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 Trabeculectomy has been a gold standard for almost 100 years. We believe that many of the 
emerging technologies can offer signifi cant improvements for our patients. In this volume, we 
seek to present the most signifi cant new technologies offering promise for glaucoma surgery; 
some are still investigational, and some are already on the market. These alternatives raise a 
host of issues which we seek to address throughout the book. We are confi dent that many of 
the technologies in this volume will prevail and go on to become mainstream over time. In 
many instances, these are the fi rst reviews of new devices. Authors have been asked to provide 
videos, and we provide links to those videos. We will include videos which will really work at 
the “how to” level for those interested in doing these procedures. 

 The new approaches described herein use laser, ultrasound, and incisional surgery. In many 
instances, the new technologies use fi bers, stents, or tubes in Schlemm’s canal, the supracho-
roidal space, or the subconjunctival space. At the outset, we have provided a discussion of 
anatomy of these spaces, as well as a discussion of the intellectual property issues and regula-
tory issues pertinent to glaucoma. Regulatory issues for approval of the devices are rapidly 
changing, and we realize, as we hope the reader will, the limitations of discussing them in a 
book, which de facto, in this rapidly changing environment, means some elements are subject 
to going out-of-date. 

 In the middle of the book, we include a cross section of the therapeutic targets which include 
the subconjunctival space with improved forms of fi ltration, Schlemm’s canal and its collector 
channels, the suprachoroidal space, and the ciliary body. These areas are treated with a variety 
of modalities, each with its own potential pitfalls. A uniform goal for all the procedures is for 
them to be    routine and effi ciently performed. Glaucoma is a worldwide problem, and the best 
and most successful procedures will be those which can succeed with a variety of skill levels 
in a variety of environments, including third-world settings. 

 All procedures need to be evaluated while thinking about the risk/reward/effort balance. 
Risk must always be balanced against the natural history of the disease in glaucoma, as well as 
the type of glaucoma. Even open-angle glaucoma is really a group of diseases as proven by the 
genes which have been discovered. Often, glaucoma surgeons get trapped in a rut of doing the 
most familiar procedure; we need to customize procedures to the life of the patient taking into 
account expectations, progression, and the surgical risks. 

 A lot of the things in this book are going to be used outside of their approved use(s) in the 
USA. Cost and regulatory issues remain concerns with these new procedures. Data needs to 
constantly be reevaluated keeping in mind our responsibility to do the best that we can for the 
patient. In some instances, the best available data may suggest “off-label” use which is permit-
ted in the USA when it is clearly in the best interest of the patient. However, going off-label 
with any drug or device must always be well documented so that the patient and the patient’s 
family have a clear understanding of the reasons for going off-label. As of our December 2013 
publication date, off-label use can be discussed in the context of continuing medical education 
lectures but not in promotional discussions of products. The legal landscape of off-label dis-
cussions may be changing with the current fi nding (subject to reversal) in a federal court that 
off-label discussions may be constitutionally protected free speech in the USA. Transparency 
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through candid and accurate  discussions with patients of potential surgical procedures is an 
important part of the  implementation of these new devices. 

 These new techniques throw into question long-standing assumptions which – in light of 
new technologies – need to be challenged. We have both often taught our children to question 
authority (often, but not always, with good results). Phacoemulsifi cation and the development 
of the posterior chamber lens are good examples. These hallmark developments in ophthal-
mology were not well received at inception. It was only with time that they were accepted, 
particularly by the ophthalmic academic community. Don’t forget that phacoemulsifi cation 
was initially perceived to be almost impossibly diffi cult to do. Yet, today, it is practically the 
standard of care and complications are rare. So it will be with some of the procedures outlined 
in this book. 

 We thank Rebekah Amos and Daniel Dominguez for their help in assembling this book. We 
thank all of the chapter authors, some of whom had to put up with all sorts of questions and 
harassment; they were very kind to put up with us. We thank our families for putting up with 
us (for JRS that means Griff, Wes, Laura, Andrew, and Lily, and for IKA that means Ruby, 
Yusuf, Aadam, and Issa). 

 This book is not comprehensive. At the time we are writing this, we are aware of a number 
of very new endeavors to surgically treat glaucoma that are not yet ready to be discussed in a 
volume such as this. Some will undoubtedly fi nd their way “onto the radar” in the very near 
future. 

 We thank you who have purchased this book. We are both extremely interested in your 
feedback on this volume and hope that when you see us at glaucoma meetings you won’t hesi-
tate to visit with us about what we could have done better or worse so that we can improve in 
the future. 

 Portland, OR, USA  John R. Samples, MD
Toronto, ON, Canada  Iqbal Ike K. Ahmed, MD, FRCSC  
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           Introduction 

 Intraocular pressure (IOP) is maintained within a normal 
range from a dynamic balance between aqueous humor for-
mation and drainage. Dysfunctional aqueous drainage results 
in elevated IOP, which is a causative risk factor for the devel-
opment and progression of primary open-angle glaucoma 
(POAG) [ 1 ]. An understanding of how to lower IOP using 
microinvasive glaucoma surgery (MIGS) begins with an 
understanding of the normal anatomy of the structures 
related to the drainage of aqueous humor and changes in 
POAG. The major drainage structures for aqueous humor are 
the conventional or trabecular outfl ow pathway, which is 
comprised of the uveal and corneoscleral portions of the tra-
becular meshwork, the juxtacanalicular connective tissue, 
Schlemm’s canal, the collector channels, and the aqueous 
veins. Aqueous humor drains from the anterior chamber 
through progressively smaller channels of the trabecular 
meshwork into a circumferentially-oriented channel called 
Schlemm’s canal. From this canal, circuitous channels weave 
toward the surface of the sclera, ultimately joining the epi-
scleral vasculature which drains into the venous system. 
Flow through this system is driven by a bulk-fl ow pressure 
gradient, and active transport is not involved as neither meta-
bolic poisons nor temperature affects this system to any sig-
nifi cant degree [ 2 ,  3 ]. 10–20 % of total aqueous outfl ow has 
been reported to leave the normal eye via the uveoscleral 

pathway [ 4 ,  5 ] which has become a primary target for 
 medical intervention in glaucoma. However, this chapter will 
only focus on the conventional trabecular outfl ow pathway.  

    Normal Anatomy of Aqueous 
Outfl ow Pathway 

    Trabecular Meshwork 

 The trabecular meshwork (TM) is a triangular-shaped band 
of tissue encircling the anterior chamber angle (Figs.  1.1  and 
 1.2 ). The apex of the triangle is attached to the terminal edge 
of Descemet’s membrane of the cornea which is termed 
Schwalbe’s line. From this point of origin, the TM expands 
as it bridges the iridocorneal angle and ends posteriorly by 
blending with the stroma of the iris, ciliary body, and scleral 
spur. The scleral spur projects like a shelf onto the base of 
this triangle and also serves as a point of insertion for the 
longitudinal bundle of the ciliary muscle. The length of the 
TM from Schwalbe’s line to the scleral spur is 694.9 ± 109 μm 
in men and 713.2 ± 107 μm in women by histological assess-
ment [ 8 ]. Using optical coherence tomography (OCT), the 
mean length of the TM was found to be 466.9 ± 60.7 μm in 
vivo [ 9 ]. An imaginary line drawn from Schwalbe’s line to 
the tip of the scleral spur separates the TM into two major 
parts. The portions of the TM external to the imaginary line 
include the corneoscleral meshwork, the juxtacanalicular tis-
sue, and Schlemm’s canal. The portion of the TM closer to 
the anterior chamber internal to this imaginary line is termed 
the uveal meshwork because it extends from Schwalbe’s line 
to the stromas of the ciliary body and iris (Figs.  1.1  and  1.2 ). 
Uveal meshwork is readily viewed gonioscopically.

    It is important to understand the relationship of the anterior 
chamber angle structures as viewed from at least two perspec-
tives—the view obtained from meridional sections and the 
view obtained gonioscopically. These two views are compared 
in Figs.  1.3  and  1.4 . Figure  1.3  shows a macrophotograph of 
the angle in a meridional view, while Fig.  1.4  depicts an en 
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  Fig. 1.1    Drawing of the limbus to illustrate structures evident by 
microscopic examination. ( a ) Conjunctival vessels, ( b ) corneal arcades, 
( c ) episcleral vessels, ( d ) intrascleral plexus, ( e ) deep scleral plexus, 
( f ) scleral spur, ( g ) longitudinal bundle of the ciliary muscle, ( h ) canal 
of Schlemm, ( i ) trabecular meshwork, ( j ) ciliary body band, ( k ) iris 
process.  Single arrow  represents the terminus of Bowman’s membrane 
and  double arrow  represents the terminus of Descemet’s membrane, 
also known as Schwalbe’s line (Modifi ed from Hogan et al. [ 6 ])       

b

a

  Fig. 1.2    Light micrograph of a meridional section of the trabecular 
meshwork. ( a ) Light micrograph of the anterior chamber angle is 
shown. Schlemm’s canal ( SC ) appears in the plane of section with two 
lumens that are separated by a septum. The ciliary muscle ( CM ), scleral 
spur ( SS ), and trabecular meshwork ( TM ) are labeled. ( b ) The trabecu-
lar meshwork is shown. From proximal to distal, the uveal trabecular 
meshwork (UTM), the corneoscleral trabecular meshwork ( CTM ), and 
the juxtacanalicular tissue ( JCT ) are labeled. Giant vacuoles in the 
inner-wall endothelium of SC are also present ( arrows ). The anterior 
chamber ( AC ) and Schlemm’s canal ( SC ) are also labeled. Magnifi cation 
bars: 20 mm ( a ), 5 mm ( b ) (Modifi ed from Tamm [ 7 ])       

ba

  Fig. 1.3    Macroscopic photograph ( a ) and corresponding sketch ( b ) 
identifying structures visible in a meridional section of the normal ante-
rior chamber angle. The anterior chamber is artifi cially deepened 
because of posterior sagging of the iris following removal of the 

 crystalline lens. The heavily pigmented region corresponds to the pos-
terior or “fi ltering” meshwork.  SL  Schwalbe’s line,  SC  Schlemm’s 
canal,  TM  trabecular meshwork,  SS  scleral spur,  CBB  ciliary body band 
(From Freddo [ 10 ])       
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face view of the anterior chamber angle in a monkey eye. The 
light refl ection from Schwalbe’s line and the TM below it 
overlying the blood-fi lled Schlemm’s canal can be clearly 
seen. Below Schlemm’s canal, the lighter coloration from the 
scleral spur is evident, and fi nally, below the scleral spur, the 
very dark coloration given by the pigment in the ciliary body 
stroma is seen. This lowest “layer” of the meshwork, seen 
from the gonioscopic perspective, is referred to as the ciliary 
body band (Fig.  1.4a ,  b ). For comparison, these same struc-
tures are depicted in a goniophotograph of a normal open 
angle in Fig.  1.4c ,  d . A series of alternating dark and light 
bands is evident corresponding to the areas shown in Fig.  1.5 . 
The uppermost dark band is Schwalbe’s line, which is com-
monly decorated with various amounts of pigment even in the 
normal eye. The lighter line below represents the anterior or 
“nonfi ltering” meshwork. This portion of the meshwork is not 
adjacent to Schlemm’s canal and no aqueous humor drains in 

this region. Therefore, aqueous outfl ow in this portion of the 
meshwork is small and the amount of pigment phagocytosed 
by the trabecular cells in this region is low and results in mini-
mal pigmentation. Below this lighter line is a darker line cor-
responding to the posterior or “fi ltering” meshwork. This is 
the portion of the meshwork that leads most directly to 
Schlemm’s canal. Here, both the fl ow and phagocytosed pig-
ment are greater resulting in a darker appearance on gonios-
copy (Fig.  1.6 ). Below this dark line is another lighter line 
corresponding to the scleral spur. Finally, just below this, the 
lowest dark line corresponds to the ciliary body band [ 12 ,  13 ].

          The Uveal and Corneoscleral Meshwork 

 The uveal and corneoscleral meshwork are composed of a 
series of trabecular lamella or beams that delimit a system of 

b

d

a

c

  Fig. 1.4    The anterior chamber angle viewed with both microscopy and 
gonioscopy. ( a ) Macroscopic photograph of angle structures as seen 
from the gonioscopic perspective. Schlemm’s canal is fi lled with blood 
in this specimen, demonstrating its relationship to the other angle struc-
tures. An iris process, a normal anatomical variant, is also shown. ( b ) 
A corresponding sketch of A ( black box ) showing the angle structures 
from superior to inferior: Schwalbe’s line ( SL ), trabecular meshwork 
( TM ), scleral spur ( SS ), iris process ( IP ), and ciliary body band ( CBB ). 
( c ) Goniophotograph of a normal open angle and corresponding sketch 

( d ) representing a view analogous to that in image ( a ) and ( b ). Five 
alternating dark and light bands are evident in the angle. The termina-
tion of Descemet’s membrane (Schwalbe’s line,  SL ) is the most anterior 
dark band seen followed by the light band corresponding to the anterior 
or “nonfi ltering” trabecular meshwork ( TM ). The next dark band cor-
responds to the posterior or “fi ltering” meshwork, followed by the light 
band corresponding to the scleral spur ( SS ). The fi nal dark band, just 
above the peripheral iris, corresponds to the ciliary body band ( CBB ) 
(From Freddo [ 10 ])       
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aqueous fl ow channels (Figs.  1.2  and  1.5 ). The corneoscleral 
and outer uveal trabecular beams are fl attened, perforated 
sheets that are oriented circumferentially parallel to the sur-
face of the limbus. The inner 1–2 layers of uveal sheets clos-
est to the anterior chamber, however, have a round, cord-like 
profi le and are oriented in a radial, netlike fashion enclosing 
large open spaces for aqueous outfl ow. The spaces become 
progressively smaller from the uveal to the corneoscleral 
meshwork (Fig.  1.2 ). Ultrastructurally, the uveal and corneo-
scleral beams consist of a central connective tissue core that 
is enveloped in a continuous wrapping of thin endothelial 
cells and a subcellular basal lamina (Fig.  1.7 ). Trabecular 
cells are phagocytic [ 15 ] and capable of removing endoge-
nous [ 16 ,  17 ] and exogenous [ 18 ,  19 ] particles to keep the 
trabecular outfl ow channels free of potentially obstructive 

debris. A progressive age-related loss of trabecular cells has 
been reported in normal eyes, and compared to normal sub-
jects, additional cell loss was reported in the TM of POAG 
eyes [ 18 ,  20 ,  21 ]. Fusion of trabecular beams observed in 
POAG eyes may result from adhesions between denuded 
portions of adjacent trabecular beams.

       The Juxtacanalicular Region 

 The portion of the trabecular meshwork between the outer-
most corneoscleral beam and the inner wall of Schlemm’s 
canal has a fundamentally different structure. Instead of 
connective tissue beams confi ned within endothelial wrap-
pings, the juxtacanalicular (JCT) region is an open connec-
tive tissue matrix in which fi broblast-like cells which lack a 
basal lamina are located. The cells in the JCT form long 
processes by which they attach to each other, to an extracel-
lular matrix, and to the inner-wall endothelial cells of 
Schlemm’s canal (Fig.  1.8a ). In addition, studies have docu-
mented that tendons from the longitudinal bundle of the cili-
ary muscle extend into the meshwork, culminating in a 
system of elastic fi bers that connect to the inner wall of 
Schlemm’s canal which has been termed the cribriform 
plexus (Fig.  1.9a ,  b ) [ 23 ,  24 ]. The majority of the resistance 
to aqueous outfl ow is believed to reside in the JCT region 
and the inner wall of Schlemm’s canal [ 25 ], but the actual 
source of this resistance has remained elusive. The balance 
between extracellular matrix (ECM) synthesis and degrada-
tion plays an important role in the regulation of aqueous 
outfl ow resistance and IOP [ 26 ]. Abnormal accumulations 
of ECM in the JCT region have been reported in both pri-
mary and secondary open- angle glaucoma [ 27 – 30 ] includ-
ing POAG patients with no medical treatment [ 27 ]. Thus, 
this accumulation of ECM appears to be a early patho-
physiologic event in POAG.

        Schlemm’s Canal 

 Schlemm’s canal (SC) is a continuous channel oriented cir-
cumferentially deep within the internal scleral sulcus. Its 
lumen is in direct continuity with the venous system of the 
eye. Despite this connection, blood is not usually seen in 
the canal unless IOP falls below the episcleral venous pres-
sure or when the limbal vessels are compressed as occurs 
with the use of a fl anged gonioscope. When cut in cross sec-
tion, the canal has an elliptical appearance with its major 
length varying from 264 ± 55 μm by histological assessments 
[ 31 ] to 347.2 ± 42.3 μm as measured with OCT [ 9 ]. In frontal 
section, the mean width of SC (the distance between the 
inner and outer wall of the canal) is between 13 and 29 μm in 
human eyes (Gong et al., unpublished data, 2013). 

  Fig. 1.5    Drawing of the aqueous outfl ow pathway and adjacent tis-
sues. ( a ) Schlemm’s canal; ( b ) internal collector channel opening into 
the posterior part of Schlemm’s canal; ( c ) corneoscleral beams; 
( d ) scleral spur ( e ) limbus; ( f ) uveal beams; ( g ) Schwalbe’s line, or the 
terminus of Descemet’s membrane; ( h ) iris process extending from the 
root of the iris to merge with the uveal meshwork; ( i ) longitudinal cili-
ary muscle attached to the scleral spur, but with a portion joining the 
corneoscleral meshwork; ( j ) corneal endothelium continuous with the 
deep limbus.  Double-headed arrows  represent a transition zone that 
begins near Schwalbe’s line and ends to where the uveal meshwork 
joins the deep limbus (Modifi ed from Hogan et al. [ 6 ])       
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 The canal usually appears slit-like (Fig.  1.2a ) and at sev-
eral points around the circumference of the eye is divided 
into two parallel channels that rejoin one another after a 
short distance. The endothelial lining of SC is composed of a 
single layer of cells that rest on a discontinuous basal lamina. 
Tight junctions between adjacent endothelial cells are pres-
ent (Fig.  1.8 ) [ 32 ]. One side of the canal directly abuts the 
sclera which is termed the outer wall of SC. The opposite 
side is connected to the JCT region of the meshwork and is 

termed the inner wall of SC. Aqueous humor must traverse 
the continuous endothelial lining of Schlemm’s canal from 
the JCT to enter its lumen. Exactly how aqueous humor tra-
verses the endothelium of SC remains one of the enigmatic 
problems of ocular anatomy and physiology. A characteristic 
aspect of the inner-wall endothelium of SC is the formation 
of cellular outpouchings that are termed giant vacuoles 
(Figs.  1.10  and  1.11 ). The giant vacuoles form when aqueous 
humor pushes against the basal side of the inner-wall 

  Fig. 1.6    Light micrograph of 
trabecular meshwork demon-
strating phagocytosis of melanin 
by trabecular endothelial cells 
in posterior trabecular 
meshwork. Note the abrupt 
reduction in the amount of 
pigmentation in the anterior 
meshwork beyond the anterior 
edge of Schlemm’s canal (line). 
This difference in pigmentation 
is evident clinically viewed by 
gonioscopy (see Fig.  1.4 ) 
(With permission from Freddo 
et al. [ 11 ], Chapter 191)       

  Fig. 1.7    Transmission electron 
micrograph showing a cross 
section of a trabecular beam. 
The trabecular beam is covered 
by a single layer of trabecular 
endothelial cells ( TEC ) that rest 
on the basal lamina ( BL ) which 
surrounds a central connective 
tissue core.  C  collagen,  EL  
elastic fi ber,  SM  sheath material 
of elastic fi ber,  ITS  intertrabecu-
lar spaces (Modifi ed 
with permission from 
Gong et al. [ 14 ])       
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 endothelium [ 35 ]. These vacuoles appear to be pressure- 
dependent and are not found unless the inner wall is fi xed 
under conditions of active fl ow [ 36 ]. Aqueous humor is 
believed to traverse the inner wall of Schlemm’s canal 
through small openings or pores (Fig.  1.10 ) [ 37 ]. There are 
two types of pores that are termed intracellular and paracel-
lular pores (Fig.  1.11 ) [ 38 ]. Intercellular pores (I pores) are 
often associated with giant vacuoles with a size between 0.1 
and 0.2 μm [ 39 ]. Paracellular pores are located at the border 
between two adjacent endothelial cells (B pores) with similar 
size [ 38 ] (Fig.  1.11 ). Pores are reported to be responsible for 

about 10 % of total outfl ow resistance in normal eyes [ 39 ]; 
however, glaucomatous eyes exhibit fewer pores compared 
to normal eyes [ 33 ,  40 ] suggesting that endothelial cells lin-
ing SC lose their ability to produce pores which may contrib-
ute to increased outfl ow resistance in eyes with POAG. 
Increasing IOP leads to progressive collapse of the canal [ 35 , 
 41 ]. As SC collapses, the outfl ow resistance increases and 
the IOP rises [ 42 ,  43 ]. The dimensions of SC in eyes with 
POAG were reported to be signifi cantly smaller than in the 
normal eye. This reduction in the dimensions of SC may 
account for nearly half of the decrease in outfl ow facility 
observed in POAG eyes [ 31 ].

        The Ciliary Muscle and Trabecular Outfl ow 

 Attached to the posterior surface of the scleral spur are ten-
dons of the longitudinal bundle of the ciliary muscle which 
are continuous with the ECM of the TM [ 44 ]. Contraction of 
these longitudinal muscles pulls the scleral spur posteriorly 
and separates the layers of the corneoscleral meshwork 
attached to the anterior surface of this structure. This appears 
to facilitate aqueous drainage and is the basis for the use of 
miotics in increasing aqueous outfl ow to reduce IOP in 
 glaucoma. Surgical disinsertion of the ciliary muscle has 
been shown to eliminate the outfl ow-enhancing effects of 
pilocarpine [ 45 ]. In addition, the elastic fi bers of the scleral 
spur are continuous with the elastic fi bers in the trabecular 
beams and the cribriform plexus in the JCT [ 23 ] (Fig.  1.9 ) 
and extend to the basal lamina of the inner-wall endothelial 
cells of SC [ 24 ]. These tendons are thought to put tension on 
the inner wall of SC, resisting the pressure-related collapse 
of SC when pressure is elevated [ 46 ].  

    Flow Pathways Beyond Schlemm’s Canal 

    Collector Channels 
 Aqueous fl ow into Schlemm’s canal is not evenly distributed 
throughout the inner wall but occurs preferentially in certain 
areas. Drainage of aqueous humor preferentially occurs near 
collector channels (CCs) in the human eye [ 47 ]. Twice as 
many giant vacuoles have been shown to be present near 
regions with CCs indicating that aqueous fl ow across the 
inner wall is sensitive to downstream pressure [ 48 ]. Studies 
using fl uorescent beads also show increased levels of beads 
in pigmented trabecular meshwork adjacent to CCs suggest-
ing preferential fl ow pathways are present near CCs [ 47 ]. 

 Histological studies of the human eye have shown that 
between the ages of 25 and 30, CCs are randomly distributed 
around the eye with a higher distribution on the inferior-nasal 
side than on the temporal side of the eye [ 49 ,  50 ]. This has 
been confi rmed by studies using 3-dimensional micro-CT [ 51 ] 

a

b

  Fig. 1.8    ( a ) Transmission electron micrograph demonstrating the 
appearance of the connective tissue matrix and cells in the juxtacanalicu-
lar region ( JCT ). The matrix is composed of collagen ( C ) and elastin and 
the cells are devoid of a basal lamina. The JCT cells extend mushroom-
like cell processes ( arrowheads ) that attach to endothelial cells ( E ) of the 
inner wall of Schlemm’s canal ( SC ). ( b ) The tight junction between SC 
endothelial cells appears as fusion points between plasma membranes of 
two adjacent cells ( arrows ) (From Gong et al. [ 22 ])       
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(Fig.  1.12 ). There is great variability in the orifi ce size of col-
lector channels with a range between 5 and 50 μm to as high 
as 70 μm depending on the study design [ 49 – 51 ].

   From the CCs, aqueous humor passes through a tortuous 
system of passages termed the deep, midlimbal, and superfi -
cial intrascleral venous plexus that lead in turn to episcleral 
veins (Fig.  1.13 ) [ 6 ]. The intrascleral venous plexus is com-
posed of a series of small, interconnected venules 10–50 μm 
in diameter with many interconnecting branch points form-
ing a dense vascular network. The venous plexus is drained 
posteriorly by several larger veins forming a series of radial 

arcades. These vessels are 50–100 μm in diameter and pro-
gressively converge into larger vessels moving posteriorly 
away from the image margin and SC. These vessels eventu-
ally converge with larger episcleral veins. Visualization of 
these vessels using optical coherence tomography (OCT) 
[ 52 ,  53 ], fl uorescent microsphere tracer studies [ 53 ], and 3D 
micro-CT [ 51 ] has been reported.

   The major source of aqueous humor outfl ow resistance 
is believed to lie in the JCT and inner-wall endothelium of 
SC. Structures distal to this including the collector channels, 
intrascleral venous plexus, and aqueous veins are assumed to 

a b

  Fig. 1.9    ( a ) Anterior ciliary muscle tendons ( T ) and their connections 
with the trabecular meshwork are shown. Tendons from the longitudinal 
bundle of the ciliary muscle ( CM ) extend to the scleral spur ( SP ), into the 
outermost corneoscleral trabeculae, and fi nally into the juxtacanalicular 
region contributing to the cribriform plexus. Connecting fi brils ( CF ) 
extend from the plexus toward the endothelial cells ( E ) lining the inner 

wall of Schlemm’s canal ( SC ). ( b ) Immunoelectron micrograph shows a 
single connecting fi bril (c) attaching to the endothelium (E) of the inner 
wall of Schlemm’s canal ( SC ). Scattered small black dots represent col-
loidal gold staining for elastin, confi rming that these connecting fi brils 
contain this protein (Image  a  reproduced with permission from Rohen 
[ 23 ]; Image  b  reproduced with permission from Gong et al. [ 24 ])       

  Fig. 1.10    Scanning electron 
micrograph of the luminal 
surface of the inner wall of 
Schlemm’s canal. Numerous 
bulging giant vacuoles are seen 
on the luminal surface of the 
inner wall of Schlemm’s canal. 
Several pores are evident 
( arrowheads ) and are shown at 
higher magnifi cation in the inset 
(Modifi ed from Allingham et al. 
[ 33 ] and from Gong et al. [ 22 ])       
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contribute less to outfl ow resistance [ 54 – 56 ]. Early studies 
reported that 75 % of aqueous outfl ow resistance was localized 
to the TM and SC with 25 % occurring from the structures dis-
tal to SC [ 57 ]. A study has reported that smooth muscle actin 
was found near the CC ostia regions [ 58 ], whether these ves-
sels are capable of contraction and thus contribute to regulat-
ing aqueous outfl ow is still unknown. Studies have shown that 

ba

  Fig. 1.11    Transmission electron micrograph of two types of pores I 
and B in the inner wall of Schlemm’s canal. ( a ) The juxtacanalicular 
tissue region with elastic fi bers ( EL ) and the basement membrane ( BM ) 
of the inner-wall endothelium of Schlemm’s canal ( SC ) with giant vac-
uole ( V ) and an intracellular pore leading into SC ( arrowhead ) are 
shown. Aqueous humor is believed to traverse the inner wall of 

Schlemm’s canal ( SC ) through small openings or pores. There are two 
types of pores that are termed intracellular and paracellular pores. 
Intercellular pores (I pores) are often associated with giant vacuoles 
with a size between 0.1 and 0.2 μm. ( b ) Paracellular pores (B pores) are 
located at the border between two adjacent endothelial cells with simi-
lar size (Image  a  from Gong et al. [ 14 ]; Image  b  from Ye et al. [ 34 ])       

a

b

  Fig. 1.12    Distribution of collector channels in the normal eye. ( a ) Up to 30 
collector channels can be found in the normal eye with an uneven distribu-
tion around Schlemm’s canal. The majority are found in the inferior-nasal 
quadrant followed by the superotemporal quadrant. ( b ) A light micrograph 
of a frontal section showing the trabecular meshwork ( TM ), Schlemm’s 
canal ( SC ), and collector channel ( CC ) ostia in the normal human eye 
(Image  a  from Hann et al. [ 51 ]; Image  b  provided by Haiyan Gong, MD, PhD)       

  Fig. 1.13    Diagram representing the distal portion of the aqueous out-
fl ow pathways from Schlemm’s canal. External collector channels 
( lower right ), deep and intrascleral plexi ( upper right ), aqueous veins ( 1  
and  2 ) ( upper left ), and arterial circle ( lower left ) (From Hogan et al. [ 6 ])       
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following complete trabeculotomy, 49 % of outfl ow resistance 
is eliminated at a perfusion pressure at 7 mmHg (correspond-
ing to the normal IOP in enucleated human eyes with no epi-
scleral venous pressure) [ 59 ] and 71 % of outfl ow resistance 
was eliminated at a perfusion pressure at 25 mmHg [ 60 ]. This 
suggests that  pressure- dependent changes in outfl ow resis-
tance are present in the TM and SC with additional resistance 
distal to SC likely. An additional study reported that 35 % of 
outfl ow resistance was eliminated after a 1-clock-hour abla-
tion of the tissue from the outer wall of SC and distal by using 
the excimer laser at a perfusion pressure at 10 mmHg [ 61 ]. 
These studies indicate that a portion (one third to half) of the 
outfl ow resistance lies distal to the inner wall of SC.  

