-doped:YAG,>?>3* erbium:
YAG* 3¢ and excimer laser.” Dietlein et al*® recognised that
sufficiently large ablation could only be achieved with end-firing
endo-probes with 200-320 micron diameter and 4—6 m] energy.
Using an erbium:YAG laser (Sklerotom 2.9, Endognost;
Schwind) at a wavelength of 2.94 microns, perforations are 300
microns.>® A study on cadaver eyes confirmed that there was
little thermal damage, and the outflow more than doubled*®
after 18 pulses of 16 mJ to the nasal TM. Endoscopic excimer
laser trabeculostomy (ELT, AIDA, TUI-Laser, Munich,
Germany)*' *? involves a 308 nm wavelength ablation over a
500-micron area.*® The instrument tip is inserted across the AC
and guided gonioscopically to the TM. Successful application
causes TM blanching and bubbles. As with other angle surgeries,
successful penetration into SC produces blood reflux when IOP
is below episcleral venous pressure.

Results

A prospective study (n=59) using the erbium:YAG laser demon-
strated a 30% decrease in IOP from a baseline of 23 mm Hg on
one less medication at 1year;** 71% of patients achieved a
20% decrease in IOR Fibrin reaction necessitating surgery
occurred in 5%. When retrospectively compared to a group of
17 patients who underwent combined phacoemulsification with
trabeculectomy ab externo,® the laser group demonstrated a
34% IOP decrease versus 29% in the trabeculectomy group at

Footplate in
Schigmm's Canal

Schiemm's Canall

3 years, although the trabeculectomy group was on significantly
fewer medications.

Similarly, after eight excimer applications resulted in a 32% IOP
decrease from a baseline of 25 mm Hg at 2 years with 1.5 fewer
medications (n=21). A larger study (n=75) showed a 30%
decrease from a baseline of 24 mm Hg after 1 year, although the
number of medications did not decrease.*’ Only 46% of patients
maintained a 20% IOP decrease to less than 21 mm Hg. When
ELT was compared to 180° selective laser trabeculoplasty (SLT) in
an RCT;** treatments lowered the IOP by 30% and 21%, respect-
ively, with a similar survival time. There was an IOP spike on post-
operative day 1 in 20% of the ELT group versus 13% in the SLT
group. No vision-threatening complications were reported. A
recent 1-year-study found that patients with a baseline IOP<21
(mean 16.5 mm Hg) showed a mean IOP decrease of 12% with
1.1 less medications compared to a decrease of 37% on 0.6 less
medications in patients with a baseline IOP above 21 (mean 25.8
mm Hg).** Long-term failure is typically caused by migration of
immediately adjacent*” or remote cell types.*® A concern is that
light scatter with a wavelength of 308 nm can be mutagenic.*

Trabeculectomy ab interno with the trabectome
Concept and technique
Ab interno trabeculectomy with the trabectome (AIT, Neomedix,
Tustin, California, USA) is a plasma surgery ablation technique
that uses a bipolar 550 kHz electrode tip to remove the primary
resistance to outflow, the TM.%? 3! Because the mechanism is not
cautery but ionisation and disintegration, heat dissipation is highly
confined: histology showed no thermal damage to adjacent tissues
or outer wall, although margins of the immediate ablation area did
occasionally show coagulation effects.’> TM can be ablated over
180°, providing access to many more drainage segments compared
with bypass stents, increasing chance of success and lower IOPs,
thereby broadening indication criteria to advanced glaucomas,
acute and chronic angle closure, or inactive neovascular glaucoma.
Between 5 and 6 collector orifices may be exposed per millimetre
of SC (figure 2), which may have lower flow speeds and a lower
risk to aspirate iris compared to the single intake of stents.
Through a paracentesis, the eye is well pressurised with intra-
cameral lidocaine, and a 1.6 mm iris-parallel, uni-planar main
incision is created 2 mm anterior to the limbus to prevent iris
prolapse. The inner third is flared to improve mobility and elim-
inate striae from torque. Hypotony is induced to allow reflux of
blood into SC highlighting the intended ablation site. The irri-
gation bottle is raised high on continuous irrigation. No visco-
elastic is used so to avoid optical interfaces and trapping of
ablation bubbles. After insertion of the trabectome, the TM is
engaged (figures 2 and 3) with the tip at a 45° upward angle at