    Aqueous Veins 
 The human eye contains a small number of unique vessels 
termed aqueous veins (of Ascher) which are of great impor-
tance to normal aqueous outfl ow. Aqueous veins (AVs) have a 
lumen in direct communication with collector channels and in 
turn communicate directly with episcleral veins that return 
blood to the general circulation [ 62 ]. Thus, AVs can bypass the 
deep and intrascleral venous plexus and connect directly to 
episcleral veins [ 63 ,  64 ] (Fig.  1.14 ). AVs contain clear aque-
ous at their origins, but anastomose with episcleral vessels that 
contain blood. Transitional zones are often identifi ed in AVs 
on the conjunctival surface as a large vessel with a clear cen-
tral lumen bordered on either side by dark blood. With changes 
in IOP, these transitional zones vary in their composition of 

aqueous and blood. Direct observation of these changes is a 
reliable method to gauge the effi cacy of medical and surgical 
treatments aimed at reducing IOP in glaucoma [ 66 ].

   AVs vary in their position, size, and anatomical arrange-
ments. On slit-lamp examination, two to three AVs are typically 
visible with up to a maximum of six occasionally seen [ 67 ]. AVs 
have unequal distribution and are present most abundantly in the 
inferior-nasal quadrants with the remainder in the inferior-tem-
poral quadrants [ 67 ]. Their size varies from 20 to 100 μm with 
an average of 50 μm [ 67 – 69 ]. Histologically, AVs are indistin-
guishable from conjunctival and episcleral veins. 

 A dynamic equilibrium exists in AVs based on current 
understanding of pulsatile fl ow driving aqueous outfl ow 
(Fig.  1.15 ) [ 71 – 73 ]. Pulsatile fl ow occurs from an oscillatory 
compressive force provided by the cardiac pulse and blink-
ing, inlet channels from the JCT and the inner-wall endothe-
lium to SC, and outlet channels via CCs and aqueous veins. 
Glaucoma patients show a decrease in pulsatile fl ow com-
pared to normal subjects [ 74 ,  75 ]. The reduction of pulsatile 
fl ow in glaucoma patients can be accounted for by physio-
logic changes in the elasticity of the TM. The TM must be 
deformable to dynamic pressure and volume changes in 
infl ow and outfl ow for normal aqueous outfl ow to occur from 
the anterior chamber to SC [ 62 ].

         Aqueous Outfl ow Patterns 

    Aqueous Outfl ow Is Not Uniform 
(Segmental) in Normal Eyes 

 Aqueous humor outfl ow has been reported to be nonuniform 
or “segmental” circumferentially as observed from the distri-
bution of pigment in the trabecular meshwork [ 47 ] and tracer 
perfused into the anterior chamber [ 41 ,  76 – 78 ]. At any given 
time, only a fraction of the outfl ow pathways are actively 
involved in aqueous humor drainage (Fig.  1.16 ). This active 
area is termed the effective fi ltration area (EFA). Segmental 
outfl ow has been reported in mouse [ 79 ], porcine [ 80 ], bovine 
[ 41 ,  77 ], monkey [ 78 ], and human eyes [ 47 ,  80 ,  81 ]. A greater 
concentration tracer was observed in the trabecular mesh-
work adjacent to CC ostia where more pigment was also 
observed in human eyes (Fig.  1.17 ), suggesting that preferen-
tial fl ow pathways are present and pigment may serve as a 
useful internal marker to identify the area with active fl ow.

        Reduction of Aqueous Outfl ow Area 
with Increasing IOP and in POAG 

 EFA [measured by length: percentage effective fi ltration 
length = (length of the inner wall exhibiting tracer labeling/total 
length of inner wall) × 100 %] was found to be reduced with 

  Fig. 1.14    Aqueous veins. Neoprene cast of Schlemm’s canal and lim-
bal vessels after enucleation showing sector containing marked aque-
ous vein. The tantalum wire loop around the aqueous vein is still 
visualized in situ (Image adapted from Norman [ 65 ]; with permission 
from BMJ Publishing Group Ltd.)       
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  Fig. 1.15    Pulsatile fl ow changes in the normal eye. Illustration of char-
acteristic pulsatile fl ow changes caused by increasing IOP or addition 
of medications. Still frames and illustrations derived from video images 
of a 59-year-old male subject. ( a ) Baseline IOP: velocity ( V ) is low and 
aqueous pulse wave travel ( D ) with each stroke is small. A standing 
transverse interface of aqueous and blood oscillates resulting in systolic 
discharge of aqueous into a small venous tributary (ST). ( b ) Slightly 
increased IOP: the oscillatory aqueous fl uid wave travels an increased 

distance. ( c ) Highest IOP: increased velocity and travel of the aqueous 
fl uid wave. At each systole, a lamina of clear aqueous discharges into 
an episcleral vein. ( d ) Decreasing IOP: velocity and travel of the fl uid 
wave increase further. Continuous oscillating laminar fl ow is present in 
a more distal episcleral vein. Two hours after drinking water, IOP was 
again 10 mmHg and stroke volume returned to appearance seen in 
image (a) (Image with permission from Johnstone et al. [ 70 ], Fig.   7.2    )       

a b c d

  Fig. 1.16    Segmental aqueous fl ow pattern in normal human eyes. 
( a ) Posterior view of the tracer distribution in the trabecular meshwork 
( TM ) in a global imaging. Segmental tracer distribution is seen. 
( b ) Segmental tracer distribution is seen in the scleral veins in the ante-
rior view of a global imaging. ( c ) A confocal microscopic image 

 showing tracer distribution in the trabecular meshwork is segmental, 
and more tracer (green) is near collector channel ( CC ) ostia region. 
( d ) A confocal microscopic image showing no tracer was seen in this 
region of the TM.  S  superior,  N  nasal,  I  inferior,  T  temporal (Images are 
provided by Haiyan Gong, MD, PhD)       
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acute elevation of IOP in bovine eyes. A greater concentration 
of tracer was observed near CC ostia with acute elevation of 
IOP. Outfl ow patterns in the JCT and inner wall transitioned 
from less segmental (more uniform) patterns at normal IOP 
(7 mmHg in enucleated eyes) to an increased segmental pattern 
at higher IOP (15–45 mmHg) (Fig.  1.18 ) [ 41 ]. This decrease in 
EFA is associated with decreased outfl ow facility and is revers-
ible when pressure is reduced from a high to a normal level 
[ 82 ]. A decrease in EFA was also reported in chronic elevation 
of IOP in the laser-induced monkey glaucoma model [ 83 ]. In 
this study, reduced tracer was found in areas of the trabecular 
meshwork that had received laser injury including the CC ostia 
region. Active outfl ow was found to be shifted away from areas 
with laser injury to areas without (Fig.  1.19 ). Signifi cant reduc-
tion of EFA was also reported in POAG eyes compared to nor-
mal eyes in a tracer study [ 84 ]. Additionally, an inverse 
correlation between EFA and IOP was recently documented in 
an ocular hypotensive mouse model [ 79 ]. Collectively, these 
results suggest that the EFA is a valuable method of measuring 
outfl ow resistance and the effects of changes in IOP in humans 
and a number of different species.

        Morphological Changes Responsible 
for Reduced Outfl ow Area 

    Increasing Extracellular Matrix in the JCT 
 An increase in the amount of extracellular matrix (ECM) or 
“plaque material” in the JCT has been reported in the eyes of 
patients with POAG with and without medical treatment 
[ 27 ,  29 ]. This increase is associated with increasing severity 
of optic nerve damage in POAG [ 85 ]. In laser-induced glau-
coma monkey models, increased ECM in the JCT occurs in 
response to the severity of laser damage observed in areas of 
the trabecular meshwork. This has been shown to result in a 
reduction in the active outfl ow area. This reduction contrib-
utes to a decrease in outfl ow facility and corresponding ele-
vation of IOP [ 83 ]. More continuous and thicker basement 
membranes observed along the inner wall of SC and 
increased ECM in the JCT may account for the reduction of 
active outfl ow areas and outfl ow facility in POAG [ 84 ].  

    Collapse of SC and Herniations 
of the TM into CC Ostia 
 In an acute IOP elevation study in bovine eyes, morphologi-
cal changes responsible for reduced outfl ow area include a 
progressive collapse of the aqueous plexus (equivalent to 
Schlemm’s canal in human eyes) and increasing numbers of 
herniations into CC ostia (Fig.  1.20 ) [ 41 ]. These morpho-
logical changes were associated with decreases in effective 
outfl ow area and outfl ow facility; however, they were revers-
ible when IOP was returned to a normal level [ 82 ]. A pro-
gressive collapse of SC and an increasing number of tissue 
herniations into CC ostia following an acute elevation of IOP 
were also found to be associated with a decrease in outfl ow 
facility in normal human eyes. These changes were revers-
ible when IOP was decreased from high to normal levels 
(Fig.  1.21 ) [ 86 ]. This data suggests that collapse of SC and 
increasing numbers of herniations into CC ostia may be 
important factors contributing to the decrease in outfl ow 
facility following acute IOP elevation.

    A study compared the light microscopic images in frontal 
sections between normal autopsy eyes and those with pri-
mary open-angle glaucoma (POAG). The collapse of SC and 
the herniations into the CC ostia were found to be common 
among eyes with POAG (61 %) even when the eye was fi xed 
at zero pressure (Fig.  1.22 ) [ 87 ]. The longer the IOP remains 
high, the less pliable the changes in the trabecular meshwork 
tissue seem to become. The disturbing implication of these 
fi ndings is that normally reversible morphological changes 
after an acute elevation in IOP (Fig.  1.21 ) may become per-
manent in cases of POAG. Occluded collector channel ostia 
may explain the variable success of surgical procedures 
intended to restore outfl ow into the episcleral venous system 
via the canal.

       Blockage of Collector Channels 
by Clinical Observation in POAG 
 Blockages of CC ostia were also reported in black South 
African patients with POAG in both retrospective [ 88 ] and 
prospective studies [ 89 ]. In the retrospective study, clinical 
data was analyzed including the video records of surgical 
procedures for 19 untreated black South African POAG 

  Fig. 1.17    Pigmentation near 
collector channel ostia. Light 
micrograph of trabecular 
meshwork demonstrates 
phagocytosis of melanin by 
trabecular endothelial cells. 
More pigmentation is observa-
tion in the trabecular meshwork 
near the collector channel ( CC ) 
ostia than away from these 
regions (Image is provided by 
Haiyan Gong, MD, PhD)       
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patients (24 eyes) undergoing canaloplasty. Preoperative 
paracentesis was followed by provocative gonioscopy to 
elicit and grade patterns of inducible blood refl ux into SC. 
After exposing SC, a fl exible microcatheter was inserted 
into SC circumferentially and fl uorescein was injected into 
SC in each quadrant to evaluate the fl uorescent outfl ow pat-
terns from SC into the episcleral veins. Quadrants  exhibiting 

 fl uorescein egress were counted and analyzed. Three pat-
terns of blood refl ux were observed (Fig.  1.23 ): “good 
refl ux” (blood observed along the entire circumference of 
SC,  N  = 9), “patchy” refl ux (attenuated blood refl ux 
observed,  N  = 6), and no refl ux (no observable blood in SC, 
 N  = 9). Fifteen eyes (patchy + no blood refl ex, 60.8 %) dem-
onstrated some degree of blockage for blood refl ux into the 
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  Fig. 1.18    Confocal microscopy of fl uorescent microspheres perfused 
at 4 different IOPs. ( a ) At 7 mmHg, a uniform distribution of micro-
spheres ( red ) was seen along the inner wall of the aqueous plexus ( AP ). 
In contrast, at pressures of 15 mmHg ( b ), 30 mmHg ( c ), and 45 mmHg 
( d ), there was a segmental pattern of microsphere distribution with a 

greater concentration of microspheres in the trabecular meshwork near 
the collector channel ( CC ) ostia. This concentrated distribution was 
visually more dramatic at 45 mmHg than at 15 mmHg. Scale bar = 50 μm 
(Image with permission from Battista  et al. [ 41 ])       
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SC from  episcleral veins. In the “good refl ux” group, fl uo-
rescein egress into episcleral veins was seen in more than 
three quadrants (3.67 ± 0.5, mean ± SD) of the eyes. In the 
“patchy refl ux” group, fl uorescein egress into episcleral 
veins was seen in more than two quadrants (2.67 ± 1.21), 

while in the “no refl ux” group, fl uorescein egress into epi-
scleral veins was decreased to less than one quadrant or 
between 1 and 2 quadrants (0.89 ± 0.93). Signifi cant differ-
ences were found between the patients with “good” refl ux 
vs. no refl ux ( p  = 4 × 10 −6 ) and between “patchy” blood 

a
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  Fig. 1.19    Comparison of effective fi ltration length and width of SC in 
control and laser-induced glaucoma eyes. ( a ) In control eyes, Schlemm’s 
canal ( SC ) was open and segmental distribution of microspheres ( pink ) 
was found with a greater concentration in the trabecular meshwork 
( TM ) near the collector channel ( CC ) ostia. ( b ) In the lasered region of 
laser-treated eyes, SC was collapsed and fewer or no microspheres were 
found in most areas of the TM. ( c ) In the lasered region of laser-treated 
eyes, no microspheres were found in the CC ostia region. ( d ) In the 

non-lasered region of laser-treated eyes, a large amount of microspheres 
( pink ) were seen near CC ostia. ( e ) The average percent effective fi ltra-
tion length (PEFL = L/TL) in control eyes (47.47 ± 10.79 %) was 6-fold 
larger than in laser-treated eyes (8.40 ± 4.81 %,  p  = 0.013). ( f ) The mean 
distance between the inner and outer wall of SC of control eyes 
(18.99 ± 6.03 μm) was 5-fold greater than laser-treated eyes 
(3.47 ± 0.33 μm,  p  = 0.01). (Modifi ed from Zhang et al. [ 83 ])       
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refl ux vs. no blood refl ux ( p  = 0.01). No signifi cant differ-
ence was found between “good” vs. “patchy” refl ux groups 
( p  = 0.1). This study suggests that attenuated and inter-
rupted blood refl ux into SC from CCs is consistent with 
decreased numbers of quadrants exhibiting fl uorescein 
egress into episcleral veins via CCs and that blockage of 
CC ostia exists in vivo. Whether the cause of these 

 blockages is the irreversible herniations into CC ostia 
observed histologically warrants further study. Since 
occluded CC ostia affect success of surgical procedures 
intended to restore outfl ow into the episcleral venous sys-
tem via SC, observing the refl ux of blood from the collector 
system into the canal could serve as an indication of a 
 patent system in that region.
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  Fig. 1.20    Light microscopy of the aqueous plexus and collector chan-
nels at four different IOPs. At 7 mmHg ( a ), the aqueous plexus ( AP ) is 
more open compared to the tissue perfused at higher pressures. At 
15 mmHg ( b ), the inner wall and juxtacanalicular tissue ( JCT ) were 
partially herniated into the collector channel ( CC ) ostia. At 30 mmHg 

( c ) and 45 mmHg ( d ), the aqueous plexus was collapsed adjacent to the 
CC ostia. At higher IOP, there is a more dramatic herniation of the inner 
wall and JCT into the CC ostia. Scale bar = 50 μm (Image with permis-
sion from Battista et al. [ 41 ])       
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  Fig. 1.21    Light microscopy 
images of the collector channel 
ostia of normal human eyes 
after an acute elevation in IOP. 
( a ) When the eye was continu-
ally perfused at 45 mmHg, 
Schlemm’s canal ( SC ) was 
collapsed, and the trabecular 
meshwork was herniated into 
the collector channel ( CC ) 
ostium compared with the eyes 
perfused at lower pressures. 
( b ) When the eye was fi rst 
perfused at 45 mmHg and then 
the IOP was reduced to 
7 mmHg, the herniation into the 
CC ostia seen at 45 mmHg in 
image A was reversed; only 
deformation of the trabecular 
meshwork was seen facing the 
CC ostium region. SC was 
wider in this eye than in the one 
perfused continually at 
45 mmHg. ( c ) When the eye 
was continually perfused at 
7 mmHg, SC was open, and no 
herniations were visible 
(Image provided by Haiyan 
Gong, MD, PhD)       
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  Fig. 1.22    Light microscopic 
comparison between the POAG 
and normal ostia regions. ( a ) 
A micrograph of a normal eye. 
Schlemm’s canal ( SC ) was open 
and the herniation was not 
observed in the collector 
channel ( CC ) ostia region. ( b ) 
In comparison, an eye with 
primary open-angle glaucoma 
demonstrated a collapse of SC 
adjacent to both sides of CC 
ostium with focal adhesions 
between the inner wall and 
outer wall. In addition, 
herniations of the inner wall and 
JCT into CC ostia were also 
observed. Scale bar = 25 μm 
(Images are provided by Haiyan 
Gong, MD, PhD)       
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        Increase Aqueous Outfl ow Area 
by Medical and Surgical Treatment 

 An increase in outfl ow facility by a Rho kinase inhibitor, 
Y27632, was reported associated with an increase in EFA 
[ 77 ,  78 ]. A new glaucoma device, trabecular micro-bypass 
(iStent, Glaukos, Laguna Hills, CA), increases outfl ow facil-
ity by directing outfl ow into episcleral veins from SC 
 bypassing the trabecular meshwork. However, since the iStent 
is so small (1 mm length, 120 μm inlet), success of surgery is 
dependent on the circumferential location (i.e., whether the 
implant is placed near the larger CC ostia). An increase in 
outfl ow facility is associated with implanting more than one 
iStent [ 90 ,  91 ]. Newer devices undergoing clinical trials 
would also benefi t from preoperative knowledge of CC ostia 
location. One such device is the Hydrus TM  Microstent (Ivantis, 
CA), a novel intracanalicular scaffold that increases outfl ow 
facility by directing fl ow into more episcleral veins bypassing 
the trabecular meshwork and scaffolding SC. In one study, 
the Hydrus Aqueous Implant signifi cantly increased outfl ow 
facility by increasing the total area involved in aqueous humor 
outfl ow. More scleral veins were accessed by the intracana-
licular scaffold via multiple collector channels compared to 
controls or two iStent Implants [ 92 ].   

    Evaluation of the Anterior Chamber Angle 
with Optical Coherence Tomography 

    Introduction 

 Optical coherence tomography (OCT) is a noninvasive, non-
contact method of imaging ocular structures in vivo (Fig.  1.24 ) 
[ 94 ]. Early time-domain (TD-OCT) devices provided cross-
sectional images of the retina, nerve fi ber layer, and optic 
nerve head (400-Hz, A-scan rate, Stratus OCT; Carl Zeiss 
Meditec, Dublin, California) and of the ocular anterior seg-
ment (2 kHz, A-scan rate, Visante; Carl Zeiss Meditec) but 
were limited by slow scan speeds, high signal-to- noise ratios, 
and motion artifacts. Newer spectral-domain (SD-OCT) and 
swept-source (SS-OCT) devices with software improvements 
are capable of distinguishing components of the conventional 
aqueous outfl ow pathway including the iridocorneal angle, 
trabecular meshwork, Schlemm’s canal, and the scleral 
venous plexus (Fig.  1.25 ). Advances using phase-sensitive 
OCT devices (PhS-OCT) have even shown pulse-dependent 
movements in the trabecular meshwork and optic nerve head 
ex vivo (Fig.  1.26 ) [ 95 ,  96 ], which provides support to the 
current theory that proposes glaucoma is a result of resistance 
to pulsatile aqueous fl ow by trabecular tissue inelasticity [ 66 ].
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  Fig. 1.23    Evaluation of blockage of collector channel by blood refl ux 
into Schlemm’s canal and fl uorescein egress pattern in the episcleral 
veins. ( a – c ) Gonioscopic view of blood into Schlemm’s canal after pre-
operative paracentesis of the anterior chamber. ( a ) Schlemm’s canal 
( SC ) uniformly fi lled with blood indicates patent SC and collector chan-
nels ( CC ). ( b ) Patchy or irregular fi lling of SC indicates a partially col-
lapsed SC. Blood is only detectable near the CC ostia ( arrows ). ( c ) No 

refl uxed blood indicating a collapsed SC or blocked CCs. ( d – f ) Analysis 
of 4 quadrants of each eye with episcleral veins exhibiting fl uorescein 
egress. ( d ) No fi lling of the episcleral veins. ( e ) Filling of the episcleral 
veins after injection of fl uorescein dye into SC. ( f ) The average number 
of quadrants exhibiting fl uorescein egress is consistent with blood refl ux 
patterns in images ( a – c ) (Images are provided by Robert Stegmann, MD 
( a – e ), Data was analyzed by Jinyin Zhu, MD ( f ))       
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  Fig. 1.24    Anterior segment anatomy as seen with histology and opti-
cal coherence tomography (OCT). ( a ) Hematoxylin and eosin (H&E)-
stained corneal specimen compared with ( b ) anterior segment optical 
coherence tomography (OCT) image. Schlemm’s canal diameter is 

clearly visible in the H&E section ( black arrow ) with a collector chan-
nel visible nearby ( green arrow ). OCT is also able to identify 
Schlemm’s canal with similar detail ( red arrow ) (With permission 
from Hong et al. [ 93 ])       

     OCT functions by analyzing interference patterns. Light 
from a broadband light source is divided into a reference and 
a sample beam. Light waves that are backscattered from 
optical structures interfere with the reference beam and a 
depth and density profi le is created [ 97 ,  98 ]. Older time- 
domain (TD-OCT) systems such as the Stratus OCT (Carl 
Zeiss Meditec, Inc., Dublin, CA) were limited to 400 A-scans 
per second with an axial resolution of 8–10 μm in tissue and 
a high propensity for motion artifact. Newer systems are 
capable of more than 400,000 A-scans per second and 
3-dimensional imaging of ocular structures in vivo [ 99 ,  100 ].  

    Identifi cation of Anatomical Structures 

 An ongoing area of research is noninvasive OCT imaging of 
the conventional aqueous outfl ow pathway, including the tra-
becular meshwork, Schlemm’s canal, collector channels, and 
venous outfl ow plexus with the goal to optimize surgical 
treatment of glaucoma. High-defi nition identifi cation of the 
anterior chamber angle, the scleral spur, Schwalbe’s line, 
and the anatomical boundaries of the trabecular meshwork 
has been achieved with excellent reproducibility of angle 
measurements [ 100 ,  101 ]. Detailed evaluation of the trabec-
ular meshwork, Schlemm’s canal, and collector channels is 
more diffi cult due to the close association of several different 
 tissues at varying anatomical depths; however, progress con-
tinues to be made in identifying several important character-
istics of the aqueous outfl ow structures in vivo. 

 Allingham et al. fi rst suggested a correlation between 
decreased Schlemm’s canal area in glaucomatous eyes and 
outfl ow facility [ 31 ]. This was fi rst confi rmed using a 

 commercially available spectral-domain (SD-OCT) system 
[ 52 ] and later in a larger cohort where a signifi cant correla-
tion between increasing mean IOP and decreasing Schlemm’s 
canal area in patients with and without POAG was shown 
[ 93 ]. The mechanisms for this relationship is believed to be 
associated with a reduction in pulsatile fl ow in glaucomatous 
eyes where increased resistance to fl ow occurs by an increase 
in stiffness of the trabecular meshwork [ 66 ]. Actual evidence 
of this has been provided by newer phase-sensitive (PhS- 
OCT) OCT systems that have quantitatively visualized tra-
becular meshwork movement in synch with pulse-induced 
IOP ex vivo [ 95 ].  

    Potential Surgical Applications 

 A number of microinvasive glaucoma surgical devices are 
FDA approved for the treatment of glaucoma. All function 
by bypassing the source of aqueous outfl ow resistance to 
improve outfl ow facility by using normal trabecular outfl ow 
pathway. The ability for OCT to visualize dynamic move-
ments of the aqueous outfl ow anatomy in real time may be 
useful in preoperative planning to optimize placement of 
microsurgical devices in areas near the collector channels 
with normal function (Fig.  1.27 ). This would increase thera-
peutic effi ciency and contribute to better surgical outcomes.

   Currently, three microinvasive glaucoma devices are FDA 
approved for treatment of glaucoma with many more under-
going clinical trials. The iStent trabecular micro-bypass is a 
heparin-coated, microsurgical shunt placed into Schlemm’s 
canal during cataract surgery that creates a patent bypass of 
the trabecular meshwork between the anterior chamber and 
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Schlemm’s canal. In a prospective,  randomized, multicenter, 
12-month US study, 68 % of patients who received iStent 
achieved ≥20 % IOP reduction without medication while 
sustaining target IOPs of ≤21 mmHg vs. only 48 % of those 

who underwent cataract surgery alone ( p  = .003) [ 102 ]. The 
device is implanted via the anterior chamber through the tra-
becular meshwork in the inferior- nasal quadrant, where the 
greatest number of collector channels is believed to reside, 

  Fig. 1.27    Pulse-induced movements in the trabecular meshwork visual-
ized with optical coherence tomography (OCT). Ex vivo pulse-induced 
movement in the trabecular meshwork ( TM ) and Schlemm’s canal ( SC ) 
in nonhuman primate eye at 8 mmHg mean IOP. Representative cross- 
sectional images of tissue velocity in the corneoscleral limbus: ( a )  red  
corresponds to TM movement into SC during systole; ( b )  blue  corre-
sponds to TM movement away from SC during diastole; ( c ) and ( d ) 
depth-dependent velocity profi les along the  vertical dashed lines  in (a) 

and (b), respectively; ( e ) and ( f ) corresponding OCT microstructural 
images from (a) and (b). ( g ) Enlarged view of the area marked by the 
dashed  yellow square  in (e). The closed  white curve  in (g) depicts the 
boundary of the SC. ( h ) Schematic of the SC endothelial attachment to 
the underlying trabecular lamellae. The  bold arrows  in (h) indicate tissue 
responses to deforming forces induced by IOP transients. The  horizontal 
lines  are used to mark approximately the position of TM, facilitating 
comparison between fi gures given (With permission from Li et al. [ 95 ])       

b

c
d

e

a

  Fig. 1.25    OCT image of the superfi cial venous plexus in enucleated 
human eye. The superfi cial venous plexus is composed of a series of 
small interconnected venules between 25 and 100 μm in diameter with 
many interconnecting branch points forming a dense vascular hexago-
nal meshwork ( a ).  Red arrows  indicate a vessel seen on the virtual cast-
ing ( a ) and its corresponding location in B-scan ( b ).  Blue arrows  

indicate a suspected aqueous vein ( c ) descending from the superfi cial 
intrascleral venous plexus to the midlimbal intrascleral venous plexus 
and its corresponding location in B-scan ( d ).  Yellow arrows  indicate 
two suspected aqueous veins seen in this 180° rotated virtual casting 
image ( e ) (With permission from Francis et al. [ 53 ])       
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  Fig. 1.26    Assessment of surgical outcome before and after with optical 
coherence tomography (OCT). A postsurgical change in angle structures 
in human enucleated eyes is shown before ( a – c ) and after ( d – f ) pseudo 
viscocanalostomy was performed. A thin lucent space ( a ,  b ;  arrow ) 

 confi rmed to be Schlemm’s canal on histology ( c ) was visualized. After 
surgical manipulation, this thin space ( d ,  e ;  arrow ) was enlarged. 
Histological sections supported the conclusion that this thin black space 
is SC ( arrows ,  c ,  f ) (Image with permission from Usui et al. [ 9 ])       
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into Schlemm’s canal. Advances in intraoperative OCT units 
may soon offer better visualization of collector channel anat-
omy than high magnifi cation with a gonioprism alone. 

 The trabectome is an FDA-approved device for minimally 
invasive surgical treatment of glaucoma. The trabectome is 
an alternative to trabeculectomy and does not require the cre-
ation of an external fi ltering bleb. Instead, access to 
Schlemm’s canal is provided by ablating a 60–120° strip of 
trabecular meshwork using a focused electrosurgical pulse 
from the anterior chamber. Studies have shown this surgery 
is an effective method of reducing IOP both alone and com-
bined with phacoemulsifi cation surgery [ 103 ]. 

 Canaloplasty is an FDA-approved procedure for the treat-
ment of open-angle glaucoma. The procedure involves cir-
cumferential viscodilation and tensioning of the inner wall of 
Schlemm’s canal to treat open-angle glaucoma. To perform a 
canaloplasty, an incision is made into the eye to gain access to 
Schlemm’s canal and a microcatheter is placed that will cir-
cumnavigate the canal around the limbus. The purpose is to 
enlarge Schlemm’s canal and all associated collector chan-
nels through the injection of a viscoelastic substance. By 
opening the canal, the pressure inside the eye is reduced. 
Long-term follow-up studies show that canaloplasty leads to 
a signifi cant and sustained reduction in both IOP and the 
number of glaucoma medications required for glaucoma con-
trol in adult patients with open-angle glaucoma with an excel-
lent short- and long-term postoperative safety profi le [ 104 ]. 

 With continued development of OCT technology, includ-
ing OCT units now available in handheld form and advanced 
intraoperative OCT units, analysis of ocular anatomy may 
optimize placement of minimally invasive surgical devices 
in areas near the collector channels with normal function. 
Other anterior segment surgeries may also benefi t from pre-
cise localization of areas of outfl ow for trabeculectomy and 
bleb creation and anatomical changes in the chamber angle 
following peripheral iridotomies and goniotomy. Real-time, 
intraoperative feedback on structural changes following 
anterior segment procedures may soon become standard of 
care with new OCT technologies [ 105 ].   

    Summary 

 This chapter reviewed the basic anatomy of the trabecular 
outfl ow pathway and the structural changes observed in 
experimentally induced elevation of IOP and in eyes with 
POAG. The structural changes in the outfl ow pathway that 
may be related to the reduction of active outfl ow area and 
thus increasing outfl ow resistance were also discussed. Using 
medical and surgical strategies to restore reduced active fl ow 
area in the eyes with POAG to a normal level lowers IOP. 
With further development of OCT, it is possible that, in the 
future, some of the structural changes, which currently are 

only able to be assessed histologically, could be evaluated by 
OCT before and after medical or surgical treatments in 
POAG patients.     
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           Introduction 

 Microinvasive glaucoma surgery (MIGS) for primary open- 
angle glaucoma is on the rise largely because of enhanced 
safety, rapid recovery, and the desire to lower IOP with bleb- 
less glaucoma surgery. Importantly, most of these MIGS 
may be performed in conjunction with phacoemulsifi cation, 
meeting an increasing need for aging patients with conjoint 
cataract and uncontrolled open-angle glaucoma. 

 In addition, the indications for microinvasive modern-day 
canal surgery are expanding to include patients with mild to 
moderate glaucoma that may not require subnormal IOP. 
Currently available innovations in adult canal surgery include 
canaloplasty, trabectome, microcatheter trabeculotomy, and 
iStent with many promising devices on the horizon. The con-
cept of improving fl ow into the patient’s natural drainage sys-
tem instead of abandoning it with a fi lter is a major shift in 
thinking for glaucoma surgeons and their patients. 

 Most surgeons understand that a bleb is an excellent read-
ily visible outcome marker for fi ltration surgery. However, at 
this time, we are limited in correlating the outcome of canal 
procedures with a readily visible marker seen at slit lamp 
exam because of the inability to visualize aqueous fl ow in the 
collector system. An outcome marker is currently not possi-
ble with canal surgery because we do not have a canalogram 
or an easy method to assess the health or patency of the entire 
length of the collector system. Gonioscopy remains our only 
method of seeing the proximal anatomy of the conventional 
outfl ow system. From a physiologic viewpoint, we have no 
method of measuring aqueous fl ow in the veins, only observing 

fl ow in aqueous veins, especially the aqueous veins of Ascher. 
Unfortunately, this is a lost art. Experimentally, we are able to 
visualize the collectors in perfused cadaver eyes [ 1 ] with 
sophisticated imaging systems and the historical methods of 
observation [ 2 ], inks, and neoprene casts [ 3 ,  4 ] to defi ne the 
anatomy of the collectors. This chapter reviews the current 
methods of assessing the intraoperative patency of the con-
ventional outfl ow system and adds a new observation that 
might help us better understand the anatomy and healing of 
the distal collector outfl ow system.  

    Scope of the Problem 

 Canal surgeons are rapidly becoming students of outfl ow 
anatomy of the episcleral venous outfl ow system. Most of 
the literature on this subject is decades old because once fi l-
tration surgery became popular, there was not much of a 
need to further explore this subject because aqueous was 
diverted into a bleb and the condition of the collectors was 
irrelevant. However, the distal outfl ow system must be func-
tional for canal procedures to work, a very diffi cult dilemma 
because we have no way to know if the distal outfl ow system 
is functional. 

 At this time, the preoperative assessment of the canal sys-
tem is mainly limited to gonioscopy. Even with high- 
frequency ultrasound and optical coherence tomography 
(OCT), it is diffi cult to consistently see Schlemm’s canal and 
there is limited detail of the downstream collector system. 

 The anatomy of the angle is critical to understand, espe-
cially fi nding the scleral spur which divides conventional 
from nonconventional outfl ow. Without this landmark, it is 
diffi cult to comprehend angle anatomy and correlate postop-
erative fi ndings with intraocular pressure (IOP), and no 
imaging device consistently identifi es the scleral spur. 

 Another part of the puzzle is our diffi culty measuring epi-
scleral venous pressure, which may have a major impact on 
success of canal surgery; again, this is essentially unrelated 
to the outcome of a fi lter. An undetected elevated episcleral 
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venous pressure (EVP), may cause failure of a canal proce-
dure due to an abnormally high venous pressure. At this 
time, we do not have a rapid reliable way to measure EVP in 
a routine clinical setting.  

    Tracing Trabecular Outfl ow 

 The conventional outfl ow system consists of the trabecular 
meshwork, juxtacanalicular tissue, Schlemm’s canal, and the 
distal venous collector system (Fig.  2.1 ). For purposes of this 
chapter, we will concentrate on Schlemm’s canal and the dis-
tal collector system. Gonioscopy allows for a view of the 
proximal conventional collector system such as inspection 
for peripheral anterior synechiae (PAS), blood, or excessive 
fi brous tissue that may block the anterior portion of the col-
lector system. However, we are unable to see the collector 
system as it exits the posterior wall of Schlemm’s canal and 
its pathway through the deep and mid scleral plexus, which 
together comprise the intrascleral plexus (Fig.  2.2 ). However, 
we are able to see the episcleral veins and larger episcleral 
and conjunctival veins of Ascher. Thus, we are able to see the 
very beginning of the conventional outfl ow system with a 
gonioprism and the termination of the system as it spills into 
episcleral and conjunctival veins, but nothing in the deep and 
mid scleral plexus or the collectors as they exit the canal. If 
an angle procedure such as a trabectome fails but gonioscopy 
reveals no PAS and a nice trabecular opening, why did the 
procedure fail? Where is the point of obstruction that caused 
the failure, closure of the collector channels as they leave 
Schlemm’s canal, an atrophic intrascleral plexus that did not 
allow the aqueous to get to the episcleral veins or elevated 
episcleral venous pressure that we are unable to measure? 

If we were able to view the distal collector system at the time 
of surgery, it might give us a clue as to the point of obstruc-
tion. At this time, we do not have a routine reliable way to 
assess the collectors intraoperatively or preoperatively or 
postoperatively. No doubt, this will change as technology 
progresses and supplies us with a functional map of the distal 
outfl ow system.

        Mapping the Conventional Aqueous 
Collector System 

 Ashton’s Doyne’s memorial lecture revealed groundbreaking 
work on the canal of Schlemm and outlet channels [ 5 ].    His 
neoprene cast worked and confi rmed an irregular number of 
collector channels, 17–35 in number, that vary considerably 
in size. Immediately after leaving the canal, the smaller col-
lectors form a deep scleral plexus located just external to the 
canal. The aqueous is then transmitted to the mid-scleral 
plexus, together with the deep scleral plexus, forming the 
intrascleral venous plexus. This drains into the episcleral 
venous plexus. In addition, Ascher described larger collector 
vessels that span from Schlemm’s canal directly to the epi-
scleral veins and/or the conjunctival plexus and largely bypass 
the intrascleral plexus. Thus, the aqueous exits Schlemm’s 
canal through approximately 30 collectors passing into three 

  Fig. 2.1    Aqueous outfl ow. Aqueous exits the eye through either tra-
becular or uveoscleral channels. Trabecular outfl ow, seen in red, is also 
termed pressure-dependent outfl ow and handles most of the fl ow of 
aqueous, estimated to be approximately 75 %. Uveoscleral, or 
nonpressure- dependent, outfl ow is nontrabecular and comprises fl ow 
through the uveoscleral tissues       

  Fig. 2.2    Aqueous collectors and venous networks. How does aqueous 
reach the distal collectors from the anterior chamber? There are approx-
imately 25–35 collector channels that drain aqueous from Schlemm’s 
canal into three venous networks: the intrascleral plexus (deep and 
mid), the episcleral plexus, and the conjunctival plexus. The approxi-
mately 30 collectors are comprised of mainly smaller collectors that 
drain into the deep plexus, then drain into the mid scleral plexus, and 
then into the episcleral venous plexus. There is a small group of larger 
veins (8 of the 30) that largely bypass the reticulated intrascleral plexus 
and drain directly into the episcleral and/or conjunctival networks. 
These are known as the veins of Ascher and may be seen during slit 
lamp examination (see reference [ 3 ])       
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venous systems: the intrascleral, episcleral, and conjunctival 
networks. Six to eight of the larger collectors comprise the 
veins of Ascher, which may be seen at the slit lamp. Ascher 
described the aqueous veins in his landmark 1942 article and 
defi ned them as biomicroscopically visible pathways of 
blood-vessel-like appearance containing a clear colorless 
fl uid or diluted blood and intercalated between Schlemm’s 
canal and conjunctival and subconjunctival veins. 

 Schlemm’s canal is an endothelial-lined circular tube that 
transmits aqueous from the trabecular meshwork to the distal 
collector outfl ow system. It is approximately 36 mm in cir-
cumference, 300 μm wide (meridional), and 25 μm in height 
with the majority of the roughly 30 collector channels located 
mainly nasally and then inferiorly. This location is quite for-
tunate for canal surgeons from an accessibility issue. The 
majority of the collector channels are small, around 
20–40 μm, but up to eight of these vessels may be consider-
ably larger and connect directly to the canal (Ascher’s veins) 
and avoid the plexus by communicating directly with either 
an episcleral or conjunctival vein.  

    Assessment of the Conventional 
Outfl ow System 

    Preoperative Assessment of the Conventional 
Collector System 

 It is diffi cult to study the collector outfl ow system in vivo, 
much less a diseased one or an outfl ow path that has been 
altered due to canal surgery. From a historical viewpoint, 
the fi rst in vivo assessment of the collector system was truly 
the identifi cation of blood in the canal of Schlemm. 
Investigators eventually discovered that blood could refl ux 
into the canal by applying episcleral pressure with a fl anged 
gonioprism or suction gonioprism. This raised EVP and 
reversed the pressure gradient causing the blood to refl ux. In 
retrospect, this was an evaluation of the collector system 
between the canal and some of the distal collectors. The 
other way to reverse the pressure gradient is to artifi cially 
lower IOP below the EVP, and blood will collect in 
Schlemm’s canal in normal eyes and probably less so in 
glaucomatous eyes. This information in conjunction with 
Ascher’s studies of aqueous veins helped establish the path 
of aqueous once it left the canal of Schlemm. Therefore, 
preoperative gonioscopic maneuvers to cause blood to 
refl ux into Schlemm’s canal may help predict that there is a 
communication from the distal to more proximal collectors, 
but the gonioprism induces obvious mechanical and pres-
sure distortion. OCT with special imaging attachments and 
altered wavelengths are improving the ability to image the 
collector system. However, a preoperative commercially 
available imaging method of the collector system is not 

widely available. It is possible to see Schlemm’s canal with 
ultrasound biomicroscopic devices [ 6 ], but the smaller col-
lectors are very diffi cult to see.  

    Intraoperative Assessment 
of the Aqueous Channels 

 Canal surgery presents a unique opportunity to evaluate and 
explore the conventional aqueous outfl ow system. Why is it 
that a canaloplasty, trabectome, or iStent procedure fails? If we 
were able to assess the entirety of the channel anatomy at the 
time of surgery and it appeared to be patent but the procedure 
failed, it would more likely be due to postoperative scarring in 
or adjacent to the canal, not the fact that the downstream collec-
tor system was atrophic and/or unsalvageable. This is impera-
tive to understand in order to advance the fi eld of canal surgery 
and make pathophysiologic correlations. Gonioscopy or endos-
copy is still a key method of visualizing the trabecular mesh-
work and canal of Schlemm intraoperatively for these structures 
are large enough to appreciate, but what is happening in 
the downstream aqueous channels is diffi cult to ascertain. 
Typically, we are unable to appreciate if the downstream aque-
ous channels are intact or totally atrophic from years of glauco-
matous downstream collector atrophy from lack of aqueous 
fl ow. The other possibility is that the glaucomatous process not 
only involves the proximal trabecular meshwork but also, in 
some patients, involves the mid or distal system of collectors. 
Of course, this might vary depending on the genetic makeup of 
the individual with primary open-angle glaucoma (POAG). 

 When viscocanalostomy was introduced, it was not 
uncommon to see laminar fl ow into adjacent collectors and 
episcleral veins while injecting balanced salt solution (BSS) 
into the orifi ce of the canal. This phenomenon was also 
observed during canaloplasty (Fig.  2.3 ). This exciting obser-
vation verifi ed the correct location of the canal and demon-
strated fl ow through the collectors. Intraoperatively, some 
investigators have infused dye into the anterior chamber 
adjacent to an iStent with identifi cation of various episcleral 
collector structures, but we await further published reports on 
this technique. Grieshaber [ 7 ] and colleagues published the 
intraoperative evaluation of aqueous channels during canalo-
plasty. They evaluated blood refl ux into Schlemm’s canal and 
fl uorescein tracer channelography during canaloplasty. The 
blood refl ux in the canal of Schlemm was observed after 
acutely lowering IOP by paracentesis. They found that excel-
lent blood refl ux into Schlemm’s canal was associated with a 
lower preoperative IOP and poor to no refl ux was associated 
with a high preoperative IOP. The tracer was injected directly 
into the canal through the iTrack microcatheter during 
canaloplasty (iScience Interventional, Menlo Park, CA). The 
investigators observed egress of dye through the episcleral 
venous plexus and graded the dispersion of dye. A broader 
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dispersal of dye into the aqueous channels was associated 
with a lower postoperative IOP. The authors felt that pro-
vocative gonioscopy and channelography may refl ect the 
function of the outfl ow pathway and correlate with canalo-
plasty outcome. This intuitively makes sense because a 
higher preoperative IOP is more likely associated with col-
lapse of the canal of Schlemm along with distal compromise 
of the collectors.

        Episcleral Venous Fluid Wave: A New 
Intraoperative Method of Assessing 
Aqueous Outfl ow 

 Another recently described method of intraoperative assess-
ment of aqueous channels was described as a wave of BSS 
coursing through episcleral and conjunctival vessels during 
the irrigation and aspiration phase of a combined phacotra-
bectome procedure. The investigators hypothesized that the 
trabeculotomy created by the trabectome might remove 
enough resistance in order to allow BSS to surge through an 
exposed collector and fl ow down the collector system during 
irrigation and aspiration associated with phacoemulsifi ca-
tion. The trabectome procedure is performed fi rst followed 
by the phacoemulsifi cation with intraocular lens. After the 
viscoelastic is removed, the wave may be elicited. The tech-
nique of the episcleral venous fl uid wave (EFW) [ 8 ] is per-
formed by the following maneuvers: (1) start at foot position 
zero during I and A, whereby the IOP drops to near zero 
which reverses the pressure gradient allowing refl ux of blood 
into the anterior chamber, and then (2) proceed to foot posi-
tion two (with bottle height raised) allowing a surge of BSS 
into the anterior chamber and out the distal collectors associ-

ated with the cleaved trabeculotomy site. This was observed 
in every combined case, in varying degrees, and is associated 
with the fi nal IOP, as observed by Grieshaber during 
 canaloplasty. The EFW is easy to elicit and likely indicates 
anatomic patency of the distal aqueous channels. If there is 
no downstream fl ow during the propagation of the wave, it is 
likely that the distal collector system is severely atrophic or 
the episcleral venous pressure is high. One major problem is 
the inability to measure episcleral venous pressure in a reli-
able way, and we await the accuracy and practicality of this 
measurement.  

    Types of Episcleral Venous Waves 

 During wave propagation, several types of EFWs were 
noticed. One of the most striking waves was down a large con-
junctival vein (Fig.  2.4 ). It appears that conjunctival vessels 
are a likely source of the egress of aqueous, a fact that is poorly 
appreciated, but well described by Ascher. Although not com-
monly appreciated, it appears that a conjunctival peritomy 
may adversely affect outfl ow by destroying egress of aqueous 
through some conjunctival veins. Another type of common 
EFW was seen in the larger episcleral veins (Fig.  2.5 ). This is 
certainly expected considering our understanding of outfl ow. 
The third type of EFW was a marked blanching in the epi-
scleral venous plexus which typically covers several clock 
hours (Fig.  2.5 ). There were various combinations of these 
waves and blanches, some eyes having all three forms 
(Fig.  2.6 ). The authors are currently studying the correlation 
of phacotrabectome outcome with the intraoperative EFW 
patterns. The videos also are an excellent way to better under-
stand the EFW phenomena.

ba

  Fig. 2.3    Episcleral venous laminar fl ow during canaloplasty. 
( a ) Appearance of episcleral veins adjacent to canaloplasty dissection 
immediately before injection of balanced salt solution (BSS) into 
Schlemm’s canal. Visualize the veins denoted by the  black arrows  and 
the plexus of veins between the groupings. Theoretically, if the cannula 
is in the canal and there is a nearby collector, there should be fl ow of 
BSS into the adjacent episcleral veins. ( b ) Appearance of episcleral 

veins immediately after injection of BSS into Schlemm’s canal. There 
is a marked washout of blood from the veins by BSS. The  yellow 
arrows  are in the same position as the  black arrows  in ( a ). Note the 
marked decrease of blood in the plexus between the  yellow grouping of 
arrows . This is evidence of fl ow from Schlemm’s canal into adjacent 
collectors. Theoretically, this is anatomic evidence of patency of the 
collector system       
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     As glaucoma surgery shifts more and more to minimally 
invasive canal procedures, there is a need to image the deli-
cate collector vessels that must convey aqueous in order for 
these procedures to lower IOP. This is especially important 
for patients with mild to moderate glaucomatous disease 
that might be candidates for minimally invasive glaucoma 
procedures. These patients may turn out to be optimal can-
didates especially if they have only had glaucoma for a few 
years before their natural distal collectors undergo  potential 

 atrophy. The ability to image the conventional collector 
system preoperatively would point the way for surgeons to 
either enhance the patient’s present collectors or abandon 
them and pursue, for example, uveoscleral outfl ow or fi ltra-
tion procedures. In addition, the ability to image the collector 
system would explain the outcomes of canaloplasty, trabec-
tome, trabeculotomy, and iStent procedures, especially when 
gonioscopy reveals that the angle, device, or trabecular cleft 
are open.     

ba

  Fig. 2.4    Episcleral    venous fl uid wave: conjunctival. ( a ) Irrigation and 
aspiration phase during phacotrabectome, foot position zero. The  black 
arrows  denote a conjunctival vein adjacent to the trabectome area. Refl ux 
of blood into the anterior chamber from the area of the vein occurs with 
foot position zero that causes a reversal of pressure gradient from the 
episcleral veins to the anterior chamber. ( b ) Irrigation and aspiration 
phase during phacotrabectome, foot position two. The sudden infl ux of 

BSS into the anterior chamber forces aqueous to surge into Schlemm’s 
canal and into a venous collector, now absent (yellow arrows), adjacent 
to the trabectome site nearby conjunctival vein  causing it to disappear, 
yellow arrows. It appears that this is likely to be an aqueous vein of 
Ascher, one of the major collectors coming from the canal. After return-
ing to foot position zero, the vein refi lls as the pressure gradient reverses 
and blood refl uxes into the anterior chamber as in fi gure ( a )       

ba

  Fig. 2.5    Episcleral venous fl uid wave: episcleral vein and episcleral 
venous plexus. ( a ) Irrigation and aspiration phase during phacotrabec-
tome, foot position zero. The  black arrows  denote a long episcleral vein 
and the  red arrows  a shorter episcleral vein. The  green box  reveals the 
reticulated pattern of veins in the episcleral venous plexus. The blood in 
the anterior chamber represents the refl ux of blood seen with low IOP 
during foot position zero. ( b ) Irrigation and aspiration phase during 
phacotrabectome, foot position two. The surge of BSS during transition 
to foot position two allows a rapid fi lling of the anterior chamber along 

with BSS fl owing into the cleaved open collectors. The  yellow arrows  
represent where the long episcleral vein was located; it is invisible due 
to total fl ow of clear BSS. And a similar phenomena for the  blue arrows  
representing where the  red arrows  were in fi gure ( a ). The  green box  
demonstrates a signifi cant fl ush of BSS into the episcleral plexus 
blanching the entire area exemplifi ed in the box. Thus, this case demon-
strates prominent episcleral veins and signifi cant blanching of the tis-
sues from fl ow into the episcleral plexus       
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  Fig. 2.6    Episcleral venous fl uid wave: episcleral plexus and vein and 
conjunctival vein. ( a ) Irrigation and aspiration phase during phacotra-
bectome, foot position zero. The  black arrows  point to the episcleral 
venous plexus, the  green arrow  to a prominent conjunctival vein, and 
the  yellow arrow  to an episcleral vein. All three of these venous outfl ow 

channels are easily seen. ( b ) Irrigation and aspiration phase during 
phacotrabectome, foot position two. All three of the venous outfl ow 
channels demonstrate a considerable fl ow of BSS during injection of 
BSS through a cannula. The only vessels that remain that are easily 
seen are the anterior ciliary arteries       
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           Background: The Uveal Tract 
and the Suprachoroidal Space 

 The uveal tract, or vascular layer of the eye, comprises the 
ciliary body, iris, and choroid [ 1 ]. Aqueous humor (AH) pro-
duced by the ciliary body, or more specifi cally the ciliary pro-
cesses in the pars plicata segment [ 2 ], can exit the eye through 
either the trabecular meshwork, moving into the Schlemm’s 
canal and then into the intrascleral and episcleral venous 
plexus (the primary, so-called conventional pathway, which 
has been well characterized and is the more typical target of 
surgical interventions for glaucoma) or through the less stud-
ied uveoscleral route (the “unconventional pathway”). 

 A non-trabecular route of AH outfl ow, identifi ed as the 
uveoscleral route based initially on radioactive tracer experi-
ments in cynomolgus monkeys, was fi rst described by 
Anders Bill in the mid-1960s [ 3 ,  4 ]. The uveoscleral path-
way of AH outfl ow has been subsequently demonstrated in 
humans as well as several other species (including cats, 
dogs, rabbits). In monkey eyes, 35–60 % of total AH outfl ow 
can be attributed to the unconventional (non-trabecular) 
pathway, whereas that fraction is much smaller in cats and 
rabbits [ 5 ]. Estimates of the total amount of AH outfl ow that 
can be attributed to the uveoscleral pathway in humans have 
varied widely, which is unsurprising considering the diffi -
culty in its measurement (discussed below). Bill and Phillips 
[ 6 ] estimated that approximately 20 % of total AH outfl ow is 
via this route, whereas Toris et al. [ 7 ] estimated about 54 % 
in younger healthy adults. 

 No epithelial barrier exists between the anterior chamber 
and the clefts between the ciliary muscle bundles [ 8 ], so AH 
fl ows with little resistance from the anterior chamber through 

the face of the ciliary body and iris root to the interstitial tis-
sue of the ciliary muscle, then into the suprachoroidal space 
(SCS) [ 8 ,  9 ]. Anatomically, the SCS is a potential space, 
a transitional zone between the external surface of the cho-
roid and the internal surface of the sclera. Physiologically, it 
acts as an isoporous membrane and a molecular sieve which 
allows size-restricted passage of proteins as evidenced by 
distribution analyses of serum proteins of different molecu-
lar weights in suprachoroidal fl uid in humans [ 10 ]. Molecular 
sieving rather than simple diffusing seems to be the physio-
logic mechanism at play, which becomes increasingly evi-
dent when the fi ltration rate is accelerated in the setting of 
elevated episcleral venous pressure. 

 From the SCS the AH enters scleral blood vessels or the 
choriocapillaris, or transits through scleral pores into epi-
scleral tissue [ 2 ,  4 ,  11 – 13 ]. Transscleral drainage occurs 
through perivascular spaces and through veins communicat-
ing with the intrascleral venous plexus [ 8 ,  13 ,  14 ]. Potential 
transscleral fl ow has been estimated to be 4.3 μL/min [ 15 ]. 
The scleral and choroidal vessels carry the AH to the ocular 
orbit, where, external to the eye, AH enters the systemic cir-
culation via lymphatic vessels [ 9 ]. 

 Subtle morphological changes in the uveoscleral pathway 
occur as the eye ages. The spaces between the ciliary muscle 
bundles are reduced as the amount of connective tissue is 
increased, especially in the reticular segment of the ciliary 
muscle (facing the anterior chamber). By age 60, connective 
tissue has increased by more than 50 % in that area [ 16 ].  

    Physiology 

 The physiology of the trabecular route and uveoscleral route 
of AH outfl ow differs in many respects [ 8 ,  9 ]. One key dif-
ference is that outfl ow through the trabecular route is nearly 
linear in its dependence on IOP (and a greater IOP than epi-
scleral venous pressure [ 17 ]), whereas uveoscleral outfl ow is 
relatively insensitive to IOP—“relatively” because it is 
affected by extremely low or very high IOP [ 12 ,  18 – 20 ] and 
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becomes more intraocular pressure (IOP) dependent when 
surgically manipulated using cyclodialysis [ 19 ]. 

 Uveoscleral outfl ow is mostly driven by the hydrostatic 
pressure difference between the anterior chamber (higher) 
and the SCS (a few mmHg lower) [ 21 ]. Emi et al. measured 
the hydrostatic pressure in the SCS in cynomolgus monkey 
eyes under various IOP levels between 5 and 60 mmHg 
using two techniques and determined that a change in IOP 
produced a corresponding change in the pressure in the ante-
rior SCS (i.e., the supraciliary space), but that at higher IOPs 
the pressure difference between the anterior chamber and the 
posterior SCS was increased. During spontaneous measure-
ment, the hydrostatic pressure was signifi cantly lower in the 
supraciliary space compared with the anterior chamber but 
higher in the supraciliary space compared with the posterior 
SCS. This pressure gradient is created and maintained by 
colloid osmotic absorption by the choroidal vessels and, to 
some degree, by the outfl ow of fl uid across the sclera and 
emissaria. Uveoscleral outfl ow has been described as analo-
gous to lymphatic drainage of tissue fl uids in other organs, 
since the fl uid may be drawn osmotically into the veins and 
may mix with tissue fl uid from the ciliary muscle, ciliary 
processes, and choroid [ 2 ,  18 ]. 

 Another key difference between the physiology of the con-
ventional and unconventional outfl ow pathways is the factors 
affecting outfl ow resistance. Whereas the main resistance in the 
trabecular pathway is fl ow facility through Schlemm’s canal, 
the main resistance to uveoscleral outfl ow appears to be within 
the ciliary muscle (the scleral and choroidal tissues provide little 
resistance). This theory is supported by several lines of evi-
dence. A decrease in uveoscleral outfl ow with age that is consis-
tent with the age-related morphological changes in the ciliary 
muscle is noted above. Decreased production of AH with aging 
balances this ciliary muscle change, so that IOP in the healthy 
aging eye is maintained [ 7 ]. Another line of evidence is the 
observation that in monkeys the degree of uveoscleral fl ow is 
affected by the degree of pharmacologically induced ciliary 
muscle contraction [ 22 ]. The trabecular and uveoscleral path-
ways respond differently to the various pharmacological inter-
ventions used to manipulate IOP, which is consistent with their 
differing effects on the ciliary muscle. Contraction of the ciliary 
muscle (e.g., induced by muscarinic agents like pilocarpine) 
moves it into an anterior and inward direction, which spreads 
the trabecular meshwork and dilates Schlemm’s canal—thereby 
actually decreasing resistance in the conventional pathway; 
however, the opposite occurs when the ciliary muscle is relaxed 
(e.g., by adrenergic agonists and prostaglandins) [ 23 ,  24 ]. 

 A hindrance to a more complete understanding of the 
physiology of the uveoscleral outfl ow pathway and therefore 
to the development of therapeutic interventions to increase 
its functionality when the trabecular pathway is compro-
mised is the diffi culty in measuring uveoscleral outfl ow 
alluded to above. Measurement of uveoscleral outfl ow in 

humans is by necessity indirect, and its accuracy is problem-
atic because of variability inherent in the measurement of 
contributing parameters [ 2 ,  18 ]. Three measurement tech-
niques have been described [ 18 ]:
•    Use of tracers to determine where and to what extent the 

tracers accumulate in the uveoscleral pathway [ 6 ,  20 , 
 25 – 27 ]  

•   Use of tracers to determine their concentration in the gen-
eral circulation following a perfusion through the uveo-
scleral pathway [ 12 ]  

•   Measurements of parameters that are more easily assessed 
(total outfl ow resistance, AH infl ow rate, IOP, and episcleral 
venous pressure) and using these to calculate uveoscleral 
outfl ow based on several assumptions (discussed below)    
 Theoretically, calculations can be made using an expanded 

Goldman equation that takes into account the rate of AH for-
mation ( F ), the IOP ( P  i ), the episcleral venous pressure ( P  e ), 
and the tonographic facility of trabecular outfl ow ( C ): 
 F  = ( P  i  −  P  e ) ×  C  +  U , where  U  symbolizes the uveoscleral 
outfl ow, or alternatively  P  i  =  P  e  + ( F  −  U )/ C . As noted by Alm 
and Nilsson in their excellent review of uveoscleral outfl ow 
[ 8 ], there are several potential sources of imprecision in 
these calculations. First, there can be large errors in measure-
ment of each of the individual parameters used in the equa-
tion and especially for episcleral venous pressure and outfl ow 
facility through the trabecular meshwork. Second, the vari-
ous parameters are measured under very different conditions 
(e.g., IOP is measured instantly, AH fl ow is averaged over 
several hours, and clinical tonography artifi cially increases 
IOP). In studies in normal human eyes, estimates of  U  calcu-
lated from the Goldman equation based on measurement of 
the other parameters have ranged from 0.80 μL/min (repre-
senting 36 % of  F ) [ 28 ] to 1.52 μL/min (representing 54 % of 
 F ) [ 7 ] in young adults. In older adults (age ≥60 years) with 
normal eyes, estimates of  U  have ranged from 0.14 to 
1.09 μL/min, representing 12–46 % of  F  [ 7 ,  29 – 31 ]. In 
human eyes with ocular hypertension, estimated  U  has 
ranged from 0.12 to 1.24 μL/min, representing 5–40 % of  F  
[ 30 – 35 ]. In human eyes with exfoliation syndrome with or 
without ocular hypertension,  U  was estimated at 0.11 μL/
min, representing 5 % of  F  [ 31 ]. The assumption that uveo-
scleral fl ow is pressure independent can also lead to signifi -
cant error in measurement, particularly given the pressure 
dependence of other parameters in the equation used [ 18 ].  