Figure 3 Trabectome. (A) Schematic of trabectome ablating trabecular meshwork (TM), opening a view to the white inner wall of Schlemm'’s canal
(courtesy of Neomedix Corp., Tustin, California, USA) and (B) scanning electron microscopy of Schlemm’s canal following successful TM ablation
with a collector channel seen clearly at far right (courtesy of Douglas H Johnson for Neomedix).
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Figure 4 Atraumatic entry into Schlemm’s canal can be most easily achieved by angling the tip 45° upward, directly anterior to the scleral spur,
to avoid collapse of the canal during engagement. The tip is then moved up, in and along Schlemm’s canal (dotted line).

the level of the scleral spur (figure 4), and the SC is entered
with an upward, then left movement. The footplate of the tra-
bectome tip appears obscured by the lacy TM when properly
inserted. The TM should feed into the space between the foot-
plate and electrode tips and not push up against the leading,
golden electrode. Any outward push against the outer wall must
be strictly avoided so as not to damage collector intakes.
Excessive energy above 1 mW can cause coagulation necrosis
during ablation, which is seen as blackening along the ablation
lips, and may incite wound healing with progressive failure. The
first 60° are ablated continuously and should never be forceful.
In a successful ablation, the outer wall of SC will appear white.
During the remaining 30°, the gonioscopy lens is rotated into
the direction of ablation, the wrist increasingly supinated and
range of view increased by floating the heel of the goniolens
(figure 5). The tip is then disengaged, rotated 180° pointing
downward by rolling it between the thumb, index and middle

finger and progressively pronating the wrist. The TM is engaged
at the original starting point and ablation proceeds into the
opposite direction. Removal of the trabectome from the eye
midway results in hyphema and so should be avoided. At con-
clusion, a small amount of viscoelastic can be retained to
protect against hyphema from hypotony.*>~>* In addition to the
postoperative drops described above, 1% pilocarpine is used
four times a day for 1 month, and three times per day for
another month to keep the iris flat and away from the angle.>®
Since most flow occurs where the TM was removed®” a signifi-
cant pressure-lowering effect from pilocarpine-mediated tension
on the scleral spur and TM is not seen.*®

Results

Over nearly one decade, more than 50 000 AIT cases with adult
and infantile glaucoma have been documented. More than 5000
were recorded in detail and followed long-term via a repository

insertion

left

Figure 5 Gonioscopic view and hand position in angle surgery (trabectome shown). After engagement and Schlemm’s canal entry at the nasal
trabecular meshwork slightly off to the left, ablation is continued for 90° while the lens is rotated in the same direction and the eye (right eye
shown) is tilted towards the brow. The same is repeated for the opposite direction. Gonioscopic prism power is increased by lifting the lens off the

cornea to float in saline at the final clock hours.
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that includes the submitted first cases of new surgeons and is
available to researchers.>” In the largest study of 1878 cases,
some patients who had been followed for 6 years are still main-
taining a 38% IOP reduction.’® In a retrospective study
(n=1127) with 5 years follow-up, the definition of failure was
similar to that of the Tube Versus Trabeculectomy study,®! with
failure being defined as any one of: final IOP above 21 mm Hg,
less than a 20% decrease from baseline IOB or further
surgery.®* Using this definition, the failure rate after 4 years was
approximately 53%. Risk factors for failure are lower baseline
I0P® and younger age.®*