    Targeted Drug Delivery via the Uveoscleral 
Pathway 

 The ocular distribution of fl uid injected into the anterior SCS 
was investigated by Seiler et al. [ 26 ] using ex vivo eyes from 
pigs and dogs. Ultrasound tracking of the distribution of 
injected contrast medium revealed that the fl uid fl owed from 
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the injection site to the opposite ventral anterior SCS and to 
the posterior SCS, arriving at these locations at a mean time 
of just under 8 s. In 10 of the 12 eyes injected, contrast 
medium reached the posterior pole. It was also demonstrated 
that the SCS is capable of dose-dependent expansion to 
accommodate injected fl uids of various volumes up to 
250 μL. Although a modest, dose-dependent, transient rise in 
IOP was also observed, these results support injection into 
the anterior SCS as a potentially effective procedure for 
delivering drugs to the back of the eye, including the macula, 
and treating posterior segment diseases. The feasibility of 
this method of drug delivery had been suggested previously 
by Einmahl et al. in 2002 [ 36 ], who used a solid, olive-tipped 
cannula for suprachoroidal injections of poly(ortho ester), 
a polymer they were evaluating for the development of sus-
tained drug delivery systems, in rabbit eyes in vivo. The 
injected biomaterial was confi rmed to have reached the pos-
terior pole and remained present in the SCS in animals sacri-
fi ced at 3 weeks postinjection. 

 A modest, transient elevation of IOP with injection into 
the SCS such as was reported by Seiler et al. was actually 
hypothesized to be a potential advantage in delivering drugs 
to the posterior segment via microneedle injection by another 
team of investigators [ 37 ]. Patel et al. reasoned that such ele-
vation would increase the fi rmness of the scleral surface, 
thereby allowing a deeper penetration of the microneedle into 
the sclera and increasing the rate of infusion success. Their 
hypothesis was supported in a study of SCS delivery of 
nanoparticle and microparticle suspensions to the posterior 
segment in rabbit, pig, and human ex vivo eyes. At IOP of 
36 mmHg, but not at IOP of 18 mmHg, particles were some-
times successfully delivered at the lowest infusion pressure 
(300 kPa) or shortest microneedle length (700 μm), and a 
100 % delivery success was achieved using 900 and 1,000 μm 
microneedles. In another study, in which the microneedle 
SCS delivery method was directly compared with intravitreal 
delivery of fl uorescein, fl uorescently tagged dextrans (40 and 
250 kDa), bevacizumab, and polymeric particles (20 nm and 
10 μm diameter) in vivo in rabbits, Patel et al. demonstrated 
that the SCS route achieved a 10-fold higher concentration of 
the injected material in the back of the eye than in the anterior 
tissues, whereas there was no signifi cant posterior versus 
anterior segment selectivity with intravitreal injection [ 38 ]. 
Half-lives of the particles injected into the SCS depended on 
size: those with molecular weight of 0.3–250 kDA had a half-
life from 1.2 to 7.9 h, but particles ranging from 20 nm to 
10 μm had not cleared the eye after a period of months and 
were still detected primarily in the SCS and choroid. 

 Evidence obtained using a fl exible fi ber-optic microcannula 
for injection of drugs into the SCS in pigs suggests that this route 
may prove to be more practical for the delivery of small mole-
cules than for larger biological molecules [ 39 ], presumably 
because of the collagen matrix of the scleral tissue [ 40 ]. In a 2006 

study, Olsen et al. had demonstrated in a porcine model that 
microcannulation of the SCS delivered a small molecule, triam-
cinolone in a sustained-release matrix, to the macula for at least 
120 days [ 41 ]. In their 2011 study, Olsen et al. compared the phar-
macokinetics and tissue response to the macromolecule bevaci-
zumab when injected via the typical intravitreal route versus the 
SCS route. Bevacizumab had a more sustained pharmacological 
profi le when delivered intravitreally and achieved more direct dis-
tribution to the inner retina tissues than when delivered via the 
SCS route. The investigators concluded that sustained- release for-
mulations should be considered for optimizing delivery of larger 
biological molecules using the SCS pathway. 

 Pilot studies of suprachoroidal drug delivery of triamcin-
olone and/or bevacizumab using a microcatheter have been 
performed in patients with advanced macular disease and/or 
who have not responded to conventional therapies (see 
Augustin et al. for a brief review of these studies [ 42 ]). 
Pathologies treated in these studies included choroidal neo-
vascularization secondary to exudative age-related macular 
degeneration and retinal vein occlusion or diffuse diabetic 
macular edema accompanied by subfoveal hard exudates. 
These small studies have provided encouraging results, 
including some increase in residual vision and signifi cant 
reduction of macular edema, without surgical complications 
or unmanageable postoperative adverse events. 

 If larger prospective clinical trials support the promising 
results obtained in the animal models and human pilot studies, 
it is expected that the delivery of drugs via the SCS would offer 
several advantages over the conventional drug delivery meth-
ods used to target the back of the eye. As noted by Patel et al. 
[ 37 ], the four characteristics desirable for effective drug deliv-
ery to the posterior segment include the following: (1) that the 
procedure be minimally invasive and safe; (2) the procedure 
should effectively target the desired tissues, with limited expo-
sure to the drug in other ocular regions; (3) sustained drug 
exposure should be possible, so that repetition of the procedure 
is minimized and better therapeutic control is achieved; and (4) 
the procedure should be suffi ciently simple so that it can be 
performed at a routine offi ce visit. Delivery of drugs via the 
uveoscleral route has the potential to meet all of these criteria. 
Moreover, a recent study in a rabbit model demonstrated that 
the SCS can be utilized for virally vectored gene delivery—
potentially a less invasive and safer method than currently used 
procedures for gene delivery in eyes with hereditary patholo-
gies such as Leber’s congenital amaurosis [ 43 ].  

    Role of the Uveoscleral Outfl ow Pathway 
in Glaucoma and IOP Control 

 The clinical signifi cance and physiologic role of AH outfl ow 
via the uveoscleral route is not yet clear, either in normal 
eyes or in those with glaucoma [ 8 ,  44 ]. 
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 In beagle dogs, one of the few nonhuman species that 
spontaneously develops glaucoma, radiotracer studies 
showed that advanced glaucoma reduced uveoscleral fl ow to 
3 % of total outfl ow, compared with 15 % in nonglaucoma-
tous eyes [ 45 ]. In cynomolgus monkeys with laser-induced 
glaucoma, fl uorophotometry showed that uveoscleral fl ow 
was increased compared with control eyes, but this increase 
was insuffi cient to prevent a rise in IOP caused by a 63 % 
reduction in outfl ow facility in the trabecular pathway [ 46 ]. 

 Toris et al. investigated AH dynamics in the presence of 
ocular hypertension (OH) by comparing IOP, aqueous fl ow, 
uveoscleral outfl ow, episcleral venous pressure, fl uorophoto-
metric outfl ow facility, anterior chamber volume, and corneal 
thickness in two age-matched groups, one with normal IOP 
and one with elevated IOP not due to glaucoma [ 30 ]. 
Compared with the normal group, the group with OH exhib-
ited statistically signifi cantly higher mean IOP (21.4 ± 0.6 
with OH vs. 14.9 ± 0.3 mmHg in normal) accompanied by 
both signifi cantly reduced outfl ow facility (0.17 ± 0.01 vs. 
0.27 ± 0.002 μL/min/mmHg) and uveoscleral outfl ow 
(0.66 ± 0.11 1.09 ± 0.11 μL/min). Noting elevated rates of 
uveoscleral outfl ow in a small study of patients with advanced 
POAG characterized by uncontrolled IOP on maximally tol-
erated medical therapy and high resistance in the trabecular 
meshwork [ 47 ], Toris and Camras [ 44 ] hypothesize that in the 
initial stages of glaucoma, both trabecular outfl ow facility 
and uveoscleral outfl ow may be subnormal, but with glau-
coma disease progression and increasing trabecular mesh-
work resistance, there may be redirection of AH into the 
uveoscleral pathway, where fl ow is far less IOP dependent. 
This may be an oversimplifi ed model which highlights our 
lack of advanced physiologic understanding of uveoscleral 
outfl ow and the need for additional basic research.  

    Pharmacotherapies Targeting Uveoscleral 
Outfl ow for Reducing IOP 

 One of the most effective pharmacotherapies for glaucoma, 
the prostaglandin analogs, lowers IOP primarily by increas-
ing uveoscleral outfl ow. Prostaglandins (PGs), as well as PG 
analogs and prodrugs, have become widely used in pharma-
cotherapy for reducing glaucoma-related IOP elevation, 
although the mechanism(s) contributing to this effect has not 
yet been fully characterized. 

 PGs, locally acting hormones (autocoids) with potent pro-
infl ammatory effects, are synthesized and secreted through-
out the body, including in the trabecular meshwork and other 
ocular tissues [ 48 ]. An infl ammatory effect of PGs on ocular 
tissues, accompanied by an elevation of IOP, was well docu-
mented [ 49 ,  50 ] before the potential clinical utility of PGs in 
lowering IOP was discovered. One of the earliest observa-
tions suggesting PGs might be useful as ocular  hypotensive 

agents came from an in vivo rabbit study [ 51 ], which demon-
strated that although topical application of 25–200 μg of PG 
initially raised IOP, it was followed by a prolonged (15–20 h) 
ocular hypotony of up to 7 mmHg compared to control val-
ues. The same study demonstrated that topical application of 
a very low dose (5 μg) of PGF 2α , which was insuffi cient to 
cause the initial rise in IOP, was nonetheless effective in 
reducing IOP by up to 7 mmHg for ≥12 h. Thus, the hypoten-
sive phase was not a compensatory response to an initial 
hypertensive phase and suggested that PGs or their analogs 
could be useful in treating ocular hypertension. 

 It is generally accepted that the primary mechanism of 
action of PGs in lowering IOP is an increase in uveoscleral 
outfl ow [ 48 ,  52 ,  53 ], with minimal effect on trabecular outfl ow, 
episcleral venous pressure, or aqueous humor formation [ 48 , 
 54 ]. However, there is evidence that at least one of the four PG 
analogs available commercially for the treatment of glaucoma, 
unoprostone, does increase trabecular outfl ow facility [ 35 ]. 
Evidence suggesting that PGs increase the pressure sensitivity 
of uveoscleral outfl ow has been inconsistent [ 44 ]. 

 Several different PG receptors are located in the ciliary 
muscle, with FP and EP2 receptors predominating [ 53 ]. 
A cascade of effects following exposure to PGF 2α  has been 
shown in cultured human ciliary muscle: intracellular cAMP 
is increased [ 55 ], leading to activation of nuclear regulatory 
proteins such as c-Fos and c-Jun, followed by increased bio-
synthesis and secretion of matrix metalloproteinases (MMPs) 
[ 56 ,  57 ]. Increased MMP expression in tissues typically 
results in increased turnover and remodeling of extracellular 
matrix (ECM) [ 48 ,  58 ]. The action of MMPs on ciliary mus-
cle appears to be an alteration of the collagens I, III, and IV, 
such that the ECM is reduced and the permeability increased, 
and the spacing of ciliary muscle fi bers is widened; conse-
quently, the hydraulic resistance to uveoscleral outfl ow is 
decreased [ 54 ,  59 ,  60 ]. Because different MMPs differ in 
their ability to cleave at specifi c sites within ECM compo-
nents, activation of several MMPs may be involved in the 
remodeling of ECM [ 61 ]. 

 Other hypothesized mechanisms of PG enhancement of 
uveoscleral outfl ow include ciliary muscle relaxation, 
changes in ciliary muscle cell shape due to changes in actin 
and vinculin localization within the cells, cytoskeletal altera-
tion, and /or compaction of the ECM within the tissues of the 
uveoscleral pathway [ 48 ,  54 ]. Monkey and human evidence 
suggests that PG-induced changes in sclera are also impor-
tant in increasing uveoscleral outfl ow [ 54 ,  62 – 64 ]. 

 As a class, PGs have proved to be effective and practical 
as fi rst-line treatment of glaucoma [ 1 ]. As experiments 
revealed more about the mechanisms by which PG lowered 
IOP, investigators began chemically modifying parent natu-
ral PG to optimize topical delivery to intraocular PG recep-
tors (e.g., by increasing the lipophilicity of the agents, 
allowing greater corneal penetration) and to enhance the 
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specifi city for certain PG receptors [ 53 ]. A recent systematic 
review of glaucoma therapies by the AHRQ (USA) indicated 
that PG drugs are more effective than dorzolamide (a car-
bonic anhydrase inhibitor), brimonidine (an alpha- adrenergic 
agonist), and timolol (a beta-adrenergic blocker) in lowering 
IOP [ 65 ]. An additional positive feature of PG drugs topi-
cally applied to the eye is the near absence of any systemic 
side effects. The small amount of PG that enters the systemic 
circulation with the use of these drugs is minimal compared 
with the amount of endogenous PG normally released from 
virtually all body tissues [ 66 ]. 

 Currently, four drugs with IOP-lowering effects mediated 
by PG activity are marketed (Table  3.1 ) for treatment of open-
angle glaucoma. The fi rst such commercially available PG 
analog (PGA) was isopropyl unoprostone, launched in Japan 
in 1994. In 2000, the US FDA approved unoprostone (Rescula) 
for the treatment of OAG and ocular hypertension but restricted 
its use to only those patients who were intolerant of or unre-
sponsive to other IOP-lowering drugs. Rescula labeling indi-
cated a lowering of IOP by about 3–4 mmHg throughout the 
day and is considered the least effi cacious of the four drugs. Its 
lower clinical effi cacy compared to later PGAs marketed may 
be due to its greater activation of certain tissue inhibitors of 
MMPs in ciliary body smooth muscle cells [ 67 ]. Unoprostone 
also performed less well than timolol in two head-to-head 
comparative studies [ 68 ,  69 ]. The three PGAs most commonly 
used to treat COAG are latanoprost, launched in the USA in 
1996, and travoprost and bimatoprost, both launched in the 
USA in 2001 [ 70 ]. All three of these drugs are approved for 
fi rst-line treatment of OAG and ocular hypertension, effec-
tively lower IOP both during the day and during the night 
(24-h IOP reduction), and have similar effi cacy overall, 
although some studies have reported a greater effect on IOP 
with bimatoprost [ 65 ,  70 ]. Latanoprost, travoprost, and bima-
toprost have also been investigated for treatment of closed-
angle glaucoma, with promising results [ 71 ]. All three drugs 
have shown effi cacy as monotherapy but are frequently com-
bined with other glaucoma medications such as timolol.

   Latanoprost is an ester prodrug of PGF 2α  [ 70 ] that selec-
tively acts as an agonist at prostanoid FP receptors [ 72 ]. 

After absorption through the cornea, the isopropyl ester pro-
drug is hydrolyzed to acid form to become biologically 
active. According to latanoprost labeling, patients with mean 
baseline IOP of 24–25 mmHg treated for 6 months in multi-
center, randomized, controlled trials had IOP reductions of 
6–8 mmHg; effi cacy was comparable to that of timolol. In 
studies of the use of latanoprost in pediatric glaucoma, the 
drug appears safe and effective but less effective than in 
adults and less effective in children with juvenile-onset OAC 
than in older children [ 73 ,  74 ]. 

 Travoprost is also an ester prodrug of PGF 2α  that acts as a 
selective agonist at prostanoid FP receptors [ 72 ], with over-
all effi cacy comparable to that of latanoprost and timolol. 
There is some suggestion that travoprost may be more effec-
tive than latanoprost in lowering IOP in black compared with 
non-black patients, but the evidence is inconsistent [ 1 ]. 

 Bimatoprost is a synthetic amide prodrug of 17-phenyl- 
PGF 2α    [ 54 ,  75 ] that mimics the activity of PGF 2α ethanolamide 
(prostamide F 2α ) [ 72 ]. Effi cacy in some patients resistant to 
latanoprost suggests its effect on uveoscleral fl ow involves 
receptor(s) different from those targeted by pure FP receptor 
agonists [ 54 ]. There is some evidence based on a feline iris 
model that bimatoprost does have FP agonist activity but 
may also have one or more other mechanisms of action 
related to trabecular outfl ow and an alternative signaling 
pathway [ 1 ,  76 ,  77 ]. 

 Adverse effects of the PG drugs for glaucoma are consis-
tent throughout the class [ 1 ,  70 ]. Conjunctival hyperemia has 
been the most common adverse reaction to these drugs in 
several studies; product labeling indicates that clinical stud-
ies showed a rate of 25–45 % of patients with bimatoprost 
and 30–50 % with travoprost but only 5–15 % for latano-
prost. Other adverse reactions reported include iris pigmen-
tation (irreversible or slowly reversible; likely related to 
increased melanogenesis), hypertrichosis of eyelashes, and 
periocular skin pigmentation and less commonly cystoid 
macular edema, anterior uveitis,  Herpes simplex  keratitis, 
iris cyst, and infrequent systemic events (e.g., upper respira-
tory infection) via nasopharyngeal mucosal absorption. 

 As with other topically administered medications for 
glaucoma, a barrier to compliance is the diffi culty of self- 
administering eye drops. However, latanoprost, travoprost, 
and bimatoprost at least have the advantage of requiring only 
once daily dosing.  

    Surgical Interventions Targeting 
Uveoscleral Outfl ow 

 Cyclodialysis, i.e., separation of the ciliary body from scleral 
spur, allowing free communication between anterior cham-
ber and SCS, was the fi rst surgical intervention for glaucoma 
that increases AH outfl ow via the uveoscleral pathway. 

   Table 3.1    Commercially available prostaglandin analog drugs for 
treatment of glaucoma   

 Generic name 
 Brand name 
in the USA  Manufacturer 

 Unoprostone  Rescula  CIBA Vision Ophthalmics, Bulach, 
Switzerland (also generically 
manufactured by other companies) 

 Latanoprost  Xalatan  Pfi zer Inc., New York, NY (also 
generically manufactured by other 
companies) 

 Travoprost  Travatan  Alcon Inc., Ft Worth, TX 
 Bimatoprost  Lumigan  Allergan Inc., Irvine, CA 
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Classic transscleral cyclodialysis ab externo was fi rst 
described by Leopold Heine in 1905. When successfully per-
formed, cyclodialysis reduces IOP not only by enhancing 
drainage of AH via the SCS and choroid but also by reducing 
AH production because restriction of blood supply to the 
ciliary body causes atrophy (“ciliary shutdown”) [ 78 ,  79 ]. 
The ab externo cyclodialysis procedure has been abandoned 
in clinical practice, however, due to an unacceptably high 
rate of complications (e.g., severe intra- and postoperative 
bleeding from the scleral vessels, profound postoperative 
hypotony), the failure of the cyclodialysis cleft to remain 
open over time (mainly due to scarring), and the advent of 
trabecular fi ltration surgery. 

 In cyclodialysis ab interno procedures, the integrity of the 
conjunctiva is spared and space-retaining substances with an 
extended duration are used in an attempt to keep the cyclodi-
alysis cleft open and prevent scarring [ 80 ]. A variety of such 
space-retaining substances have been investigated, but fi nd-
ing substances that stay in place long enough and prevent 
scarring has been a challenge. Portney treated fi ve eyes with 
severe, intractable, secondary angle-closure glaucoma with a 
cyclodialysis procedure that utilized a T-shaped silicone 
elastomer implantation [ 81 ]. The technique was unsuccess-
ful, largely because of an infl ammatory reaction and fi brous 
scar formation that surrounded the implant and obliterated 
the cyclodialysis cleft. The use of hylan gel as a space 
retainer was pioneered by Wirt and Draeger, working with 
Bill, in the cynomolgus monkey model [ 82 ] (cited by Klemm 
et al. [ 80 ]). Subsequently, working with Klemm and Balazs, 
Wirt and Draeger investigated two modifi ed forms of hylan 
gel with different molecular weights (8,000 kDa and 
25,000 kDA) as space retainers in 12 nonglaucomatous eyes 
of six owl monkeys that underwent cyclodialysis ab interno 
[ 80 ]. Postoperatively, IOP was effectively reduced from the 
preoperative level. Histological evaluation of enucleated 
eyes on postoperative days 140, 155, and 210 revealed no 
tissue reactions or infl ammation, and with one exception the 
cyclodialysis cleft remained widely open for several months. 

 Jordan et al. reported cyclodialysis ab interno in a series 
of 20 patients (28 treated eyes) with intractable glaucoma 
[ 79 ]. The viscoelastic substance Healon (1 % sodium hyal-
uronate with a viscosity of 300,000 mPas and a molecular 
weight of 4.0 million daltons) was the space retainer left in 
the SCS at the end of surgery; the substance is usually 
resorbed within a few days after surgery. The mean baseline 
IOP was 34.3 mmHg despite maximum therapy, and a mean 
of 4.4 previous interventions had been performed. Absolute 
success was defi ned as lowering IOP to <21 mmHg without 
further medication or intervention and qualifi ed success as 
lowering IOP to <21 mmHg with topical medication or fur-
ther surgery. The mean follow-up was 122 days. 
Postoperatively, the mean IOP was 14.6 mmHg. After a 
mean of 60 days, 21 eyes (75 %) required further surgical 

intervention due to return of uncontrolled IOP. Qualifi ed suc-
cess was achieved in four eyes (14.3 %), with mean follow-
 up of 384 days (range 3–573 days), and absolute success in 
three eyes (10.7 %), with mean follow-up of 203 days (range 
20–322 days). The greatest success was observed in phakic 
eyes, followed by pseudophakic and aphakic eyes. Patients 
experienced no postoperative hypotony, localized infection 
or endophthalmitis, or loss of vision. The authors concluded 
that although they did not demonstrate the functional effi -
cacy of cyclodialysis ab interno, the procedure was easy to 
perform and offered atraumatic access to the SCS drainage 
route with a low rate of side effects. They further suggested 
that other viscoelastic substances with a higher viscosity and 
molecular weight or the use of slowly resorbable elastic 
implants might more effectively prevent closure of the cyclo-
dialysis cleft—ideally, for approximately 3 months so that 
wound healing is completed. 

 Several attempts have been made to increase AH drainage 
through the uveoscleral pathway with novel surgical tech-
niques, abandoning the cyclodialysis approach but further 
pursuing the use of space-retaining substances or devices to 
keep the pathway open long term. Some of these approaches 
are reviewed below. 

 A method reported by Ozdamar et al. employed implanta-
tion of a modifi ed (trimmed for size) Krupin eye valve with 
a disk (typically used for episcleral fi xation) into the SCS to 
increase uveoscleral outfl ow [ 83 ] in four painful-blind eyes 
of four patients with neovascular glaucoma complicating 
diabetic retinopathy ( n  = 3) and chronic angle-closure glau-
coma ( n  = 1). The anterior tube part of the implanted device 
courses from the anterior chamber through the long scleral 
tunnel to drain AH into the SCS. The mean preoperative IOP 
in patients on two antiglaucoma medications was 58.5 mmHg 
(range 45–65 mmHg). Postoperatively, mean IOP was 
reduced to 14.2 mmHg at 1 week, 13.5 mmHg at 1 month, 
15 mmHg at 3 months, and 17 mmHg (range 12–24 mmHg) 
at the last follow-up (timing not stated). “Successful control 
of IOP” (not specifi cally defi ned in the report, but ranging 
from 12 to 19 mmHg) at the last examination was achieved 
in 3 of 4 patients (i.e., 75 %). Postoperative hypotony 
occurred in only one patient in whom the procedure caused 
choroidal detachment; there were no serious cases of postop-
erative bleeding or infection, and none of the eyes had devel-
oped tube erosion or suprachoroidal hemorrhage as of the 
last follow-up. 

 Yablonski has reported a novel approach to trabeculec-
tomy that utilizes an internal tube shunt for suprachoroidal 
drainage [ 84 ]. In a pilot study in 23 eyes in 23 patients with 
OAG, only 3 of whom had a history of incisional glaucoma 
surgery, a deep sclerectomy was performed under a scleral 
fl ap, producing an intrascleral lake. A small silicone tube was 
then placed between the intrascleral lake and the SCS, with a 
trabeculectomy stoma and a peripheral iridectomy allowing 
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easy fl ow of AH into the tube. After a mean follow-up of 324 
days, the mean postoperative IOP had dropped to 13.8 mmHg 
from a preoperative value of 25.4 mmHg, and patients were 
using a mean of 1.1 medications for IOP control compared 
with 3.0 preoperatively. The size of the surgically created 
bleb was substantially smaller in these eyes than in 45 con-
trol eyes that underwent conventional trabeculectomy, and 
postoperative outfl ow facility was signifi cantly increased 
only in the control eyes. Eighteen of the 23 eyes required 
laser lysis of the scleral nylon sutures or postoperative 
5- fl uorouracil to control IOP. Yablonski attributed the suc-
cess of this trabeculectomy with internal tube shunt proce-
dure mostly to increased access of the AH to the SCS, where 
the protein colloid osmotic pressure of uveal blood results in 
AH absorption. 

 Other techniques utilizing a silicone tube to shunt AH 
from the anterior chamber to the SCS have been reported by 
several other investigative teams [ 85 – 87 ]. Jordan et al. 
reported their study of an ab externo procedure conducted in 
31 eyes of 31 patients with uncontrollable refractory glau-
coma (i.e., a mean baseline IOP of 44.3 mmHg despite maxi-
mum therapy, including a mean of 3.5 previous surgical 
interventions) [ 86 ]. The silicone tube was fed through the 
anterior chamber and connected intrasclerally to the SCS via 
a deep posterior scleral fl ap. Mean IOP was reduced to 
13 mmHg in 70 % of all eyes at 30 weeks after surgery. 
Success, defi ned as lowering IOP to <21 mmHg without fur-
ther medication or intervention, was achieved in 60 % of eyes 
at 52 weeks postoperatively and in 40 % at 76 weeks. There 
were no serious complications, no severe postoperative 
hypotony or suprachoroidal bleeding, and no localized or 
general infl ammation related to the implant. However, ante-
rior chamber lavage was required in two patients because of 
intracameral bleeding, and dislocated tubes had to be removed 
from two patients because of corneal endothelial contact. The 
mean functional survival of the shunt was 56 weeks, with an 
initial peak of failure after only 4 weeks and a second peak 
after 1 year. Scarring in the SCS was the rate- limiting factor 
in long-term success, with connective tissue formation (fi bro-
blast reaction) observed under ultrasound biomicroscopy at 
the posterior lumen of the tube in failed eyes. 

 Palamar et al. reported their retrospective study of an ab 
externo procedure similar to that used by Jordan et al. but 
using a modifi ed silicone implant with no valve implanted 
into the SCS [ 87 ]. They treated 15 eyes in 14 patients with 
intractable glaucoma (7 eyes with OAG, 4 with glaucoma 
secondary to trauma, 4 with juvenile glaucoma) who were 
receiving two or more antiglaucoma medications and who 
had undergone at least one prior failed glaucoma surgery. 
The mean follow-up time was 17.1 months (range 10–28 
months). The mean baseline IOP in the 15 eyes was 
33 mmHg. A 30 % postoperative decrease in IOP was 
achieved in 66.7 % of eyes. Functional success, defi ned as 

lowering IOP to ≤21 mmHg both with and without medica-
tion at 6 months after surgery, was 93.3 %; total success, 
defi ned as lowering IOP to ≤21 mmHg without medication 
at 6 months after surgery, was 13.3 %. The mean number of 
antiglaucoma medications dropped from a mean of 3.8 
(range 2–5) before surgery to a mean of 2.2 (range 0–4) after 
surgery. Only minor complications were seen, with the 
occurrence of shallow choroidal detachment in all eyes con-
sidered to be proof of uveoscleral drainage of AH. 