We analysed our own outcomes of 192 consecutive combined
AIT and cataract surgeries®® in a retrospective study approved by
the institutional review board. The 180° ablation technique above
was applied to all patients consisting of 65% primary open-angle,
10% low-pressure, 7% pseudoexfoliation, and 4% angle-closure
glaucoma. The IOP decreased from 20.1+8.2 mm Hg to 14.5
+4.5 mm Hg (28% decrease, p<0.05). Of the patients who had
2 years of follow-up, the IOP decrease was maintained at a 23%
decrease (p<0.05), although the number of topical medications
had then increased by an average of 0.5. After 1 year, 81% of
patients had an IOP<18, while 52% of patients had an IOP<135,
and 27% had an IOP<12 (p<0.05). Best corrected mean visual
acuity improved from 20/50 at baseline to 20/32 (p<0.05). One
patient needed further surgery (aqueous shunt) and three were
managed with additional laser procedures (2 selective laser trabe-
culoplasties and 1 cyclophotocoagulation).

A common postoperative observation is reflux of blood from
the collector channels indicating free communication with the
drainage system,®* but only one case needing a surgical interven-
tion for hyphema has been reported.®® PAS may occur in 24%°”
and can be lysed with photocoagulation or with the Nd:YAG
laser.’® Transient postoperative IOP elevations of more than
10 mm Hg occur in 4-10%°% ®° of patients consistent with
other MIGS. Other complications reported in less than 1%
include cyclodialysis cleft,®* transient hypotony, lens injury,
aqueous misdirection®® and choroidal haemorrhage.

SURGICAL COMPARISONS

There has been no published study directly comparing these
MIGS to each other, and the studies discussed have different
patient populations and indications for surgery. From the

available data, laser trabeculostomy was reported to lower the
IOP by 30%,*! ** compared to the single published paper on
the second-generation iStent with a 14% IOP decrease with two
stents.'® The overall mean reported IOP reduction for the first-
generation iStent was near 20%'* 22 7% and 25% for AIT with
phacoemulsification,®® 7' and 35% without phacoemulsifica-
tion.>” ¢ ¢ The mechanism of MIGS procedures discussed
here cannot be expected to produce IOP reductions that can be
expressed as a simple percentage of preoperative IOP as may be
the case with topical medications. Rather, postoperative IOP
will be determined by outflow resistance that is downstream of
the TM and independent of preoperative IOR As a result, a
patient with high preoperative IOP will typically have a post-
operative pressure similar to someone with relatively low pre-
operative IOP Increasing the extent of TM bypass (hydrus) or
removal (trabectome) to access more outflow segments,'> may
improve surgical success rates and possibly also reduce IOP
more effectively, while the reverse is seen for the incidence of
transient, postoperative hyphema. All these procedures are
highly standardised and faster than traditional glaucoma surgery.

CONCLUSIONS

With an improved risk profile, MIGS offer the ability to intervene
earlier, to lower IOP efficiently and improve vision function in the
same session, thereby reducing noncompliance and costs.”?
Procedures are highly standardised and faster than traditional glau-
coma surgery. It is likely that the amount of IOP reduction is
related to the extent of access to outflow segments while the
reverse has been reported for the amount of transient, post-
operative hyphema. To prevent stents from blocking (figure 6) or
missing prominent collector channels and drainage segments, it
would be desirable to assess the intended location by canalogra-
phy."? Procedures discussed here require a sufficiently working
conventional outflow system downstream of the TM. Still, preclin-
ical MIGS may be able to use alternative outflow pathways that
could be used to bypass it if MIGS described here fail.”* 7* Key
steps in all MIGS are: properly identifying SC; avoiding undue
outward pressure; confirming proper placement of devices or abla-
tion instruments. Since techniques and visualisation are consider-
ably different from traditional glaucoma and cataract surgery,
surgeons beginning MIGS should be prepared for a significant
learning curve.

Figure 6 Challenges encountered by microstents. (A) Section through microstent in Schlemm's canal (SC) shows that the lumen can become
partially occluded. (B) Scaffold device that distends SC effectively but may compress adjacent collector channels (CC; courtesy of Ivantis Inc., Irvine,

California, USA).
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