 Unal et al. also used an ab externo procedure similar to 
that of Jordan et al. to implant a silicone tube with the anterior 
end in the anterior chamber and the posterior end in the SCS 
in 24 glaucomatous eyes in 24 patients unresponsive to maxi-
mal medical treatment (including seven with earlier trabecu-
lectomy). The glaucoma diagnoses in these eyes included 
POAG ( n  = 5), neovascular ( n  = 6), uveitic ( n  = 5), secondary 
to vitreoretinal surgery with silicone injection ( n  = 2), pseudo-
exfoliative ( n  = 2), congenital ( n  = 2), traumatic ( n  = 1), and 
juvenile ( n  = 1). The mean preoperative IOP was 32.8 mmHg 
(range 24–50 mmHg). Patients were followed for a mean of 
24.4 weeks (range 4–78 weeks) after surgery. Mean postop-
erative IOPs were signifi cantly reduced from preoperative 
baseline: 8.5, 12.9, 17.0, 15.3, 18.3, and 15.1 mmHg, respec-
tively, for 1 day, 1 week, and 1, 3, 6, and 12 months after 
surgery. Failure was defi ned as a postoperative IOP >21 or 
<5 mmHg after 3 months, complete success was defi ned as 
eyes not failed and not on supplemental medical therapy, and 
qualifi ed success as eyes not failed with or without supple-
mental medical therapy. The complete success rate was 
95.8 % at 1 week after surgery, 79.2 % at 1 and 3 months, and 
63.3 % at 6 and 12 months. Qualifi ed success was achieved in 
95.8 % at 1 week and 87.5 % at 1, 3, 6, and 12 months. The 
success rate was signifi cantly higher in eyes without earlier 
trabeculectomy. The surgery failed in seven eyes, with three 
requiring reoperation for glaucoma. Complications included 
early hypotony in six eyes, fi brin reaction in the anterior 
chamber in three eyes, and intracameral bleeding in two eyes, 
with one requiring anterior chamber lavage. No postoperative 
infection or choroidal or retinal detachment was observed. 
The authors concluded that their SCS implantation procedure 
effectively reduced IOP with a lower rate of serious compli-
cations than frequently occurs with trabeculectomy and could 
be a preferred initial surgery—particularly in cases without 
previous trabeculectomy. 

 Gold has been used as a biocompatible material for the 
development of another type of shunt connecting the anterior 
chamber with the SCS. Based on a design concept developed 
in 2001 by Gabriel Simon, the SOLX Gold Shunt (GMS; 
SOLX Ltd, Boston, MA) is a micro-device marketed in 
Canada and select European countries but not yet approved 
for use in the USA. This shunt is a nonvalved fl at-plate, rect-
angular (2.3 mm W × 5.2 mm L × 44 μm thick) drainage 
device made of 24-karat medical-grade gold. Two plates are 
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welded together, with two rounded projections on the distal 
end for anchoring the device in the SCS and with a gently 
curved proximal end that projects into the anterior chamber. 
A grid of holes in the anterior and posterior ends allows AH 
to fl ow into and out of the device, respectively. The device is 
implanted using an ab externo technique. 

 The fi rst peer-reviewed publication on the gold shunt [ 88 ] 
reported a pilot study in 38 patients with advanced glaucoma 
(66 % with primary open-angle glaucoma (POAG)) and 
uncontrolled IOP, more than half of whom had a history of a 
failed glaucoma surgery or drainage device. After surgery, 
patients were followed for a mean of 11.7 months. The mean 
preoperative IOP in these patients was 27.6 mmHg. Surgical 
success was defi ned as IOP <22 and >5 mmHg with or without 
medication at the last follow- up; complete success was defi ned 
as achievement of the same mmHg criteria but without medi-
cation. Implantation of the device resulted in a statistically 
signifi cant mean IOP decrease from baseline of 9 mmHg 
(mean = 18.2 mmHg), with a surgical success rate of 79 % and 
a complete success rate of 13.2 %. The most frequent compli-
cation was mild to moderate hyphema (eight patients; 21 %), 
with shunt exposure, synechia formation, and exudative infe-
rior retinal detachment reported in one patient each. The 
authors concluded that the device and procedure were safe and 
effective and could be an alternative to trabeculectomy. 

 A series of publications from Italian investigators have fur-
ther elucidated the effi cacy and safety of the gold micro shunt. 
In 2010, Mastropasqua et al. [ 89 ] reported their in vivo analysis 
of conjunctival features observed using confocal laser-scan-
ning microscopy following implantation of the gold micro 
shunt in 14 eyes of 14 patients with uncontrolled POAG who 
had a history of multiple failed incisional surgeries. After 
implantation of the gold shunt, eyes were examined at follow-
up times ranging from 3 to 20 months (mean = 15.4 months). 
Based on the degree of IOP control achieved and on evidence 
of surgical success, the patients were divided into two analysis 
groups. Group 1 ( n  = 8) comprised patients with successful 
implantation, defi ned as a 1/3 reduction from their preoperative 
IOP with or without medications. Group 2 ( n  = 6) comprised 
patients with failed implantations, defi ned as less than 1/3 
reduction in IOP with maximal tolerated medical therapy. The 
mean postoperative IOP was signifi cantly higher in patients 
with failed implantations than in those with success 
(32.3 mmHg vs. 14 mmHg, respectively) despite similar pre-
operative IOP in the two groups. The main outcome measures 
were the mean density and area of conjunctival mean micro-
cysts. The results showed that successful gold shunt implanta-
tion signifi cantly increased conjunctival microcyst density and 
surface area at the site of device insertion (fi ve- to sixfold 
higher in Group 1 than in Group 2). The authors considered this 
fi nding to be evidence of AH percolation through the scleral 
layers and then the conjunctiva, leading them to conclude that 
uveoscleral outfl ow of AH is enhanced by this device. 

 The following year, another publication that included 
authors from the same team as the 2010 report described 
evaluation of the gold micro shunt in a 2-year study of 55 
eyes of 55 patients with refractory glaucoma despite maxi-
mal medical treatment [ 90 ]. The patients had previously 
undergone a mean of 1.9 (range 1–5) surgical interventions 
for glaucoma. Prior to gold shunt implantation, the patients’ 
mean IOP was 30.8 mmHg (range 22–58 mmHg). At 2 years, 
37 eyes (67.3 %) were deemed a qualifi ed success and 3 eyes 
(5.5 %) a complete success. In eyes that achieved success, 
mean IOP had dropped from a preoperative mean of 
27.6 mmHg to 13.7 ± 2.98 mmHg; the mean number of medi-
cations decreased from 2.5 preoperatively to 1.4 ± 0.7 post-
operatively. Twenty-one of the 55 patients experienced mild 
to moderate postoperative adverse events, with mild or mod-
erate hyphema the most common. The authors determined 
that development of a thin membrane that obstructed the 
anterior holes of the shunt in 12 patients from the failure 
group (66.7 % of failures) was the most important factor 
contributing to lack of effi cacy. 

 In 2012, an investigative team including authors from the 
previous two publications coming out of Italy [ 91 ] reported 
histological features of failed GMS implantations in an inter-
ventional case series study of 5 eyes in 5 patients who had 
received the gold micro shunt for refractory POAG. When 
the shunts were removed, 4 of 5 were found to have been 
correctly placed into the anterior chamber and SCS, so mis-
location did not appear to be the main issue responsible for 
the poor effi cacy. Examination of the failed shunts revealed 
connective tissue fi lling all the inner spaces of the device, 
creating a thick fi brotic capsule surrounding both ends of the 
shunt that impeded AH fl ow through the shunt. 

 The gold micro shunt, although composed of a biologi-
cally inert material, has some of the same problems with 
fi brotic obstruction as the silicone shunts used to improve 
uveoscleral outfl ow. However, an advantage is the ability of 
the surgeon to successively open the device after implant by 
applying a laser to the fenestrations in its anterior chamber 
component, allowing in vivo postoperative adjustment of the 
outfl ow [ 92 ]. Because the shunt is not resorbable, a disad-
vantage compared with the silicone shunts is the presence of 
a permanent implant in the AC and SCS, with risk of erosion 
or exposure of the device. 

 Another novel and experimental procedure for improving 
uveoscleral outfl ow of AH is ab interno implantation of a 
fenestrated micro-stent composed of a biocompatible poly-
amide material—the CyPass Micro-Stent (Transcend 
Medical, Menlo Park, CA)—into the supraciliary space [ 93 – 97 ]. 
Because CyPass implantation is ab interno, conjunctiva spar-
ing without surgical trauma to the sclera, it has the additional 
advantage of minimizing tissue infl ammation and subse-
quent fi brosis. The ab interno surgical approach involves no 
scleral penetration and also leaves the trabecular meshwork 
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intact. Using a special manual applier, the CyPass Micro-
Stent is placed in the supraciliary space below the scleral 
spur at the iris root, either through a clear corneal incision or 
through the primary phacoemulsifi cation incision when 
combined with cataract removal. CyPass stent is approved in 
the EU and under FDA investigation in the USA. 

 Ianchulev et al. [ 93 ] fi rst reported on 81 glaucomatous 
(OAG) eyes that underwent cataract surgery (phacoemulsifi -
cation) followed by CyPass implantation. At 6 months after 
surgery, the mean IOP had decreased to 16 mmHg from a 
preoperative mean value of 22.9 mmHg. The procedure was 
well tolerated, with postoperative complications of shallow 
anterior chamber and transient hyphema in one patient each. 
The following year, Craven et al. reported on safety out-
comes of 121 eyes that underwent phacoemulsifi cation and 
CyPass implantation [ 97 ]. The adverse events following the 
procedure were transient hyphema ( n  = 8), persistent infl am-
mation ( n  = 1), branch retinal vein occlusion ( n  = 1), and dia-
betic macular edema exacerbation ( n  = 1). 

 Encouraging initial results with minimally invasive 
suprachoroidal stenting as a therapeutic intervention for 
glaucoma has stimulated further clinical research into the 
space. A large FDA RCT of more than 500 patients 
(COMPASS study) is ongoing which will provide defi nitive 
evidence on the safety and effi cacy of the device. New supra-
choroidal stents are also entering clinical investigation with 
multiple interventional options on the horizon.     

   References 

        1.    Allingham RR, Damji KF, Feedman S, Moroi SE, Rhee DJ, editors. 
Shields textbook of glaucoma. 6th ed. Philadelphia: Lippincott 
Williams & Wilkins; 2011.  

       2.    Goel M, Picciani RG, Lee RK, Bhattacharya SK. Aqueous humor 
dynamics: a review. Open Ophthalmol J. 2010;4:52–9.  

    3.    Bill A, Hellsing K. Production and drainage of aqueous humor in the cyno-
molgus monkey (Macaca irus). Invest Ophthalmol. 1965;4(5):920–6.  

     4.    Bill A. The aqueous humor drainage mechanism in the cynomolgus 
monkey (Macaca irus) with evidence for unconventional routes. 
Invest Ophthalmol. 1965;4(5):911–9.  

    5.    Bill A. Uveoscleral drainage of aqueous humor: physiology and 
pharmacology. Prog Clin Biol Res. 1989;312:417–27.  

     6.    Bill A, Phillips CI. Uveoscleral drainage of aqueous humour in 
human eyes. Exp Eye Res. 1971;12(3):275–81.  

       7.    Toris CB, Yablonski ME, Wang YL, Camras CB. Aqueous humor dynam-
ics in the aging human eye. Am J Ophthalmol. 1999;127(4):407–12.  

         8.    Alm A, Nilsson SF. Uveoscleral outfl ow – a review. Exp Eye Res. 
2009;88(4):760–8.  

      9.    Nilsson SF. The uveoscleral outfl ow routes. Eye (Lond). 1997;11(Pt 2):
149–54.  

    10.    Chylack Jr LT, Bellows AR. Molecular sieving in suprachoroidal fl uid 
formation in man. Invest Ophthalmol Vis Sci. 1978;17(5):420–7.  

    11.    Teng CC, Chi HH, Katzin HM. Histology and mechanism of fi lter-
ing operations. Am J Ophthalmol. 1959;47(1 Part 1):16–33.  

     12.    Pederson JE, Gaasterland DE, MacLellan HM. Uveoscleral aque-
ous outfl ow in the rhesus monkey: importance of uveal reabsorp-
tion. Invest Ophthalmol Vis Sci. 1977;16(11):1008–17.  

     13.    Krohn J, Bertelsen T. Light microscopy of uveoscleral drainage 
routes after gelatine injections into the suprachoroidal space. Acta 
Ophthalmol Scand. 1998;76(5):521–7.  

    14.    Krohn J, Bertelsen T. Corrosion casts of the suprachoroidal space 
and uveoscleral drainage routes in the human eye. Acta Ophthalmol 
Scand. 1997;75(1):32–5.  

    15.    Jackson TL, Hussain A, Hodgetts A, Morley AM, Hillenkamp J, 
Sullivan PM, et al. Human scleral hydraulic conductivity: age- 
related changes, topographical variation, and potential scleral out-
fl ow facility. Invest Ophthalmol Vis Sci. 2006;47(11):4942–6.  

    16.    Tamm S, Tamm E, Rohen JW. Age-related changes of the human 
ciliary muscle. A quantitative morphometric study. Mech Ageing 
Dev. 1992;62(2):209–21.  

    17.    Suguro K, Toris CB, Pederson JE. Uveoscleral outfl ow following 
cyclodialysis in the monkey eye using a fl uorescent tracer. Invest 
Ophthalmol Vis Sci. 1985;26(6):810–3.  

        18.    Johnson M, Erickson K. Mechanisms and routes of aqueous humor 
drainage. In: Albert DM, Jakobiec FA, editors. Principles and practice 
of ophthalmology. Philadelphia: WB Saunders; 2000. p. 2577–95.  

    19.    Toris CB, Pederson JE. Effect of intraocular pressure on uveo-
scleral outfl ow following cyclodialysis in the monkey eye. Invest 
Ophthalmol Vis Sci. 1985;26(12):1745–9.  

     20.    Bill A. Conventional and uveo-scleral drainage of aqueous humour 
in the cynomolgus monkey (Macaca irus) at normal and high intra-
ocular pressures. Exp Eye Res. 1966;5(1):45–54.  

    21.    Emi K, Pederson JE, Toris CB. Hydrostatic pressure of the supra-
choroidal space. Invest Ophthalmol Vis Sci. 1989;30(2):233–8.  

    22.    Bill A. Effects of atropine and pilocarpine on aqueous humour 
dynamics in cynomolgus monkeys (Macaca irus). Exp Eye Res. 
1967;6(2):120–5.  

    23.    Rohen JW, Lutjen E, Barany E. The relation between the ciliary 
muscle and the trabecular meshwork and its importance for the 
effect of miotics on aqueous outfl ow resistance. A study in two con-
trasting monkey species, Macaca irus and Cercopithecus aethiops. 
Albrecht Von Graefes Arch Klin Exp Ophthalmol. 
1967;172(1):23–47.  

    24.    Barany EH. The mode of action of miotics on outfl ow resistance. 
A study of pilocarpine in the vervet monkey Cercopithecus ethiops. 
Trans Ophthalmol Soc U K. 1966;86:539–78.  

    25.    Gabelt BT, Kaufman PL. Prostaglandin F2 alpha increases uveo-
scleral outfl ow in the cynomolgus monkey. Exp Eye Res. 
1989;49(3):389–402.  

    26.    Seiler GS, Salmon JH, Mantuo R, Feingold S, Dayton PA, Gilger 
BC. Effect and distribution of contrast medium after injection into 
the anterior suprachoroidal space in ex vivo eyes. Invest Ophthalmol 
Vis Sci. 2011;52(8):5730–6.  

    27.    Bill A. Basic physiology of the drainage of aqueous humor. Exp 
Eye Res. 1977;25(Suppl):291–304.  

    28.    Townsend DJ, Brubaker RF. Immediate effect of epinephrine on 
aqueous formation in the normal human eye as measured by fl uoro-
photometry. Invest Ophthalmol Vis Sci. 1980;19(3):256–66.  

    29.    Toris CB, Camras CB, Yablonski ME. Effects of PhXA41, a new 
prostaglandin F(2α) analog, on aqueous humor dynamics in human 
eyes. Ophthalmology. 1993;100(9):1297–304.  

     30.    Toris CB, Koepsell SA, Yablonski ME, Camras CB. Aqueous 
humor dynamics in ocular hypertensive patients. J Glaucoma. 
2002;11(3):253–8.  

     31.    Johnson TV, Fan S, Camras CB, Toris CB. Aqueous humor dynam-
ics in exfoliation syndrome. Arch Ophthalmol. 2008;126(7):
914–20.  

   32.    Toris CB, Tafoya ME, Camras CB, Yablonski ME. Effects of apra-
clonidine on aqueous humor dynamics in human eyes. 
Ophthalmology. 1995;102(3):456–61.  

   33.    Toris CB, Gleason ML, Camras CB, Yablonski ME. Effects of bri-
monidine on aqueous humor dynamics in human eyes. Arch 
Ophthalmol. 1995;113(12):1514–7.  

3 Suprachoroidal Space as a Therapeutic Target



42

   34.    Toris CB, Camras CB, Yablonski ME. Acute versus chronic effects 
of brimonidine on aqueous humor dynamics in ocular hypertensive 
patients. Am J Ophthalmol. 1999;128(1):8–14.  

     35.    Toris CB, Zhan G, Camras CB. Increase in outfl ow facility with 
unoprostone treatment in ocular hypertensive patients. Arch 
Ophthalmol. 2004;122(12):1782–7.  

    36.    Einmahl S, Savoldelli M, D’Hermies F, Tabatabay C, Gurny R, 
Behar-Cohen F. Evaluation of a novel biomaterial in the supracho-
roidal space of the rabbit eye. Invest Ophthalmol Vis Sci. 2002;
43(5):1533–9.  

     37.    Patel SR, Lin AS, Edelhauser HF, Prausnitz MR. Suprachoroidal 
drug delivery to the back of the eye using hollow microneedles. 
Pharm Res. 2011;28(1):166–76.  

    38.    Patel SR, Berezovsky DE, McCarey BE, Zarnitsyn V, Edelhauser 
HF, Prausnitz MR. Targeted administration into the suprachoroidal 
space using a microneedle for drug delivery to the posterior seg-
ment of the eye. Invest Ophthalmol Vis Sci. 2012;53(8):4433–41.  

    39.    Olsen TW, Feng X, Wabner K, Csaky K, Pambuccian S, Cameron 
JD. Pharmacokinetics of pars plana intravitreal injections versus 
microcannula suprachoroidal injections of bevacizumab in a por-
cine model. Invest Ophthalmol Vis Sci. 2011;52(7):4749–56.  

    40.    Olsen TW, Edelhauser HF, Lim JI, Geroski DH. Human scleral per-
meability. Effects of age, cryotherapy, transscleral diode laser, and 
surgical thinning. Invest Ophthalmol Vis Sci. 1995;36(9):
1893–903.  

    41.    Olsen TW, Feng X, Wabner K, Conston SR, Sierra DH, Folden DV, 
et al. Cannulation of the suprachoroidal space: a novel drug deliv-
ery methodology to the posterior segment. Am J Ophthalmol. 
2006;142(5):777–87.  

    42.    Augustin C, Augustin A, Tetz M, Rizzo S. Suprachoroidal drug 
delivery – a new approach for the treatment of severe macular dis-
eases. Eur Ophthalmic Rev. 2012;6:25–7.  

    43.    Peden MC, Min J, Meyers C, Lukowski Z, Li Q, Boye SL, et al. 
Ab-externo AAV-mediated gene delivery to the suprachoroidal 
space using a 250 micron fl exible microcatheter. PLoS One. 2011;
6(2):e17140.  

      44.    Toris CB, Camras CB. Aqueous humor dynamics II. Clinical stud-
ies. In: Civan MM, editor. The eye’s aqueous humor. Waltham, 
MA: Elsevier Inc; 2008. p. 231–72.  

    45.    Barrie KP, Gum GG, Samuelson DA, Gelatt KN. Quantitation of 
uveoscleral outfl ow in normotensive and glaucomatous Beagles by 
3H-labeled dextran. Am J Vet Res. 1985;46(1):84–8.  

    46.    Toris CB, Zhan GL, Wang YL, Zhao J, McLaughlin MA, Camras 
CB, et al. Aqueous humor dynamics in monkeys with laser-induced 
glaucoma. J Ocul Pharmacol Ther. 2000;16(1):19–27.  

    47.    Yablonski ME, Cook DJ, Gray J. A fl uorophotometric study of the 
effect of argon laser trabeculoplasty on aqueous humor dynamics. 
Am J Ophthalmol. 1985;99(5):579–82.  

        48.    Weinreb RN, Toris CB, Gabelt BT, Lindsey JD, Kaufman PL. 
Effects of prostaglandins on the aqueous humor outfl ow pathways. 
Surv Ophthalmol. 2002;47 Suppl 1:S53–64.  

    49.    Eakins KE, Whitelocke RA, Bennett A, Martenet AC. Prostaglandin- 
like activity in ocular infl ammation. Br Med J. 1972;3(5824):452–3.  

    50.    Conquet P, Plazonnet B, Le Douarec JC. Arachidonic acid-induced 
elevation of intraocular pressure and anti-infl ammatory agents. 
Invest Ophthalmol. 1975;14(10):772–5.  

    51.    Camras CB, Bito LZ, Eakins KE. Reduction of intraocular pressure 
by prostaglandins applied topically to the eyes of conscious rabbits. 
Invest Ophthalmol Vis Sci. 1977;16(12):1125–34.  

    52.    Lindsey JD, Kashiwagi K, Kashiwagi F, Weinreb RN. Prostaglandin 
action on ciliary smooth muscle extracellular matrix metabolism: 
implications for uveoscleral outfl ow. Surv Ophthalmol. 1997;41 
Suppl 2:S53–9.  

      53.    Schachtschabel U, Lindsey JD, Weinreb RN. The mechanism of 
action of prostaglandins on uveoscleral outfl ow. Curr Opin 
Ophthalmol. 2000;11(2):112–5.  

         54.    Toris CB, Gabelt BT, Kaufman PL. Update on the mechanism of 
action of topical prostaglandins for intraocular pressure reduction. 
Surv Ophthalmol. 2008;53(Suppl1):S107–20.  

    55.    Zhan GL, Camras CB, Opere C, Tang L, Ohia SE. Effect of prosta-
glandins on cyclic AMP production in cultured human ciliary mus-
cle cells. J Ocul Pharmacol Ther. 1998;14(1):45–55.  

    56.    Lindsey JD, Kashiwagi K, Boyle D, Kashiwagi F, Firestein GS, 
Weinreb RN. Prostaglandins increase proMMP-1 and proMMP-3 
secretion by human ciliary smooth muscle cells. Curr Eye Res. 
1996;15(8):869–75.  

    57.    Weinreb RN, Kashiwagi K, Kashiwagi F, Tsukahara S, Lindsey JD. 
Prostaglandins increase matrix metalloproteinase release from 
human ciliary smooth muscle cells. Invest Ophthalmol Vis Sci. 
1997;38(13):2772–80.  

    58.    Woessner Jr JF. Matrix metalloproteinases and their inhibitors in 
connective tissue remodeling. FASEB J. 1991;5(8):2145–54.  

    59.    Lindsey JD, Kashiwagi K, Kashiwagi F, Weinreb RN. Prostaglandins 
alter extracellular matrix adjacent to human ciliary muscle cells in 
vitro. Invest Ophthalmol Vis Sci. 1997;38(11):2214–23.  

    60.    Sagara T, Gaton DD, Lindsey JD, Gabelt BT, Kaufman PL, Weinreb 
RN. Topical prostaglandin F2alpha treatment reduces collagen 
types I, III, and IV in the monkey uveoscleral outfl ow pathway. 
Arch Ophthalmol. 1999;117(6):794–801.  

    61.    Galis ZS, Muszynski M, Sukhova GK, Simon-Morrissey E, 
Unemori EN, Lark MW, et al. Cytokine-stimulated human vascular 
smooth muscle cells synthesize a complement of enzymes required 
for extracellular matrix digestion. Circ Res. 1994;75(1):181–9.  

    62.    Kim JW, Lindsey JD, Wang N, Weinreb RN. Increased human 
scleral permeability with prostaglandin exposure. Invest 
Ophthalmol Vis Sci. 2001;42(7):1514–21.  

   63.    Weinreb RN. Enhancement of scleral macromolecular permeability 
with prostaglandins. Trans Am Ophthalmol Soc. 2001;99:319–43.  

    64.    Weinreb RN, Lindsey JD, Marchenko G, Marchenko N, Angert M, 
Strongin A. Prostaglandin FP agonists alter metalloproteinase gene 
expression in sclera. Invest Ophthalmol Vis Sci. 2004;45(12):
4368–77.  

     65.    Boland MV, Ervin AM, Friedman D, Jampel H, Hawkins B, 
Volenweider D. Treatment for glaucoma: comparative effective-
ness. In: (AHRQ) AfHRaQ, editor. Comparative Effectiveness 
Review No 60 (Prepared by the Johns Hopkins University 
Evidence-based Practice Center under Contract No HHSA 
290- 2007-10061-I). Rockville: US Dept of Health and Human 
Services; 2012.  

    66.    Bito LZ. Prostaglandins and other eicosanoids: their ocular trans-
port, pharmacokinetics, and therapeutic effects. Trans Ophthalmol 
Soc U K. 1986;105(Pt 2):162–70.  

    67.    Ooi YH, Oh DJ, Rhee DJ. Effect of bimatoprost, latanoprost, and 
unoprostone on matrix metalloproteinases and their inhibitors in 
human ciliary body smooth muscle cells. Invest Ophthalmol Vis 
Sci. 2009;50(11):5259–65.  

    68.    Nordmann JP, Mertz B, Yannoulis NC, Schwenninger C, Kapik B, 
Shams N. A double-masked randomized comparison of the effi cacy 
and safety of unoprostone with timolol and betaxolol in patients 
with primary open-angle glaucoma including pseudoexfoliation 
glaucoma or ocular hypertension. 6 month data. Am J Ophthalmol. 
2002;133(1):1–10.  

    69.    Stewart WC, Stewart JA, Kapik BM. The effects of unoprostone 
isopropyl 0.12% and timolol maleate 0.5% on diurnal intraocular 
pressure. J Glaucoma. 1998;7(6):388–94.  

       70.    Lee AJ, McCluskey P. Clinical utility and differential effects of 
prostaglandin analogs in the management of raised intraocular 
pressure and ocular hypertension. Clin Ophthalmol. 2010;4:
741–64.  

    71.    Cheng JW, Cai JP, Li Y, Wei RL. A meta-analysis of topical prosta-
glandin analogs in the treatment of chronic angle-closure glau-
coma. J Glaucoma. 2009;18(9):652–7.  

T. Ianchulev



43

      72.    Chen J, Runyan SA, Robinson MR. Novel ocular antihypertensive 
compounds in clinical trials. Clin Ophthalmol. 2011;5:667–77.  

    73.    Coppens G, Stalmans I, Zeyen T, Casteels I. The safety and effi cacy 
of glaucoma medication in the pediatric population. J Pediatr 
Ophthalmol Strabismus. 2009;46(1):12–8.  

    74.    Enyedi LB, Freedman SF. Latanoprost for the treatment of pediatric 
glaucoma. Surv Ophthalmol. 2002;47 Suppl 1:S129–32.  

    75.    Woodward DF, Krauss AH, Chen J, Liang Y, Li C, Protzman CE, 
et al. Pharmacological characterization of a novel antiglaucoma 
agent, Bimatoprost (AGN 192024). J Pharmacol Exp Ther. 2003;
305(2):772–85.  

    76.    Woodward DF, Liang Y, Krauss AH. Prostamides (prostaglandin- 
ethanolamides) and their pharmacology. Br J Pharmacol. 2008;
153(3):410–9.  

    77.    Wan Z, Woodward DF, Cornell CL, Fliri HG, Martos JL, Pettit SN, 
et al. Bimatoprost, prostamide activity, and conventional drainage. 
Invest Ophthalmol Vis Sci. 2007;48(9):4107–15.  

    78.    Boke H. History of cyclodialysis. In memory of Leopold Heine 
1870–1940. Klin Monbl Augenheilkd. 1990;197(4):340–8.  

     79.    Jordan JF, Dietlein TS, Dinslage S, Luke C, Konen W, Krieglstein 
GK. Cyclodialysis ab interno as a surgical approach to intractable 
glaucoma. Graefes Arch Clin Exp Ophthalmol. 2007;245(8):
1071–6.  

      80.    Klemm M, Balazs A, Draeger J, Wiezorrek R. Experimental use of 
space-retaining substances with extended duration: functional and 
morphological results. Graefes Arch Clin Exp Ophthalmol. 1995;
233(9):592–7.  

    81.    Portney GL. Silicone elastomer implantation cyclodialysis. A nega-
tive report. Arch Ophthalmol. 1973;89(1):10–2.  

    82.    Wirt H, Bill A, Draeger J. Neue aspekte in der operativen behand-
lung des glaukoms – vergleich viskoelasticher substanzen in der 
kammerwinkelchirurgie. Fortschr Opththalmol [Suppl]. 1991;
88:234.  

    83.    Ozdamar A, Aras C, Karacorlu M. Suprachoroidal seton implanta-
tion in refractory glaucoma: a novel surgical technique. J Glaucoma. 
2003;12(4):354–9.  

    84.    Yablonski ME. Trabeculectomy with internal tube shunt: a novel 
glaucoma surgery. J Glaucoma. 2005;14(2):91–7.  

    85.    Unal M, Kocak Altintas AG, Koklu G, Tuna T. Early results of 
suprachoroidal drainage tube implantation for the surgical treat-
ment of glaucoma. J Glaucoma. 2011;20(5):307–14.  

    86.    Jordan JF, Engels BF, Dinslage S, Dietlein TS, Ayertey HD, Roters 
S, et al. A novel approach to suprachoroidal drainage for the 

 surgical treatment of intractable glaucoma. J Glaucoma. 2006;15(3):
200–5.  

     87.    Palamar M, Ates H, Oztas Z, Yusifov E. Suprachoroidal implant 
surgery in intractable glaucoma. Jpn J Ophthalmol. 2011;55(4):
351–5.  

    88.    Melamed S, Ben Simon GJ, Goldenfeld M, Simon G. Effi cacy and 
safety of gold micro shunt implantation to the supraciliary space in 
patients with glaucoma: a pilot study. Arch Ophthalmol. 2009;
127(3):264–9.  

    89.    Mastropasqua L, Agnifi li L, Ciancaglini M, Nubile M, Carpineto P, 
Fasanella V, et al. In vivo analysis of conjunctiva in gold micro 
shunt implantation for glaucoma. Br J Ophthalmol. 2010;94(12):
1592–6.  

    90.    Figus M, Lazzeri S, Fogagnolo P, Iester M, Martinelli P, Nardi M. 
Supraciliary shunt in refractory glaucoma. Br J Ophthalmol. 2011;
95(11):1537–41.  

    91.    Agnifi li L, Costagliola C, Figus M, Iezzi G, Piattelli A, Carpineto P, 
et al. Histological fi ndings of failed gold micro shunts in primary 
open-angle glaucoma. Graefes Arch Clin Exp Ophthalmol. 2012;
250(1):143–9.  

    92.    Sharaawy T, Bhartiya S. Surgical management of glaucoma: evolv-
ing paradigms. Indian J Ophthalmol. 2011;59(Suppl):S123–30.  

     93.   Ianchulev T, Ahmed K, Hoeh HR, Rau M. Minimally invasive ab 
interno suprachoroidal device (CyPass) for IOP control in open- 
angle glaucoma. American Academy of Ophthalmology annual 
meeting, Chicago, 18–19 Oct 2010.  

   94.   Erb C, Hoeh H, Rau M, Peters S, Nardi M, Ianchulev T. European 
clinical experience with the CyPass supraciliary micro-stent for 
IOP lowering. European Society of Cataract and Refractive 
Surgeons annual meeting, Vienna, 17–22 Sept 2011.  

   95.   Garcia-Feijoo J, Rau M, Ahmed I, Anton A, Grabner G, Ianchulev 
T. Safety and effi cacy of CyPass Micro-Stent as a stand-alone treat-
ment for open-angle glaucoma: Worldwide clinical experience. 
2012 Sept 10.  

   96.   Grisanti S, Garcia-Feijoo J, Nardi M, Rapisarda A, Anton A, 
Craven E, et al. CyPass for the primary treatment of OAG 
medication- naive patients. European Society of Cataract and 
Refractive Surgeons annual meeting, Milan, 8–12 Sept 2012.  

     97.   Craven ER, Khatana A, Hoeh H, Rau M, Ianchulev T. Safety of 
minimally invasive, ab interno suprachoroidal micro-stent for IOP 
reduction used in combination with phaco cataract surgery. 
American Academy of Ophthalmology annual meeting, Orlando, 
FL, 22–25 Oct 2011.    

3 Suprachoroidal Space as a Therapeutic Target



45J.R. Samples, I.I.K. Ahmed (eds.), Surgical Innovations in Glaucoma, 
DOI 10.1007/978-1-4614-8348-9_4, © Springer Science+Business Media New York 2014

     Abbreviations 

   CPC    Cyclophotocoagulation   
  IOP    Intraocular pressure   

      Intraocular pressure (IOP) is a direct refl ection of the fi ne 
balance between aqueous secretion and outfl ow. The IOP can 
be infl uenced by modifying both of these variables. This can 
be accomplished by employing medical or surgical interven-
tion to decrease aqueous secretion or increase outfl ow facil-
ity. The ciliary body has become a prime target for both 
modalities of treatment. In pharmacotherapy, prostaglandin 
analogs bind to and then activate the FP receptors in the cili-
ary body smooth muscle, thus increasing uveoscleral out-
fl ow. From a surgical perspective, the secretory activity of 
the ciliary body epithelium can be decreased by ablating a 
portion of the ciliary body using ultrasonic energy, cycloc-
ryotherapy, diathermy, and thermal lasers. Over the past 20 
years, the ciliary body has evolved from being a target of last 
resort (i.e., cyclocryotherapy) to one that is considered early 
in the course of the disease (endocyclophotocoagulation). 

    Historical Perspective 

    Diathermy 

 The concept of cyclodestruction was introduced by Coppez 
in 1929 when he reported the successful destruction of cili-
ary body epithelium in rabbits by heating the sclera overly-
ing the ciliary body [ 1 ,  2 ]. Four years later, Weve was the 
fi rst to describe the successful use of nonpenetrating diathermy 

in humans. His technique involved using a blunt- tipped 
probe that was attached to a cautery device. The heat from 
this unit was transmitted through the sclera and selectively 
destroyed sections of the ciliary body [ 3 ]. 

 This procedure was modifi ed by Vogt, who favored using 
the diathermy probe to physically penetrate the sclera. His 
technique involved placing one or two rows of full-thickness 
burns 2.5–5 mm from the corneolimbal junction at 180°. 
Each application lasted 10–20 s and delivered 40–45 mA of 
electric current [ 4 ,  5 ]. The mechanism of action was postu-
lated to be cell death within the ciliary body and/or a dia-
thermy-induced draining fi stula over the pars plana [ 6 ,  7 ]. 

 The results of the early studies were quite encouraging, with 
documented success rates as high as 78 % [ 8 ], albeit with lim-
ited follow-up. Cyclodiathermy became the preferred cyclode-
structive procedure for years until long-term effi cacy concerns 
dampened the enthusiasm for this technique. Specifi cally, 
Berens reported that only 22 % of the treated patients had an 
IOP under 25 mmHg with or without glaucoma medications at 
the last follow-up after 7–14 years of observation [ 9 ]. The lon-
gevity concerns regarding cyclodiathermy were reinforced by a 
1970 paper that reported that only 7 % of the patients main-
tained an IOP less than 25 mmHg for at least 4 months [ 10 ]. 

 Given the suboptimal success rates, the relatively high 
incidence of severe complications, and other viable alterna-
tives, this technique has largely fell out of favor.  

    Cyclocryotherapy 

 As clinicians became increasingly disenchanted with the foi-
bles of cyclodiathermy, several progressive ophthalmologists 
began looking for alternative methods for cycloablation. 
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The concept of using a freezing source to destroy the ciliary 
body (cyclocryotherapy) was fi rst reported by Bietti in 
1950 [ 11 ]. This procedure was considered more predictable 
with relatively fewer side effects and became the mainstay of 
cyclodestructive therapy until the advent of lasers. 

 Indeed, the effi cacy of this procedure has been quite 
impressive. For patients with open-angle glaucoma, there 
was a 77 and 87 % success rate at the 1 and 3 year follow-up, 
respectively [ 12 ,  13 ]. Cyclocryotherapy also appears to per-
form particularly well in patients with glaucoma following 
penetrating keratoplasty and in aphakic glaucoma—two 
entities that are historically diffi cult to treat. Both Bellows 
and Shields documented that they were able to adequately 
control the IOP in over 90 % of the patients with aphakic 
glaucoma after 4 years of follow-up [ 14 ,  15 ]. In patients with 
glaucoma following corneal transplants, 83 % of the indi-
viduals in two separate studies achieved good IOP control 
following cyclocryotherapy treatment [ 16 ,  17 ]. Unfortunately, 
patients with neovascular glaucoma met with mixed results. 
While reports of successful IOP control ranged from 30 to 
64 %, the rate of complete visual loss (no light perception) 
was    46 % [ 12 ,  13 ,  15 ]. 

 The technique for performing cyclocryotherapy has 
evolved over time to provide maximum effi cacy while mini-
mizing complications. Experimental evidence supports 4 
fundamental factors in the success of this procedure: probe 
size, temperature and duration of the freeze, probe place-
ment, and number of applications. There has been no greater 
debate than the optimal size of the cryoprobe tip. While stud-
ies clearly demonstrate a strong relationship between probe 
size and IOP lowering, there is also compelling evidence of 
an increased risk of hypotony and phthisis with a larger cryo-
probe. Most practitioners have adopted the 2.5-mm probe tip 
since it covers the 2-mm pars plicata width and seems to 
provide the most favorable risk-benefi t ratio [ 18 – 21 ]. 

 There has also been extensive research into the optimal 
freezing technique. Animal studies suggest a probe tempera-
ture range between −60 and −80 C for a clinically meaning-
ful drop in IOP [ 22 – 24 ]. Other reports indicate a minimal 
freeze time of 60 s, with longer times increasing the rates of 
phthisis [ 18 ,  25 ]. Based on this information, consensus sug-
gests achieving a probe temperature of −60 to −80 C and 
leaving it in place for 60 s. Some diminution of effect occurs 
due to the insulating properties of the tissue along with circu-
latory factors [ 26 ]. These effects can be minimized by apply-
ing scleral pressure during probe application [ 27 ]. 

 The location of the probe placement and the number of 
treatment applications also impact the ultimate success of 
cyclocryotherapy. Ideally, the cryoprobe should be posi-
tioned with maximal proximity to the ciliary processes. 
Based upon experimental determination of average ciliary 
processes position, Prost recommended probe placement 
1.0 mm from the limbus for the inferior, temporal, and nasal 

quadrants and 1.5 mm from the limbus in the superior quad-
rant [ 18 ]. Confi rmation of plana plicata position using trans-
illumination is advisable, particularly in patients with 
atypical axial lengths. The probe placement is vital since the 
success rate increases considerably with accurate position-
ing. In fact, one study demonstrated an 85 % success rate 
when the probe was placed within 1.5 mm of the corneolim-
bal junction compared to 30 % success in another study 
using otherwise similar parameters [ 12 ,  28 ]. 

 The number of treatment applications is equally impor-
tant but highly controversial. A feline study demonstrated a 
graded IOP-lowering response proportional to the extent of 
treatment [ 29 ]. While aggressive (360°) treatment produces 
a signifi cant drop in IOP, it is also associated with a propor-
tionately higher rate of complications, including phthisis 
bulbi, hypotony, and anterior segment ischemia [ 30 ,  31 ]. 
These devastating complications can be signifi cantly reduced 
by decreasing the extent of treatment to 180°. Even in neo-
vascular glaucoma, the rate of hypotony can be reduced to 
0–18 % and the incidence of phthisis bulbi reduced to 
0–10 % [ 12 ,  14 ,  19 ,  32 – 34 ]. Most    clinicians modulate the 
number of cryolesions based upon the type and severity of 
the glaucoma. Since many surgeons err on the side of under-
treatment to minimize the risk of complications, augmenting 
therapy in the previously untreated regions is commonplace. 
Bellows and associates have cautioned to wait a month 
before re-treatment since it can take 2–4 weeks before the 
full extent of treatment is realized [ 35 ].   

    Current Therapeutic Options 

    Transscleral Cyclophotocoagulation 

    Nd:YAG Transscleral Cyclophotocoagulation 
 Light energy was fi rst employed as a cyclodestructive 
medium in 1961 when Weekers and colleagues used the 
transscleral xenon arc photocoagulation in rabbit and human 
eyes [ 36 ]. While it produced a deleterious histologic effect, 
its clinical impact was unimpressive. In 1969, Smith and 
Stein introduced the concept of using a ruby laser for 
cyclodestruction [ 37 ]. Beckman and Waeltermann published 
a retrospective review of their 10-year experience with trans-
scleral ruby laser cyclophotocoagulation (CPC). They docu-
mented a 62 % success rate in maintaining IOP between 5 
and 22 mmHg, with a particularly good response (86 %) in 
aphakic glaucoma patients. While 17 % of the treated patients 
experienced chronic hypotony, most of these individuals 
maintained their baseline vision [ 38 ]. 

 In the early 1970s, Beckman and Sugar experimented 
with neodymium-yttrium aluminum garnet (Nd:YAG) laser 
as another option for transscleral CPC. This laser had several 
attributes which distinguished it from the ruby laser. From a 
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practical standpoint, Nd:YAG lasers were relatively more 
available and cost effective, thus making this laser a more 
attractive option. The Nd:YAG laser had other advantages 
which could be theoretically benefi cial in practice. Most 
notably, the longer (1,064 nm) wavelength facilitates scleral 
penetration with less backscatter compared to lasers with 
shorter wavelengths [ 39 ,  40 ]. The combined benefi ts of 
availability, cost utility, and putative effi cacy resulted in the 
rise of the Nd:YAG at the expense of the ruby laser. 

 The Nd:YAG laser consists of a medium of neodymium 
atoms in a crystal of yttrium, aluminum, and garnet [ 41 ]. 
Transscleral cilioablation with the Nd:YAG laser can be 
employed using two unique protocols. Contact Nd:YAG CPC 
is performed with a 2.2-mm fi ber-optic tip coupled with a 
probe that is placed directly on the conjunctiva. The laser sys-
tem (i.e., SLT CL60 {Surgical Laser Technologies, 
Montgomeryville, PA}) provides direct delivery of Nd:YAG 
laser energy in a continuous wave mode of 0.1–10 s. The non-
contact laser system transmits the laser energy through air 
from a slit lamp delivery system (Lasag Microruptor II 
[Meridian, Switzerland]). The noncontact mode uses a pulsed, 
free-running, thermal mode that focuses intense energy in a 
small area for a brief period of time, thus causing mechanical 
photodisruption [ 7 ]. The mechanism of action of Nd:YAG 
cyclophotocoagulation is incompletely understood but 
appears to be multifactorial in origin. The proposed mecha-
nisms include (1) destruction of the ciliary processes [ 42 – 44 ], 
(2) increase uveoscleral outfl ow [ 45 ,  46 ], (3) infl ammatory-
induced alterations [ 7 ], and (4) ischemic destruction of the 
microvascular elements supporting the ciliary processes [ 47 ]. 

 While each physician takes some artistic license when it 
comes to treatment parameters, there are some general 
guidelines that most surgeons follow. For noncontact transs-
cleral Nd:YAG CPC, the general recommendation is to use 
4–8 J of energy for a 10–20-ms duration and maximum off-
set. One prospective study that evaluated noncontact 
Nd:YAG CPC using two different energy levels (4 J vs. 8 J) 
found a trend towards greater success with more energy [ 48 ]. 
Thirty-two laser applications are evenly spaced for 360 
around the limbus, skipping the 3 and 9 o’clock positions so 
as not to ablate the long posterior ciliary arteries [ 49 ]. The 
laser beam is typically aimed 1.0–1.5 mm posterior to the 
limbus. This recommendation is based on two studies that 
demonstrate maximal destruction of the ciliary body and 
lower IOPs with laser placement 1.0–1.5 mm behind the sur-
gical limbus [ 50 – 52 ]. By comparison, contact transscleral 
Nd:YAG CPC uses 4–9 W of power for 0.5–0.7 s. This tech-
nique also utilizes 32 burns place circumferentially 0.5–
1.0 mm behind the limbus [ 40 ]. Once again, histopathology 
studies were used to determine optimal positioning of the 
laser probe during treatment [ 53 ,  54 ]. 

 While both forms of Nd:YAG CPC employ the same 
amount of total energy, the contact method utilizes less power 

due to functional differences between the two techniques. 
Specifi cally, contact Nd:YAG CPC allows for a more effi cient 
transfer of energy through the sclera by pushing the probe 
fi rmly against the globe, thus optimizing scleral contact per 
unit area [ 49 ,  55 ]. When the probe indents the sclera, this 
enhances the overall effi ciency of energy transmission. 
Decreasing the probe size and tailoring the contour of the tip 
further optimizes contact and effi ciency [ 56 ]. Together, these 
two factors result in improved energy transmission and there-
fore less power consumption in the contact method for CPC. 

 Both forms of Nd:YAG CPC have been found to be effec-
tive at controlling IOP in patients with glaucoma. Noncontact 
Nd:YAG CPC has a documented success for achieving target 
IOP in 45–86 % of patients [ 57 – 59 ,  60 – 62 ]. In this group of 
studies, 21–46 % of the patients required one or more re- 
treatments to achieve the desired IOP range [ 58 ,  60 ]. The 
contact Nd:YAG CPC group performed equally well with 
reported success rates ranging from 66 to 71 % and pub-
lished re-treatment rates from 11 to 57 % [ 40 ,  63 – 65 ]. 

 Since a signifi cant percentage of patients require more 
than one laser session to achieve optimal IOP, this is an 
important concept to consider before committing to a second 
treatment. It takes approximately 1 month to reach maxi-
mum IOP reduction following Nd:YAG CPC, so it is gener-
ally recommended that surgeons wait at least this long before 
considering repeat laser treatment [ 7 ]. 

 Several factors have been identifi ed that portend a higher 
likelihood for success or failure following Nd:YAG CPC. 
Simmons et al. found that race was a possible distinguishing 
risk factor when they reported a signifi cantly higher success 
rate in whites as compared to blacks. The same study did not 
identify any predictive value when it comes to age, preopera-
tive IOP, and gender [ 66 ]. Nd:YAG CPC also seems to be par-
ticularly effective in patients with uveitic glaucoma [ 67 ] and in 
eyes with penetrating keratoplasty-related glaucoma [ 68 ,  69 ]. 

 There are several complications that are common to both 
types of Nd:YAG CPC. Immediately following the proce-
dure, white conjunctival scars are often present. This compli-
cation can be minimized in contact Nd:YAG CPC by utilizing 
a contact lens during treatment [ 7 ,  66 ]. Transient    pain is also 
relatively common but typically resolves within 3 days for 
most patients [ 41 ]. Uveitis is equally common, although 
highly variable in terms of severity. While most patients 
demonstrate a mild to moderate anterior chamber infl amma-
tory reaction, there have been reports of severe infl ammation 
with fi brin and hypopyon [ 7 ]. Fortunately, this infl ammation 
is responsive to topical steroids. 

 Other documented anterior segment complications 
include hyphema, scleral thinning, corneal graft failure, 
hypotony, and fl at anterior chamber [ 58 ,  70 – 72 ]. Vitreoretinal 
complications include choroidal detachments, vitreous hem-
orrhages, cystoid macular edema, and aqueous misdirection 
[ 73 ,  74 ]. The two most concerning complications include 
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sympathetic ophthalmia and visual loss. Some form of visual 
degradation occurs in up to 50 % of all cases of Nd:YAG 
CPC [ 7 ]. The underlying cause of this visual loss is diffi cult 
to assess but likely multifactorial. The underlying disease 
certainly plays a role since we know that patients with com-
plex conditions (like neovascular glaucoma) have the highest 
rate of visual loss following treatment [ 75 ]. That being said, 
up to 50 % of the cases of vision loss are thought to be 
directly attributable to the laser treatment [ 7 ]. While the 
defi nitive mechanism of action is incompletely understood, 
it is thought to be due to macular edema, infl ammation, and 
phototoxicity [ 7 ,  75 ]. Sympathetic ophthalmia is a rare but 
potentially devastating complication that can occur follow-
ing Nd:YAG CPC. The relationship was fi rst described by 
Edward and associates in 1989 when they published a report 
that provided compelling clinical and histopathological evi-
dence of a relationship between Nd:YAG CPC and sympa-
thetic ophthalmia [ 76 ]. Since that time, this relationship has 
been reaffi rmed in several other reports [ 77 ,  78 ]. There are 
two risk factors that seem to be associated with a higher like-
lihood of developing this condition: (1) high laser power and 
(2) previous incisional surgery [ 49 ]. Moderating the total 
energy delivered and careful selection of patients will help 
minimize the risk for developing sympathetic ophthalmia. 

 Compared to its predecessors, Nd:YAG CPC appears to be 
at least as effective, with advantages that include a lower inci-
dence of phthisis bulbi, hypotony, transient IOP spikes, pain, 
and ocular infl ammation [ 79 ]. Both techniques for Nd:YAG 
CPC yield excellent and nearly equivalent success rates. The 
contact method has been shown to be more energy effi cient 
and also creates a more localized destruction, which theoreti-
cally results in less pain and infl ammation [ 40 ]. While its rela-
tively high rate of vision loss prohibits Nd:YAG CPC from 
becoming a fi rst-line treatment in most situations, it remains 
an excellent option for patients with historically recalcitrant 
conditions, like neovascular and aphakic glaucoma.  

    Diode Laser Transscleral Cyclophotocoagulation 
 The concept of incorporating diode lasers into clinical medi-
cine was initially proposed by Pratesi in 1984 [ 80 ]. The 
semiconductor material in this particular diode laser is com-
posed of gallium-aluminum-arsenide. When the semicon-
ductor is excited by an electrical current, it emits infrared 
energy with a peak wavelength of 810 nm [ 80 ]. The use of 
diode laser technology as an option for cilioablative therapy 
was fi rst described in rabbits [ 81 ]. Subsequent histopathol-
ogy studies in both rabbit and human eyes have demonstrated 
blanching and shrinking of the ciliary processes on gross 
examination, along with ciliary body necrosis and epithelial 
cell disruption on microscopic evaluation [ 82 – 84 ]. 

 While the Nd:YAG laser produced reliable results, the 
potential benefi ts of the diode laser were too great to over-
look. Compared to the Nd:YAG system, the diode laser was 

more appealing due to its compact size, portability, improved 
ergonomics, low maintenance costs (i.e., no laser tubes), 
 facile delivery of laser energy, and effi ciency at converting 
electric energy into laser energy [ 85 ,  86 ]. 

 The diode in this light-emitting system produces a com-
bined wavelength of 810 nm compared to the 1,064 nm 
wavelength emitted by the Nd:YAG laser [ 87 ]. The shorter 
wavelength affords the advantage of greater absorption by 
the uveal melanin. Thus, for a set amount of energy absorp-
tion by uveal melanin, less energy is required using the diode 
system compared to the Nd:YAG laser [ 84 ,  85 ,  88 ]. This ben-
efi t is tempered by the fact that the longer wavelength emit-
ted by the Nd:YAG laser has signifi cantly better (75 %) 
scleral transmission compared to the 35 % scleral transmis-
sion produced by diode laser. Fortunately, the effective laser 
transmission can be increased to 70 % by employing a probe 
that can be used to perform scleral indentation [ 87 ,  89 ]. 
These attributes have led to the diode laser overtaking the 
Nd:YAG laser as the preferred method of transscleral CPC. 

 The commercially available diode units include Microlase 
(Keeler Instruments, Broomall, PA), DC-300 (Nidek, Inc., 
Palo Alto, CA), and OcuLight SLX (Iridex, Mountain View, 
CA). In the OcuLight SLX system (Fig.  4.1 ), the laser energy 
is transmitted through a 600-μm diameter quartz fi ber with a 
polished tip that is oriented by a handpiece known as a 
“G-probe” (Fig.  4.2 ). The footplate for this probe is curved 
to match the contour of the sclera and centers the fi ber-optic 
tip 1.2 mm from the corneoscleral limbus. This polished tip 
protrudes 0.7 mm from the footplate to maximize transmis-
sion of laser energy through the sclera. The most commonly 
used settings start at 2,000 mW for 2,000 ms duration. The 
traditional teaching recommends increasing the power in 
standard increments until an audible “pop” (which repre-
sents intraocular uveal microexplosions) is heard, at which 
point the energy is decreased to a power just below the level 

  Fig. 4.1    This is an image of the OcuLight SLx, the most commonly 
used ophthalmic diode laser in the United States (Image courtesy of 
Iridex, Mountain View, CA)       
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of the “pop” (Video  4.1 ). Despite this anecdotal recommen-
dation, Robolleda et al. reported that there were no signifi -
cant differences in IOP-lowering effi cacy between patients 
in whom the intraoperative “pop” did and did not occur [ 90 ]. 
A new protocol (known as the slow coagulation technique) 
uses a lower level of power (1,250–1,500 mW) for a longer 
duration (3,500–4,000 ms) in an effort to maintain effi cacy 
while minimizing postoperative infl ammation.

    Most surgeons apply six to eight laser spots per quadrant 
for 360°, with the applications spaced one half probe tip 
width apart. This strategy produces confl uent burns on the 
ciliary processes in human autopsy eyes [ 91 ]. It is highly 
recommended to avoid the 3 and 9 o’clock meridians so as to 
minimize trauma to the long posterior ciliary arteries and 
nerves [ 89 ]. It is also advisable to avoid perilimbal regions 
with excessive scleral or conjunctival pigmentation. Since 
the shorter wavelength of the diode laser is preferentially 
absorbed by pigment, laser uptake within pigmented anterior 
segment tissues can result in partial- or full-thickness ocular 
surface burns. Applying laser treatment to these highly pig-
mented regions also reduces energy transmission to the cili-
ary body, thus reducing effi cacy [ 92 ]. 

 The effi cacy of transscleral diode CPC is directly related 
to the extent of ciliary body and ciliary process destruction. 
While the G-probe performs admirably at positioning the 
laser over the ciliary body in standard eyes, its performance 
in patients with atypical morphology or axial length (i.e., 
extreme myopia, congenital glaucoma, or microphthalmos) 
is defi cient. For this reason, many surgeons routinely employ 
ocular transillumination to facilitate identifi cation of the cili-
ary body for optimal laser probe placement. This procedure 
is performed by placing a bright focal light source against 
the posterior globe, while aiming the light anteriorly. When 

this is performed in a dark environment, the darker ciliary 
body will be highlighted against the backdrop of a brighter 
ruby-colored glow [ 93 ,  94 ]. 

 Historically, the use of transscleral diode CPC in the 
United States has been relegated to eyes with severe, refrac-
tory glaucoma. Its status as a treatment of last resort is due to 
concerns regarding phthisis, chronic uveitis, pain, and loss of 
vision. The offi cial recommendations of the American 
Academy of Ophthalmology Ophthalmic Assessment com-
mittee are based on Level III evidence and include [ 93 ]:
    1.    Patients with refractory glaucoma who have failed trab-

eculectomy or tube shunt procedures   
   2.    Patients with elevated IOP and poor vision   
   3.    Patients with minimal or no visual potential who have eye 

pain thought to be secondary to the elevated IOP   
   4.    Patients whose ocular surface precludes incisional sur-

gery (i.e., profoundly scarred conjunctiva, ocular cicatri-
cial pemphigoid, thin sclera, history of scleritis)   

   5.    Patients who refuse incisional surgery   
   6.    Patients who are in emergent situations (i.e., neovascular 

glaucoma)    
  While this list serves as a useful guideline, the position of 

transscleral diode CPC in the treatment algorithm is surgeon 
specifi c. Ultimately, this decision is based on a careful consid-
eration of the potential risks (i.e., visual loss, hypotony), the 
potential benefi ts (i.e., noninvasive procedure), and individu-
alized patient characteristics (i.e., candidate for anesthesia). 

 Diode CPC has been shown to have both theoretical and 
practical benefi ts compared with older forms of cyclodestruc-
tion, but widespread adoption required strong clinical data 
establishing effi cacy. The fi rst item that required clarifi cation 
was comparative effi cacy with the other comparable cyclode-
structive technique, Nd:YAG CPC. In a prospective,  randomized 

  Fig. 4.2    This is a magnifi ed 
image of the G-probe, with an 
excellent view of the curved 
footplate and the protruding tip 
(Image courtesy of Iridex, 
Mountain View, CA)       
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study by Youn et al., they directly compared the IOP-lowering 
effi cacy of Nd:YAG and diode transscleral CPC in patients with 
refractory glaucoma. At the 12-month follow-up, 83 % of the 
patients in the Nd:YAG group (mean 14.45 mmHg) and 71 % of 
the patients in the diode group (mean 15.22 mmHg) have an 
intraocular pressure between 5 and 20 mmHg. There was no 
signifi cant difference between the two groups in the percentage 
of patients who achieved target IOP or in the fi nal mean IOP. 
Similarly, there was no statistically signifi cant difference in the 
postoperative visual acuity or change in visual acuity between 
groups at the fi nal follow-up [ 95 ]. A retrospective study by 
Oguri et al. also compared the safety and effi cacy of transscleral 
CPC using the Nd:YAG and diode lasers in patients with neo-
vascular glaucoma. In this study, the probability of successful 
IOP control (≤23 mmHg) at 3 years was 47.2 % in the diode 
group, 13.3 % in the free-running mode Nd:YAG, and 8.8 % for 
the continuous wave Nd:YAG group. While there was no sig-
nifi cant difference in effi cacy between the diode laser and the 
free-running Nd:YAG laser, the diode laser was signifi cantly 
more effective compared with the Nd:YAG in continuous wave 
mode. In the Oguri study, there was a signifi cantly high rate of 
visual loss in all three groups (24 % for the diode group, 56 % 
for the free-running Nd:YAG, and 44 % for the continuous wave 
Nd:YAG) [ 96 ]. While the rates of visual loss were high, they are 
similar to other CPC studies that studied patients with neovas-
cular glaucoma [ 63 ]. 

 Establishing comparative effi cacy was necessary to con-
sider the diode laser as a viable alternative to the Nd:YAG laser 
for use in transscleral CPC. The next step in validating the 
diode laser involves documenting long-term IOP control. 
Kosoko and associates led the way in this endeavor when they 
designed a prospective, non-comparative study that specifi cally 
looked at the long-term effi cacy of diode CPC in patients with 
refractory glaucoma, naïve to previous ciliary ablation. This 
study followed 27 eyes from 27 patients for 6–28 months, with 
a mean follow-up of 19 months. These patients were treated 
with 17–19 applications over 270°, for a total energy of 63.3 J. 
In this publication, failure was defi ned as an IOP drop of less 
than 20 % from baseline and an IOP above 22 mmHg. Based 
on this defi nition, the cumulative probability of success in this 
cohort of patients was 52 % at 2 years [ 97 ]. 

 In 2006, Vernon et al. published their own effi cacy results 
that spanned a longer duration of postoperative observation. In 
this retrospective study, the authors reviewed the results of 42 
eyes from 39 patients who underwent diode laser transscleral 
CPC. These patients were followed for 36–84 months, with a 
mean duration of 65.7 months. The treatment consisted of 14 
burns that were distributed around 270° of the limbus overly-
ing the ciliary body. Each treatment session delivered 56 J of 
energy. In this study, the mean IOP decreased from a pretreat-
ment level of 31.4 ± 8.8 mmHg to a fi nal value of 
15.6 ± 6.3 mmHg. This represents a 50.3 % decrease in the 
IOP compared with baseline. Treatment failure was defi ned as 

an IOP ≥ 22mmHg and a <30% reduction in IOP compared to 
baseline levels. Considering this criteria, 37 of the 42 eyes 
(88.1 %) achieved an IOP <22 mmHg, 35 of the 42 eyes 
(83.3 %) achieved an IOP reduction ≥30 %, and 31 out of the 
42 (73.8 %) patients had a ≥30 % reduction in IOP and a fi nal 
IOP <22 mmHg. The mean number of glaucoma drops 
decreased from 2.55 ± 0.83 to 1.71 ± 1.44, which was found to 
be statistically signifi cant. This study also reinforced the fi nd-
ing that it often takes multiple treatments to achieve optimal 
success since 59.6 % of eyes required more than one treatment 
(mean 2.17 sessions) to achieve the desired outcome [ 98 ]. 

 While the previous studies focused on effi cacy in adults, a 
study by Autrata and associates considers the long-term IOP-
lowering ability of diode CPC in the pediatric glaucoma popu-
lation. This retrospective study reviewed 69 eyes in 53 children, 
with a mean age of 6.14 ± 1.29 (range 0.9–15) years. A major-
ity of these patients have already undergone some form of eye 
surgery, with the average patient having undergone 1.6 previ-
ous surgeries. The mean follow-up for these patients was 
5.6 ± 2.8 (range 2.2–9.5) years. In this particular study, success 
was defi ned as a postoperative IOP of ≤21 mmHg, with or 
without glaucoma medications. In patients who underwent a 
single treatment session, only 46 % of these patients had an 
IOP ≤21 mmHg at 12 months. With repeat laser procedures, 
the success rate increased to 79 % at 1 year, 63 % at 2 years, 
and 48 % at 5 years. The mean fi nal post laser IOP was 
20.81 ± 6.38 mmHg after a mean of 2.13 ± 1.47 laser treatment 
sessions [ 99 ]. Pediatric glaucoma patients seem to respond 
with the same degree of IOP lowering that you would see in an 
adult glaucoma patient, but the effect has a shorter duration of 
action. This limitation must be considered in light of its more 
favorable side effect profi le. In pediatric glaucoma patients, 
diode CPC seems to be particularly useful for patients who are 
not good candidates for incisional surgery, as a temporizing 
measure before performing more invasive procedures and as an 
adjunct to previous tube shunt surgery [ 100 ,  101 ]. 

 The results with diode laser CPC have been good enough 
that some have considered using it in lieu of a glaucoma 
drainage device in patients with refractory and neovascular 
glaucoma. In a study by Malik and associates, they retro-
spectively compared the use of a double plate Molteno tube 
shunt to diode CPC in glaucoma patients who failed previ-
ous surgery. Twenty-eight eyes in the diode group and 26 
eyes in the glaucoma drainage implant group were followed 
for a mean of 150 (range 21–322) weeks. While the number 
of patients who achieved an intraocular pressure between 5 
and 21 mmHg without adjunctive glaucoma medications 
strongly favored the Molteno tube shunt group (46 % in the 
Molteno group to 11 % in the diode laser group), the success 
rate was comparable in the patients who required postopera-
tive glaucoma medications (81 % in the tube eyes and 64 % 
in the diode laser eyes) [ 102 ]. Yildirim and associates pro-
spectively treated neovascular glaucoma patients with either 
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diode CPC or an Ahmed Glaucoma Valve to compare the 
long-term safety and effi cacy. Of the fi fty-eight patients 
who completed the study, all had at least 2 years of follow-
up. The Kaplan-Meier survival analysis demonstrated a 
2-year probability of success of 61.18 and 59.26 % for the 
diode and Ahmed groups, respectively. The two groups also 
shared a similar rate of postoperative vision loss, with 24 % 
of the patients in the diode group experiencing a decrease in 
vision compared with a 27 % rate of vision loss in the 
Ahmed group [ 103 ]. 

 Like all surgical procedures, diode transscleral CPC has 
its share of potential complications. The most common post-
operative issues include visual loss, chronic uveitis, pain, 
hypotony, and treatment failure [ 87 ]. The prevalence of 
visual loss after diode transscleral CPC has been documented 
to be 7–31 %, which is lower than that seen in patients fol-
lowing Nd:YAG CPC (30–47 %) and cyclocryotherapy    
(5–69 %) [ 49 ,  57 ,  86 ,  87 ,  89 ,  97 ,  104 – 107 ]. Similarly, post-
treatment discomfort is less pronounced following diode 
CPC as compared to Nd:YAG CPC and cyclocryotherapy 
[ 87 ,  108 ]. Other reported complications include phthisis 
bulbi, malignant glaucoma, anterior segment ischemia, 
 sympathetic ophthalmia, lens subluxation, choroidal effu-
sions, necrotizing scleritis, staphylomas, epiretinal mem-
brane formation, intraocular pressure spikes, and corneal 
edema [ 87 ,  109 – 115 ].    

    Future Considerations 

    New Indications 

 Historically, cyclodestructive procedures have been reserved 
for patients with poor vision and refractory glaucoma. This 
is due to concerns about the high rates of visual loss and phthisis 
in the cyclocryotherapy literature [ 116 ]. A more detailed 
review of the literature highlights the fact that a majority of 
the early studies on cyclodestructive procedures targeted 
patients with refractory glaucomatous conditions, particu-
larly neovascular glaucoma. In fact, a study by Sidoti and 
associates that evaluated the success rate of Baerveldt tube 
shunt placement in patients with neovascular glaucoma docu-
mented a high complication rate, including a 31 % incidence 
of complete visual loss (no light perception) and an 11 % 
incidence of phthisis [ 117 ]. This fi nding highlights the fact 
that refractory glaucoma conditions are diffi cult to treat and 
susceptible to poor outcomes, regardless of the intervention. 

 The evolution of cilioablative therapy has ushered in the 
much more refi ned diode laser procedure. When directly 
compared against cyclocryotherapy, diode laser cyclophoto-
coagulation was found to be equally effective at IOP reduc-
tion, with a signifi cantly lower rate of profound vision loss 
(cyclocryotherapy 15.7 %, diode CPC 6.3 %) and phthisis 

(cyclocryotherapy 5.2 %, diode CPC 3.1 %) [ 118 ]. 
Moreover, as previously discussed, the study by Yildirim 
and associates documented the equivalent IOP-lowering 
effi cacy of diode CPC and the Ahmed Glaucoma Valve in 
treating patients with neovascular glaucoma. Similarly, the 
rate of vision loss was statistically equivalent between the 
two groups (27 % in the Ahmed valve-treated patients and 
24 % in the diode CPC patients). One particularly interest-
ing fi nding was that this study reported a greater incidence 
of phthisis bulbi for the Ahmed Glaucoma Valve (6 %) 
patients as compared to those patients who received diode 
CPC (0 %) treatment [ 103 ]. 

 The excellent results described above have encouraged 
surgeons to employ diode CPC in early stages of glaucoma 
and in patients with better vision [ 119 ,  120 ]. In 2001, Egbert 
and colleagues performed a prospective study of diode laser 
CPC as the primary surgical treatment in patients with pri-
mary open-angle glaucoma. In this study, one eye was treated 
with diode laser CPC while the fellow eye was treated with 
glaucoma drops. The IOP decreased in 67 % of the patients, 
with 48 % achieving a >20 % reduction in IOP compared 
with baseline eye pressure. There were no reports of phthisis 
bulbi, hypotony, or sympathetic ophthalmia in patients who 
were treated with laser. Regarding vision, 76 % (60/79) of 
the patients had the same or improved visual acuity as com-
pared to baseline. Moreover, the incidence of visual loss was 
23 % in both the diode CPC-treated eyes (18/79) and in the 
medically treated eyes (10/47) [ 121 ]. 

 Another study looked at diode CPC as the primary surgi-
cal therapy in patients with primary open-angle glaucoma, 
chronic angle-closure glaucoma, and neovascular glaucoma. 
The patients in all three groups experienced signifi cant drops 
in the IOP compared with baseline levels. Specifi cally, the 
patients with neovascular glaucoma experienced a 47 % 
decrease in IOP, the primary open-angle glaucoma patients 
achieved a 39 % drop in IOP, and the patients with chronic 
angle-closure glaucoma were found to have a 29.9 % reduc-
tion in eye pressure. There were no patients in any subgroup 
that experienced phthisis bulbi, prolonged hypotony, or vit-
reous hemorrhage. Importantly, the mean pre-laser visual 
acuity did not deteriorate following treatment in the primary 
open-angle glaucoma or chronic angle-closure glaucoma 
subgroups with good baseline vision [ 122 ]. 

 With mounting evidence supporting the safety and effi -
cacy of diode CPC as a primary treatment, an increasing 
number of surgeons are considering this procedure earlier in 
the course of the disease and in patients with better vision. In 
fact, the United Kingdom National Cyclodiode Laser survey 
reported that only 12.3 % of the respondents reserved diode 
CPC for patients with poor (≤6/60) vision [ 123 ]. It is likely 
that increasing familiarity and comfort with diode CPC will 
lead more surgeons to consider this intervention earlier in the 
course of the glaucoma treatment paradigm.  
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    Endoscopic Cyclophotocoagulation 

 While it is diffi cult to classify endoscopic cyclophotocoagu-
lation (ECP) as a new technology since it was fi rst described 
in 1985 and then released as a commercially available unit in 
the early 1990s, it is reasonable to state that its greater accep-
tance and position in the therapeutic paradigm are still in 
evolution [ 15 ,  124 ]. ECP is a cilioablative technique that 
allows direct photocoagulation of the ciliary processes with 
endoscopic assistance. The E2 Microprobe Laser and 
Endoscopy Systems (Endo Optiks, Little Silver, NJ) incor-
porates a diode laser that emits pulsed continuous wave 
energy at 810 nm with a 175-W xenon light source, a helium- 
neon laser aiming beam, and a recordable video camera. The 
image guide, the light guide, and the laser guide are transmit-
ted via fi ber-optic technology to an 18- or 20-gauge probe. 
The 20-gauge endoscope provides a 70° fi eld of view with a 
depth of focus from 0.5 to 15 mm. The 18-gauge endoscope 
affords a larger (110°) fi eld of view with a depth of focus 
from 1 to 30 mm. While the 20G probe has a smaller diam-
eter and can focus close to the target, the larger probe pro-
vides improved resolution and a more panoramic view [ 125 ]. 

 Endoscopic cyclophotocoagulation can be performed 
through limbal, clear cornea, and pars plana approaches. A pars 
plana entry is favored by vitreoretinal surgeons, who often use 
this technology in combination with a pars plana vitrectomy. 
The clear corneal and limbal approaches are preferred by ante-
rior segment surgeons, who can perform this procedure without 
the need for a vitrectomy. 

 In a clear cornea/limbal approach, viscoelastic is used to 
stabilize the anterior chamber and then expand the posterior 
chamber. This technique facilitates endoprobe access to the 
ciliary processes. Yu and associates reported that 2 mm was 
the ideal distance between the probe and target tissue to 
 preserve the intended laser energy settings [ 126 ]. The initial 
power is 0.25–0.3 W, which is titratable up to 1.2 W. The 
laser should be set on continuous mode so that the surgeon is 
“painting” the laser across the target tissue (Video  4.2 ). 
Successful treatment is manifested as a whitening and con-
traction of the ciliary processes. Utilization of a curved probe 
allows treatment for up to 270° from a single incision. 
Kahook and colleagues found that a two-site treatment 
allowed for 360° of treatment, which resulted in signifi cantly 
lower intraocular pressure and less dependence on glaucoma 
medication compared with a one-site approach [ 127 ]. At the 
end of the case   , complete removal of viscoelastic is highly 
recommended since retained viscoelastic is one of the most 
common causes of post-ECP IOP elevation [ 128 ]. 

 Given that ECP is still in its relative infancy, the specifi c 
indications are still evolving. Currently, the most common 
use of ECP is in combination with phacoemulsifi cation for 
the treatment of early to moderate glaucoma. Other docu-
mented indications for ECP include the following: (1) the 

treatment of plateau iris syndrome, (2) for patients with 
refractory glaucoma, (3) to augment the effects of a glaucoma 
drainage implant, and (4) in patients who are not good candi-
dates for fi ltration surgery or glaucoma drainage implants. 

 At the 2006 American Glaucoma Society annual meeting, 
Berke and associates presented the long-term data for the use 
of combined cataract surgery with ECP (Phaco/ECP) in the 
setting of medically controlled glaucoma. With a mean fol-
low- up of 3.2 years (range 5 months–5.5 years), the mean 
IOP decreased 3.4 mmHg in the Phaco/ECP group as com-
pared to a 0.7 mmHg increase in IOP following the straight 
cataract extraction. The Phaco/ECP group also experienced a 
>50 % reduction in medication burden, while there was no 
signifi cant change in medication load for the patients who 
underwent cataract surgery alone [ 129 ]. 

 Chen and associates evaluated the IOP-lowering effi cacy of 
ECP in a large series of patients with refractory glaucoma 
of various diagnoses. The eyes in this study received 180–360° 
of laser treatment to the ciliary processes. The mean baseline 
IOP was 27.7 mmHg preoperatively, which decreased to 
17.0 mmHg at the last follow-up. With the defi nition of suc-
cess being an IOP ≤21 mmHg, 94 % of the treatments were 
successful at year one and 82 % were considered a success 
after 2 years. There was a mean reduction of one glaucoma 
medication over the course of the study. No signifi cant com-
plications were noted in this report and <10 % of the patients 
experienced a ≥ 2 line decrease in Snellen visual acuity [ 130 ]. 

 Another compelling question is how ECP compares with 
traditional glaucoma surgeries (trabeculectomy and glau-
coma drainage device) in the treatment of elevated IOP. 
Gayton and colleagues conducted a randomized prospective 
study that compared Phaco/ECP with combined phacoemul-
sifi cation and trabeculectomy. Success was defi ned as a post-
treatment IOP <19 mmHg with no deterioration of the visual 
fi eld and no increase in optic nerve head cupping. Based 
upon this criterion, 30 % of the Phaco/ECP eyes achieved the 
target IOP range without medications and 65 % were suc-
cessful with adjunctive medications. In the phacoemulsifi ca-
tion/trabeculectomy group, 40 % of the patients achieved 
IOP control without medications, while 52 % of these 
patients reached the desired IOP range with additional glau-
coma medications [ 131 ]. Lima et al. prospectively compared 
patients with refractory glaucoma who were randomized to 
receive either ECP or an Ahmed drainage implant. All of the 
patients were pseudophakic, status post at least one previous 
trabeculectomy with adjunctive antimetabolite, possessed 
vision better than light perception, and had an IOP 
≥35 mmHg (mean 41 mmHg in both groups) on maximal 
tolerated medical therapy. At 24 months of follow-up, the 
mean postoperative IOP was 14.73 mmHg in the Ahmed 
group and 14.07 mmHg among ECP-treated patients. Based 
on a Kaplan-Meier analysis, this represents a 2-year success 
rate of 70.6 % for the Ahmed patients and 73.5 % for the 
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ECP patients. Noteworthy, the Ahmed glaucoma implant- 
treated patients had a signifi cantly higher rate of complica-
tions compared with those patients treated with ECP [ 132 ]. 

 Neely and Plager published two studies detailing their 
experience with ECP in the pediatric population. In the fi rst 
study, they retrospectively evaluated 6 years of data from 36 
eyes of 29 patients with refractory glaucoma who underwent 
ECP. The mean baseline IOP was 35.06 mmHg and the mean 
IOP at the fi nal visit was 23.63 mmHg, representing a 30 % 
decrease in IOP. The cumulative success rate for ECP in 
pediatric glaucoma patients was 43 %, with 25 % of all 
patients requiring more than one treatment to achieve the 
desired effi cacy. Aphakic patients had a higher rate of com-
plications, which included 2 retinal detachments, 1 episode 
of chronic hypotony, and 1 case of profound visual loss [ 133 ]. 
In another related study, Carter et al. performed a  retrospective 
review of 34 eyes from 24 children and young adolescents 
who were followed for a mean of 44 months after being 
treated with ECP. The mean IOP decreased from 32.6 to 
22.9 mmHg during the follow-up period. In this study, treat-
ment failure was defi ned as a (1) postoperative IOP 
>24 mmHg and <15 % IOP lowering, despite the addition of 
adjunctive medications, or (2) the occurrence of a visually 
signifi cant complication. Based on these qualifi ers, the over-
all success rate was found to be 53 % [ 134 ]. 

 One distinct advantage of ECP is that the treatment is per-
formed with direct visualization of the target tissue. This is 
particularly useful in situations where the patient has abnor-
mal anatomy (i.e., congenital glaucoma) or media opacities 
(i.e., corneal opacities). As it relates to the former, Barkana 
and associates reported successfully treating a congenital 
glaucoma patient with ECP in the setting of a failed transs-
cleral diode CPC. Endoscopic visualization revealed several 
misplaced laser burns, representing the ill-fated attempt at 
transscleral CPC [ 135 ]. A study by Al-Haddad and col-
leagues documented a low incidence of successful IOP 
reduction (17 %) using ECP in patients with corneal opaci-
ties but acknowledged that the procedure still played a lim-
ited role in this challenging patient population. They also 
reported signifi cant benefi t of endoscopy alone in the intra-
ocular placement of tube shunts when media opacities pre-
cluded good visualization. This study was limited by a low 
sample size, patients with abnormal anatomy and aqueous 
dynamics, and diffi culty measuring the IOP accurately due 
to the opacifi ed corneas [ 136 ]. 

 While ECP has a favorable side effect profi le compared to 
transscleral CPC, several complications have been reported. 
The largest series of Phaco/ECP patients reported the follow-
ing complications: IOP elevation (14 %), fi brinous uveitis 
(7 %), cystoid macular edema (4 %), and transient hypotony 
(2 %) [ 137 ]. Another large case series that included patients 
with more advanced glaucoma reported fi brinous exudates 
(24 %), hyphema (12 %), cystoid macular edema (10 %), ≥2 

line visual loss (6 %), and choroidal detachment (4 %) [ 130 ]. 
There are several theoretical, albeit currently unsubstanti-
ated, risks such as endophthalmitis and suprachoroidal hem-
orrhage that are an inherent to any intraocular procedure. 
There was one reported case of post-ECP phthisis bulbi that 
occurred 5 months after treatment [ 138 ].  

    Micropulse Transscleral Diode Laser 
Cyclophotocoagulation 

 A new form of transscleral diode laser CPC has been devel-
oped that utilizes micropulse technology to denature the tar-
get tissue while minimizing collateral tissue damage. The 
diode laser emits a series of short (microsecond), repetitive 
bursts of energy. This active phase of the treatment algorithm 
is referred to as “on” time and confi nes the thermal effect to 
the absorbing tissue, with minimal diffusion of heat to the 
adjacent structures. The cooling period (“off” time) is pro-
portionately longer than the pulse time, thus allowing the 
thermal relaxation of tissue and a return to baseline tempera-
ture [ 139 ,  140 ] (Fig.  4.3 ).

   Micropulse diode laser technology has been successfully 
used for the treatment of several retinal diseases, including 
diabetic retinopathy and maculopathy. This same technology 
is now being evaluated for safety and effi cacy as a method 
for CPC. Based on its mechanism of action, the expectation 
is that micropulse diode laser CPC will achieve IOP-lowering 
effi cacy that rivals traditional diode CPC, without the associ-
ated pain and infl ammation. 

 In 2002, the results of a pilot study were published that 
documented a mean baseline IOP of 44 mmHg that decreased 
to 28 mmHg at week 1 and 36 mmHg at week 3. At the end 
of the fi rst week, 75 % of the patients achieved ≥20 % 
decrease in IOP, while 63 % of the patients experienced a 
≥30 % drop in IOP compared to baseline. These results dem-
onstrate a signifi cant short-term reduction in IOP that tends to 
regress over time [ 141 ]. In 2010, Tan and associates pub-
lished the results from a prospective interventional case series 
that evaluated 40 eyes from 38 consecutive patients with 
refractory glaucoma who were treated with micropulse diode 
CPC using a redesigned G-probe. The mean baseline IOP was 
40.1 mmHg and the patients were followed for an average of 
17.3 (range 12–118) months. The mean IOP dropped to 
24.6 mmHg at the fi nal follow-up, with 35 % (14/40) requir-
ing a second laser treatment. The mean number of glaucoma 
medications was reduced from 2.1 before treatment to 1.3 at 
the fi nal visit. Importantly, only 31.6 % reported any pain dur-
ing the procedure and none of the patients described the dis-
comfort as moderate or severe. Regarding complications, all 
of the patients experienced mild infl ammation and hyper-
emia. Fortunately, there were no reports of hypotony and no 
patients experienced a loss in visual acuity [ 142 ]. 
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 Indeed, the micropulse diode transscleral CPC appears to 
be a promising new technology that provides stellar IOP con-
trol with a favorable side effect profi le. Further testing with 
longer follow-up is required to have a better sense of where 
this fi ts in our treatment algorithm.  

    Ultrasound-Mediated Cyclomodifi cation 

 While effective, traditional cyclodestructive procedures are 
nonspecifi c interventions that coagulate the surrounding tis-
sue along with the ciliary body and ciliary processes. This 

indiscriminate tissue damage results in the feared complica-
tions, including hypotony, phthisis, and pain. 

 These issues have prompted research into other 
 tissue- specifi c and less destructive alternatives. This effort 
culminated in the introduction of high-intensity focused 
ultrasound (HIFU) for the treatment of glaucoma. In 1991, 
Silverman and colleagues published the results from a multi-
center clinical trial, where 880 eyes of patients with refrac-
tory glaucoma were treated with HIFU. In this study, 
successful treatment was defi ned as an IOP between 6 and 
22 mmHg. Given this qualifi er, the authors reported a 
6-month success rate of 48.7 % with one treatment and 

  Fig. 4.3    This is an artistic 
rendering of micropulse laser 
delivery. These images 
demonstrate how continuous 
wave energy is separated into a 
series of repetitive microsecond 
pulses. The pictures provides a 
graphical representation of the 
fact that the duration of the laser 
pulse (“ON”) time can be 
adjusted to deliver adequate 
energy to the target tissue while 
minimizing thermal spread 
(Image courtesy of Iridex, 
Mountain View, CA)       
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79.3 % when re-treatment was allowed. The common com-
plications in this study included mild iritis, scleral thinning, 
and phthisis (1.1 %) [ 143 ]. Unfortunately, the commercial 
unit was obtrusive and the process was cumbersome, thus 
leading to the demise of this device (Fig.  4.4 ) [ 144 ]. 

  Improved technology (particularly miniaturized annual 
transducers) has facilitated the redesign of the HIFU unit 
into a compact, user-friendly device. The fi rst commercially 
available HIFU unit is called EyeOP1 (EyeTechCare, 
Rillieux-la-Pape, France) and consists of a command module 
and a disposable circular therapy probe. The command 
 module is a computerized system with a touch screen that 
allows input and adjustment of the setting parameters. The 
computer controls the two essential components of the sys-
tem: (1) the generator that delivers the necessary power to 
the piezoelectric transducers and (2) the pressure reduction 
system, which modulates the amount of suction applied by 
the probe. The therapeutic device also consists of two vital 
parts: (1) the positioning cone, which centers the device on 
the eye and fi xates it in proper position, and (2) the treatment 
probe, which actually creates the ultrasonic beam [ 144 ]. 

 The concept underlying this device is called ultrasound 
circular cyclocoagulation (UC 3 ). It involves the simultane-
ous treatment of the entire ciliary body through the use of 
a circular treatment probe that releases a titratable dose of 
ultrasonic energy. By incorporating six separate micro- 
transducers, the probe is able to form six distinct ultra-
sonic beams that treat the circumference of the eye at the 
required depth in a procedure that takes approximately 1 
min [ 144 ,  145 ]. 

 The fi rst clinical pilot study on the EyeOP1 was completed 
in March 2011. In this prospective, non-comparative study, 12 
eyes of patients with refractory glaucoma were treated with 

the EyeOP1 device. The patients were randomized into groups 
receiving either three- or four-second duration of ultrasound 
exposure per shot. In the former group, the IOP decreased 
from a mean preoperative value of 35.6 to 27.49 mmHg at the 
6-month follow-up visit. The IOP in the latter group decreased 
from a 40.5 mmHg baseline value to 23.4 mmHg at the 
6-month follow-up. The complications included three cases of 
superfi cial punctate epitheliopathy and one report of a central 
ulcer. There were no reports of chronic pain, hypotony, or 
phthisis bulbi in either group [ 145 ]. 

 Another IOP-lowering ultrasonic device is being devel-
oped by visionary ophthalmologist Donald Schwartz, M.D. 
This instrument emits a low frequency ultrasonic energy to 
the targeted perilimbal region that ultimately results in an 
increased outfl ow facility. This effect is mediated by two pre-
sumptive mechanisms: (1) by initiating an integrin response 
that leads to a cytokine cascade, culminating in the activation 
of enzymes, macrophages, and heat shock proteins, and (2) 
by dislodging debris from the trabecular meshwork. 

 This procedure is performed by placing an ultrasound 
probe circumferentially around the limbus at all twelve clock 
hours. According to Dr. Schwartz, the focused ultrasonic 
energy (20,000–100,000 Hz) generates a high enough tem-
perature within the trabecular meshwork to stimulate the 
cytokine cascade without causing tissue destruction. He cites 
non-published rabbit histopathology studies to support his 
contention that the IOP-lowering effect is not mediated 
through ciliary body destruction. Instead, he proposes that 
the mechanism of action is similar to laser trabeculoplasty, 
where cytokine activation leads to increased outfl ow facility. 
Clinical studies are currently underway to evaluate the short- 
and long-term safety and effi cacy of this exciting new tech-
nology [ 146 – 147 ].   

  Fig. 4.4    This is a representation 
of the HIFU handpiece as it sits 
on the human eye (Image 
courtesy of EyeTechCare, 
Rillieux-la-Pape, France)       
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    Summary 

 Over the past 100 years, there has been a dramatic evolution 
in the technology that is used for cilioablation. 
Cyclodiathermy was effective but long-term effi cacy issues 
and its high incidence of severe complications led to its 
demise. Cyclocryotherapy afforded a more predictable IOP- 
lowering response, but it also had a prohibitively high inci-
dence of vision threatening complications. Diode laser CPC 
ushered in a new age of ciliodestruction. It was found to have 
equivalent IOP-lowering effi cacy to its predecessors with a 
much more tolerable side effect profi le. This encouraging 
risk-benefi t profi le has led to a dramatic expansion in the 
indications for implementing cilioablative therapy in the 
treatment of glaucoma. In fact, there has been a shift towards 
using transscleral diode CPC in patients with much better 
vision. That trend started in Europe and has now gained 
some degree of acceptance in the United States. While early 
utilization of transscleral diode CPC is just starting to catch 
on, there has been greater acceptance of endoscopic diode 
CPC for the treatment of early stages of glaucoma. This 
acceptance is due to good effi cacy and minimal side effects 
and because it can be easily used as an adjunct to cataract 
surgery. Diode technology continues to evolve and has 
resulted in micropulse diode CPC. Early results suggest sim-
ilar IOP-lowering effi cacy as traditional diode CPC with less 
trauma to the surrounding tissue. The ciliary body is also 
being considered as a target for the similarly benign high- 
intensity focused ultrasound treatment. This technology is a 
hybrid between cilioablation and selective laser trabeculo-
plasty, with early results that produce excitement for the 
future.      
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           The US Food and Drug Administration’s 
Regulation of Medical Devices 

 The jurisdiction of the US Food and Drug Administration 
(FDA) encompasses human and animal drugs; therapeutic 
agents of biological origin; most food products (other than 
meat and poultry); tobacco products; radiation-emitting 
products for consumer, medical, and occupational use; cos-
metics; animal feed; and medical devices. 

 Although it was not known by its present name until 1930, 
the FDA’s modern regulatory functions began with the pas-
sage of the 1906 Pure Food and Drugs Act which prohibited 
interstate commerce in adulterated and misbranded food and 
drugs. It was not until passage in 1938 of the Food, Drug, and 
Cosmetic Act that medical devices were placed under FDA 
control; however, this legislation did not require premarket 
approval for devices. The 1976 Medical Device Amendments, 
following a public health disaster in which thousands of 
women were injured by an intrauterine device, provided for 
three classes of medical devices, each requiring a different 
level of regulatory scrutiny. This classifi cation scheme depends 
on the intended use of the device and is based on risk. 

 Ophthalmic examples of class II devices include most vitrec-
tomy and phacoemulsifi cation instruments, tonometers, slit 
lamp microscopes, glaucoma lasers, and implantable glaucoma 
devices for the “refractory” patient population. Ophthalmic 
examples of class III devices include intraocular lenses, excimer 
lasers, endotamponades, viscoelastics, and implantable glau-
coma devices for the “non-refractory” patient population. 

 A 510(k) is a premarket submission made to the FDA to 
demonstrate that the device to be marketed is at least as safe 
and effective, that is, substantially equivalent, to a legally 
marketed device (21 CFR 807.92(a)(3)) that is not subject to 
PMA. Premarket approval (PMA) is the FDA process of sci-
entifi c and regulatory review to evaluate the safety and effec-
tiveness of class III medical devices. Class    III devices are 
those that support or sustain human life, are of substantial 
importance in preventing impairment of human health, or 
present a potential, unreasonable risk of illness or injury.  

    History of IOP-Lowering Devices at the FDA 

 Depending on the nature of the technology, the indications 
for use, and the claims being made by the company market-
ing the device, non-implantable devices (i.e., surgical instru-
ments and tools) used to lower IOP may be class I (exempt 
from a 510(k) submission), class II requiring FDA clearance, 
or class III requiring FDA approval via a PMA prior to mar-
keting in the United States. For example, the FDA cleared 
the Trabectome as a class II device via the 510(k) pathway in 
2006 for the general claim of “removal, destruction and 
coagulation of tissue.” The iTrack (iScience Interventional) 
ophthalmic microcannula received 510(k) marketing clear-
ance from the FDA in 2004 for the general purpose of “fl uid 
infusion and aspiration, as well as illumination, during sur-
gery.” Subsequently, in 2008 the iScience Microcatheter was 
specifi cally cleared for “catheterization and viscodilation of 
Schlemm’s canal to reduce intraocular pressure in adult 
patients with open-angle glaucoma.” Furthermore, in 2004, 
the FDA cleared the Endo Optiks E2 MicroProbe for endo-
scopic cyclophotocoagulation (ECP) in patients who have 
failed conventional topical and systemic medical therapy, 
previous laser photocoagulation, trabeculectomy, or cycloc-
ryotherapy. The clinical evidence, if any, on which these 
510(k) clearances of manual instruments were based is not 
readily apparent in the FDA database of marketing decision 
summaries [ 1 ]. 

      Clinical Trials for IOP-Lowering 
Devices to Support an FDA 
Premarket Submission 
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 Lasers used for IOP reduction historically have been 
treated by the FDA as class II devices and were cleared under 
the general ophthalmic laser regulation, 21 CFR 886.4390 1  
under product codes HQF and LQJ; however, claims for spe-
cifi c therapeutic procedures (e.g., trabeculoplasty and iri-
dotomy) can be found in the labeling. The clinical evidence, 
if any, on which these laser 510(k) clearances were based is 
not readily apparent in the FDA database of marketing deci-
sion summaries. 

 Like the non-implantable examples listed above, implant-
able aqueous shunts intended to reduce intraocular pressure 
(IOP) “refractory” glaucoma 2  patients are usually treated by 
the FDA as class II consistent with 21 CFR 886.3920 (under 
product code KYF). What constitutes failure of “medical and 
conventional surgical treatment” has not been clearly defi ned 
and standardized neither by the academic community nor by 
the FDA. In 1998, the FDA issued a guidance document 
which describes preclinical and clinical testing requirements 
for the regulation of class II aqueous shunts through the sub-
mission of premarket notifi cations [510(k)s] [ 2 ]. The fi rst 
generation Ahmed (New World Medical), Baerveldt 
(Advanced Medical Optics), Krupin (Eagle Vision), and 
Molteno (Molteno Ophthalmic) aqueous shunts received 
marketing clearance from the FDA between 1989 and 1993; 
modifi ed Ahmed and Molteno devices were subsequently 
cleared in 2006. The Ex-PRESS™ Mini Glaucoma Shunt 
received 510(k) marketing clearance in 2002 [ 3 ]. 

 The FDA considers aqueous shunts intended to reduce 
intraocular pressure in “non-refractory” eyes which have not 
failed conventional medical and surgical treatment to be 
higher risk and as such are regulated as class III devices 
under product code OGO. An increasing number of compa-
nies are pursuing FDA approval of their devices for this 
patient population. The AquaFlow™ Collagen Glaucoma 
Drainage Device received PMA approval from the FDA in 
2001 for the maintenance of subscleral space following non- 
penetrating deep sclerectomy in patients with open-angle 
glaucoma where intraocular pressure remains uncontrolled 
while on maximally tolerated medical therapy [ 4 ]. The 
Glaukos iStent® Trabecular Bypass Stent Model GTS100 
was PMA approved in 2012 for use in conjunction with cata-
ract surgery for the reduction of intraocular pressure in adult 
patients with mild to moderate open-angle glaucoma who 
receiving treatment with ocular hypotensive medication [ 5 ]. 

 In addition to aqueous shunts intended for the “non- 
refractory” glaucoma population, an implantable device 
intended for the refractory population could be considered 
class III if there is no legally marketed predicate device that 

1   AC-powered device intended to coagulate or cut tissue of the eye, 
orbit, or surrounding skin by a laser beam. 
2   Defi ned as eyes with “patients with neovascular glaucoma or with 
glaucoma when medical and conventional surgical treatments have 
failed”. 

can serve as the basis of a substantial equivalence compari-
son in a 510(k) notifi cation.  

    “Valid Scientifi c Evidence” 

 The FDA evaluates medical devices using information pro-
vided by the sponsor of the submission. This information 
typically consists of a technical description and “valid scien-
tifi c evidence”. Among the types of evidence that may be 
required, when appropriate, to determine that there is reason-
able assurance that a device is safe and effective are investi-
gations using animal models, nonclinical investigations 
including in vitro studies, and investigations involving 
human subjects. Among the types of nonclinical information 
evaluated by the FDA review team for an implantable shunt 
are its mechanical, material, dimensional, and fl ow charac-
teristics. For lasers intended to lower IOP, the nonclinical 
aspects of the FDA review may involve an optical radiation 
safety evaluation and testing in an animal model. 

 For all class III devices and some class II devices, clinical 
performance data are required to be included in the premarket 
regulatory marketing submissions. All clinical evaluations of 
investigational IOP-lowering devices in the United States, unless 
exempt or nonsignifi cant risk [ 6 ], must have an approved inves-
tigational device exemption (IDE) before the study is initiated. 

 Clinical data provided in support of any FDA marketing 
application, including a 510(k) when those data are relevant to a 
substantial equivalence determination, should also fi t the defi ni-
tion of “valid scientifi c evidence”. According to the federal regu-
lation 21 CFR 860.7(c)(2) [ 7 ], the FDA defi nes “valid scientifi c 
evidence” derived from a clinical study as, “Evidence from well-
controlled investigations, partially controlled studies, studies and 
objective trials without matched controls, well-documented case 
histories conducted by qualifi ed experts, and reports of signifi -
cant human experience with a marketed device, from which it 
can fairly and responsibly be concluded by qualifi ed experts that 
there is reasonable assurance of the safety and effectiveness of a 
device under its conditions of use….The valid scientifi c evidence 
used to determine the effectiveness of a device shall consist prin-
cipally of well-controlled investigations.” The regulation goes on 
to defi ne a well-controlled clinical investigation as one with a 
documented study plan or protocol, well-defi ned study objec-
tives and study population, a clear description of the study meth-
ods, and a comparison of the results of treatment with a 
pre-specifi ed control (no treatment, placebo, active treatment, or 
historical control). Finally, a description of the methods of analy-
sis should be included in the protocol. 

 The regulations permit the FDA to calibrate the level of 
clinical evidence required according to the characteristics of 
the device, its conditions of use, the existence and adequacy 
of warnings and other restrictions, and the extent of experience 
with its use. The agency can accept evidence from studies 
that do not meet all the criteria above if the agency deter-
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mines that they are “not reasonably applicable to the device.” 
Therefore, the FDA typically handles non-implanted devices 
differently than permanently implanted devices, and the evi-
dentiary standards for class II implantable devices are not 
always the same as those for class III implantable devices. 

 While all clinical studies performed inside the United 
States to support a marketing submission must be conducted 
in accordance with the investigational device exemption 
(IDE) regulation, the FDA’s purview does not extend to clini-
cal studies performed outside the United States. Theoretically, 
the FDA is willing to accept data from studies conducted 
solely outside the United States as support for a PMA under 
the following conditions:
•    The rights, safety, and welfare of human subjects have 

been protected in accordance with 21 CFR 814.15.  
•   The data are scientifi cally valid.  
•   The foreign data are applicable to the US population and 

medical practice.  
•   The studies have been performed by clinical investigators 

of recognized competence.  
•   The data may be considered valid without the need for an 

on-site inspection by the FDA, or if the FDA considers such 
an inspection to be necessary, the FDA can validate the data 
through an on-site inspection or other appropriate means.    
 Realistically, however, the applicability of foreign data to 

the US population may be limited due to the following con-
founding factors:
•    Demographic factors (e.g., race, sex, ethnicity, age, socio-

economic status, or educational status)  
•   Clinical factors (e.g., prevalence of smoking, diabetes, or 

obesity; compliance with medical regimen or follow-up; 
education level or language; and cultural differences)  

•   Population/system-related factors (e.g., concomitant 
medication use, differing physician and medical prac-
tices, legal factors, or the use of adjunct devices)  

•   Protocol-related factors (e.g., inclusion and exclusion  criteria, 
procedural characteristics, or the test materials being used)    
 In a PMA, applicability of foreign data to the US popula-

tion and medical practice can be demonstrated by showing 
baseline homogeneity and outcome comparability and 
adjusting for differences in important covariates if observed.  

    Clinical Study Design for Implantable 
Glaucoma Devices 

 Though the recommendations were not limited to studies 
intended to support an FDA submission, a 2011 Ophthalmic 
Technology Assessment from the American Academy of 
Ophthalmology entitled, “Novel Glaucoma Procedures” [ 8 ] 
concluded that “Randomized trials are needed to determine 
the effi cacy of [novel glaucoma] procedures compared with 
trabeculectomy, with one another, and with phacoemulsifi ca-
tion alone (in the case of combined procedures).” The report 

also recommended the establishment of “a uniform study 
design for novel glaucoma procedures so that different stud-
ies are more easily compared” including standard inclusion 
and exclusion criteria, length and retention of follow-up, and 
defi nitions of success and failure. 

 Generally, for all implant device studies intended to sup-
port an FDA application, the choice of effectiveness end-
points is dependent on whether the sponsor of the device 
intends to claim the device is indicated for IOP reduction, for 
treatment of glaucoma, or for both. Because a marketing 
claim for stabilization or reversal of glaucomatous optic neu-
ropathy would require a signifi cantly more arduous study 
design entailing functional (e.g., perimetry) and structural 
(e.g., retinal nerve fi ber layer thickness) endpoints and a lon-
ger follow-up period, sponsors typically seek only claims 
related to the ability of their device to lower IOP. 

 At the 2008 NEI/FDA CDER Glaucoma Clinical Drug 
Trial Design and Endpoints Symposium [ 9 ], the FDA 
expressed its willingness to consider additional outcome 
measures in the approval process for new glaucoma drugs 
and devices but also indicated that it is the responsibility of 
the research community to demonstrate that structural mea-
sures correlate with clinically relevant functional measures. 
During the symposium, the FDA encouraged sponsors of 
glaucoma clinical trials to propose new clinical endpoints 
and to discuss these with the FDA at a very early phase of 
research planning. 

 The level of clinical evidence necessary for clearance of 
class II implantable shunts has been inconsistent and, as 
described below, is generally lower than the evidence required 
for class III shunts. With the 1998 publication of the afore-
mentioned FDA guidance document, the agency described 
generally applicable requirements for implantable device 
studies in the “refractory” glaucoma 3  population in order to 
obtain 510(k) clearance as a class II device. Since that time, 
the FDA has collaborated within the American National 
Standards Institute (ANSI) working group to describe the 
mechanical, physical, and biocompatibility properties, as well 
as the elements of clinical protocols that are recommended to 
evaluate the clinical performance of “refractory” 4  as well as 

3   Defi ned in the guidance as eyes “with neovascular glaucoma or with 
glaucoma when medical and conventional surgical treatments have 
failed”. 
4   Defi ned in the ANSI standard as “eyes uncontrolled by medical 
 therapy and diagnosed with glaucoma which meet at least one of the 
 following criteria: 
 1. Failed one or more incisional intraocular glaucoma surgeries (e.g., 

glaucoma fi ltering surgery or tube shunt) 
 2. Failed one or more cilioablative procedures (e.g., cryotherapy, cyc-

lodiode therapy) 
 3. Have neovascular glaucoma 
 4. Have any other condition (e.g., conjunctival scarring, uveitis) in 

which a conventional incisional glaucoma surgery like trabeculec-
tomy would be more likely to fail than for an eye with uncompli-
cated primary open-angle glaucoma” 
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“non-refractory” 5  glaucoma devices. The scope of the ANSI 
standard applies to devices which are implanted in the eye to 
treat glaucoma by facilitating aqueous outfl ow but does not 
apply to implantable glaucoma devices whose effect depends 
upon metabolic and/or pharmacologic mechanisms. 6  

 The clinical protocol should include descriptions of the 
surgical technique for implantation and considerations for 
safe explantation of the device and of the use of pre operative, 
intraoperative, and postoperative medications (anti- infective, 
anti-infl ammatory, IOP lowering, etc.). 

 The enrollment criteria should specify the type of glau-
coma in the study population, e.g., primary open-angle 
glaucoma and secondary open-angle glaucoma (i.e., pseudo-
exfoliation, pigmentary). The visual acuity and the maximum 
allowable degree of restriction of the visual fi eld of the non-
study eye should also be specifi ed. It is recommended that 
only one eye of each subject should be implanted with the 
investigational device. If both eyes of a subject qualify for 
enrollment and only one eye is to be enrolled, then a method 
by which the eye for enrollment is selected to minimize bias 
should be specifi ed in the study protocol. 

 Investigators should consider including the following 
evaluations in the protocol (not an exhaustive list):
•    Best corrected visual acuity  
•   Tonometry  
•   Central corneal thickness  
•   Diurnal IOP measurement  
•   Motility evaluation  
•   Gonioscopy  
•   Lens opacifi cation for phakic eyes  
•   Slit lamp exam  
•   Vertical cup/disk ratio assessment  
•   Dilated fundus exam  
•   Optic nerve image analysis  
•   Perimetry  
•   Specular microscopy  
•   Patient reported outcomes    

 In addition to the FDA guidance and ANSI consensus 
standard, study investigators and sponsors of clinical studies 
can refer to the 2009 publication from the World Glaucoma 
Association (WGA) entitled, “Guidelines on Design and 
Reporting of Glaucoma Surgical Trials” which is endorsed 
by the American Glaucoma Society [ 10 ]. This document is a 
comprehensive discussion and includes recommendations 

5   Defi ned in the ANSI standard as “eyes diagnosed with glaucoma 
which do not meet any of the criteria for refractory glaucoma and which 
may have or may not have been treated with medications or laser tra-
beculoplasty. It includes eyes with glaucoma that are candidates for 
medical therapy, laser treatment, and glaucoma fi ltering surgery. Eyes 
in this category may have undergone uncomplicated cataract surgery, 
retinal laser, or extraocular muscle surgery.” 
6   N.B. The ANSI standard for implantable glaucoma devices has yet to 
be formally recognized by FDA as of May 2013. 

for the design and conduct of a glaucoma clinical trial irre-
spective of whether the study is intended to support an FDA 
regulatory application. Notably this document does not make 
separate recommendations for “refractory” and “non- 
refractory” glaucoma populations as is done in the ANSI 
document described above. Also, this document is not lim-
ited to implantable device studies unlike the ANSI docu-
ment. The following are some the “summary points” from 
the WGA document:
•    The randomized clinical trial is the most valid methodol-

ogy to determine the safety and effi cacy of new glaucoma 
surgical procedures and to compare their results and com-
plications with those of established glaucoma surgical 
techniques.  

•   It is recommended that investigators comply with the 
CONSORT checklist [ 11 ] for reporting randomized 
 clinical trials.  

•   Though it is understood that non-randomized studies may 
provide some information regarding outcomes and com-
plications of new glaucoma surgical procedures, how-
ever, the non-randomized study design cannot assure the 
investigation of two comparable groups.  

•   Investigators should include broad-based study popula-
tions to develop widely applicable and generalizable new 
information about glaucoma surgical care.  

•   International collaboration of investigators to study new 
types of glaucoma surgery is supported and encouraged.  

•   The benefi ts and risks of any new glaucoma surgical pro-
cedure should be compared with those of established and 
accepted interventions. The participation of concurrent 
controls rather than previously collected information (his-
torical controls) is strongly encouraged.  

•   Investigators should consider defi ning the nature of the 
glaucoma on the basis of anterior chamber angle anat-
omy; the structural state of the disease, based on quantita-
tive assessment of the optic nerve or nerve fi ber layer or 
both; and the functional status, as defi ned with standard 
automated perimetry.  

•   The establishment of study endpoints before the initiation of 
any investigation as critical to the interpretation of the 
results.  

•   The importance of determining visual function before and 
after operative intervention to assess the outcomes of 
glaucoma surgery is recognized. Use of standard auto-
mated perimetry as described in several large randomized 
clinical trials may facilitate the comparison of results 
across different studies.  

•   The surgeon and patient should be masked as to the treat-
ment being performed if this is practical; however, it is 
recognized that this is not possible for most glaucoma sur-
gical procedures.  

•   The surgeon who performs the procedure should not eval-
uate the patient for the purpose of providing information 
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that will be used to judge the success or failure of the 
procedure.  

•   The measurement of endpoints by skilled graders who 
have not been directly involved in patient care is strongly 
advocated.     

    “Refractory Glaucoma” Studies 

 The types of clinical investigations recommended in the 
ANSI standard and typically required by FDA for this patient 
population are a non-comparative study or a comparative 
study using either an appropriate historical control popula-
tion or a concurrently studied control population. If the clini-
cal data is intended to serve as a primary means of determining 
substantial equivalence to a predicate device, the control 
treatment should be a well-documented glaucoma device, 
marketed widely for at least the last 5 years and marketed 
“on-label” for the same indication. 

 A minimum of 12 months of follow-up from every 
enrolled subject is recommended; however, any device spe-
cifi c safety and/or effectiveness concerns that might require 
longer follow-up should be assessed during the protocol 
development to determine the appropriate study duration. 
A minimum sample size of 50 investigational device subjects 
should be evaluable at 12 months; however, enrollment may 
be hampered by the relatively small number of patients who 
meet the regulatory defi nition of “refractory.”  

    “Non-refractory Glaucoma” Studies 

 For a PMA application intended to establish reasonable evi-
dence of safety and effectiveness of an implantable device 
in the “non-refractory” patient population, the FDA recom-
mends a randomized controlled study with an appropriate 
control group. Depending on the indication and device, the 
type of control group may vary. With the FDA approval of 
mitomycin as an adjunct to ab externo glaucoma surgery in 
2012, studies of investigational devices are able to utilize 
conventional trabeculectomy with mitomycin application as 
a concurrent control group. In comparative studies, the 
study design should ensure there is suffi cient statistical 
power to address the study’s effectiveness endpoints and to 
support any associated labeling claims which may be 
requested. The protocol should ensure that a suffi cient num-
ber of subjects are enrolled to detect clinically relevant and 
statistically signifi cant differences between study arms in 
regard to the endpoints. 

 A minimum of 24 months of follow-up is recommended; 
however, based on the risk analysis, a shorter or longer study 
duration may be appropriate. Emergent safety issues identi-
fi ed during the course of the study may also warrant the 

 follow- up period to be extended with adequate informed 
consent of study subjects. 

 The sample size should be large enough such that any 
adverse event (of a given type) that occurs in the population 
at a rate of 1 % or greater is likely to be observed in the study 
population. To ensure that there is at least a 95 % probability 
that at least one adverse event of this type will be detected, it 
is recommended that safety data from a minimum of 300 
subjects be provided in the FDA submission. The sample 
size should be adequate to allow for 10 % of subjects being 
lost to follow-up per year; hence, in a study with 24-month 
endpoints, approximately 375 subjects should be implanted 
with the investigational device. It is also recommended that 
no investigator’s and no center’s total enrollment exceed 
25 % of the total number of investigational or control device 
subjects in the investigation. Because the number of patients 
who meet the regulatory defi nition of “non-refractory” glau-
coma is relatively large, enrollment for these studies is gen-
erally easier than for “refractory” studies. 

 The FDA recommends that subject enrollment proceed in 
phases to minimize risks associated with the clinical investi-
gation; however, the extent of prior clinical experience with 
the device is taken into consideration when the FDA decides 
whether to require a phased study design. If a phased study is 
performed in the United States under IDE approval, the data 
from each phase is evaluated by the FDA and must be found 
acceptable prior to continuation of the clinical investigation.  

    Analysis of Intraocular Pressure Data 

 There is considerable variability in how the IOP-lowering 
effect of glaucoma devices is characterized in the medical 
literature and in FDA studies. The two primary analyses uti-
lized in FDA IDE studies are mean reduction in IOP and pro-
portion of study eyes with a 20 % reduction in IOP. The latter 
is a responder analysis for which other criteria for failure 
(e.g., hypotony) are incorporated. Detailed recommenda-
tions for standardized IOP analyses can be found in the 
WGA document and ANSI consensus standard. 

 Of particular importance in the design and conduct of the 
study is the confounding infl uence of IOP-lowering medica-
tion used prior to and before implantation and the impact of 
variability in tonometry measurements on the outcomes. 
Therefore, the ANSI standard recommends, where feasible, 
that baseline IOP be established for a randomized clinical 
study with “washout” of IOP-lowering medications pre- and 
postoperatively and by averaging the diurnal IOP measure-
ments taken on a single day. If no medication “washout” is 
utilized, the standard recommends that a baseline IOP be 
established using methods that reduce the effects of regres-
sion to the mean and decrease the variability and confound-
ing resulting from the use of concomitant medications. 
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 Also of importance in designing the protocol is to describe 
how eyes for which data is missing and for which IOP- 
lowering procedures (e.g., needling, trabeculectomy, cyclo-
photocoagulation) are needed postoperatively will be 
handled in the primary effectiveness analyses. Responder 
analyses and imputation methods are often used to address 
the potential for the outcomes to be confounded in these 
circumstances.  

    Post-market Studies 

 Certain issues that arise during premarket evaluation of a 
device may be more appropriately addressed through data 
collection in the post-market period rather than prior to 
approval or clearance for marketing. Post-market studies are 
a means by which the FDA collects safety and/or effective-
ness data for a 510(k)-cleared or PMA-approved device. One 
form of post-market study is a post-approval study. A post- 
approval study is a study that is required as a condition of 
approval for a PMA. A PMA may actually have more than 
one post-approval study and may include both clinical and 
nonclinical studies. In general, a post-approval study is a 
clinical study intended to collect long-term safety and/or 
effectiveness data for the approved device or to collect data 
that shows the device’s safety and/or effectiveness in a real- 
world setting. While a post-approval study cannot be used to 
answer fundamental safety and effectiveness questions, they 
serve to complement premarket data.     
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          Disclaimer: 

 This chapter should not be construed as legal advice or a 
legal opinion on any specifi c facts or circumstances. This 
chapter is not intended to create, and receipt of it does not 
constitute, an attorney- client relationship. The contents are 
intended for general informational purposes only, and you 
are urged to consult your attorney concerning any particular 
situation or any specifi c legal questions you may have.  

    Introduction 

 The impetus for physicians to participate in the process that 
translates clinical and benchtop discoveries to commercializ-
able products has arguably never been greater. Medical inno-
vation increasingly provides physicians with an opportunity 
to create alternative revenue streams. It can also impact 
career advancement, as many research universities are begin-
ning to consider whether faculty have any patents or pending 
patent applications, along with more traditional metrics, 
such as peer-reviewed publications, when making decisions 
related to professional advancement. Some innovations have 
been highly successful, such as Dr. Latina’s patent on 

 selective laser trabeculoplasty      . 1  As the pace of medical inno-
vation increases, the strategic importance of physician 
involvement with intellectual property management and the 
commercialization process continues to grow. Recent 
changes to the patent laws in the United States have increased 
the physician’s opportunity to participate in the patent pros-
ecution and the commercialization process.  

    Introduction to Commercialization 

 The origin of university-led biomedical innovation commer-
cialization as we know it today began with the Bayh-Dole Act. 2  
Adopted in 1980, the Act permits universities and  nonprofi t 
institutions to “elect to retain title” of the federal government’s 
(but not necessarily the inventor’s) intellectual property rights 
arising from federally funded research, provided that affi rma-
tive steps are taken to achieve “practical application” of the 
invention by way of either direct commercialization or licens-
ing. 3  By electing to take title, universities are able to prosecute 
patents arising from federally funded research at their own 
expense and reap the fi nancial rewards of any ensuing licens-
ing or commercialization efforts. Today, such university-
directed patent prosecution and commercialization efforts are 
often directed by Technology Transfer Offi ces (“TTOs”). 

 In general, the Bayh-Dole Act has been regarded as a tre-
mendous success. In the 1970s, before Bayh-Dole, it was 
estimated that the US government owned over 28,000 pat-
ents, only 4 % of which had been developed into products 
used by the public. 4  Simply put, taxpayers were not realizing 

1   See  US Patent No. 5,549,596 (fi led Oct. 20, 1995). 
2   Patent Rights in Inventions Made with Federal Assistance (The Bayh- 
Dole Act), Pub. L. No. 96–517, 94 Stat. 3019 (1980) (codifi ed at 35 
U.S.C. §§ 200–212 (2011)). 
3   Id . 
4   Senator Birch Bayh, Statement of Senator Birch Bayh to the National 
Institutes of Health (March 25, 2004),  http://ott.od.nih.gov/policy/
meeting/Senator-Birch-Bayh.pdf . 
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the benefi ts of federally funded research. In contrast, today 
over 80 universities have each received more than $1 million 
in running royalty payments from licensed innovations, 
demonstrating a dramatic upswing in the successful com-
mercialization of federally funded research. 5  Much of this 
improvement is attributable to the concerted efforts of TTOs. 
Many important innovations might have failed to make the 
transition from clinic, operating room, or benchtop discovery 
to commercial success if it were not for their efforts. 

 While a university may “elect to retain title” to the gov-
ernment’s interest under Bayh-Dole, the employment agree-
ment between university and employee controls the extent to 
which a university may own an employee’s intellectual 
 property. 6  However, determining the extent to which an 
employment agreement assigns the employer rights to an 
employee’s intellectual property can be complex. The US 
Supreme Court recently described intellectual property 
assignment clauses in employment agreements as “technical 
drafting trap[s] for the unwary.” 7  Regardless of the exact lan-
guage used, it is important for physicians to understand how 
their employment agreement or employer’s intellectual prop-
erty assignment policy may grant a university rights in any 
invention developed during the course of the physician’s 
employment. To ensure that an employer does not inadver-
tently allege ownership of inventions created before employ-
ment commences, it may be prudent for a physician to 
disclose or fi le patent applications on all preexisting innova-
tions. It may also be wise to consult an attorney. 

 Additionally, the employment agreement or intellectual 
property assignment policy may determine what portion of 
revenue a physician may receive if an invention created during 
the course of employment is commercialized successfully. 
Unfortunately, a physician may not have any control over how 
their invention is commercialized. Recent changes to patent 
law in the United States have made this issue more poignant 
than ever before, because inventors are no longer required to 
actively participate in patent prosecution, as discussed below. 

 Where an employment agreement or an intellectual prop-
erty assignment policy controls, it is customary for a TTO to 
distribute roughly 40 % of net revenue to the inventors. 
However, this fi gure varies widely from university to univer-
sity within the United States. The portion of revenue shared 
with the physician inventor is often defi ned as a percentage 
of net revenue, i.e., revenue earned less the TTO’s expenses, 
including patent prosecution. Patent prosecution expenses 

5   This fi gure is the total running royalties from all licenses at each of the 
given universities and therefore includes both federally funded and non-
federally funded innovations. Association of University Technology 
Managers  (AUTM)  Statistics Access for Tech Transfer  (STATT) 2.0. 
6   Bd. of Trs. v. Roche Molecular Sys. ( Stanford ), 131 S. Ct. 2188, 2196 
(2011). 
7   Id . at 2203 (Breyer, S., dissenting). 

may run into the hundreds of thousands of dollars, depend-
ing on a multitude of factors including complexity of the 
invention and the number of countries where patent protec-
tion is sought. In some cases, nothing is distributed to the 
inventor until all patent prosecution and associated TTO 
costs have been recouped by the university. 

 It is worth noting that in some cases the percentage and 
scheme of revenue sharing may be negotiated, along with 
other employment terms. For example, an institution may be 
willing to modify its policy for a well-established physician 
who has a proven record of successful innovation. However, 
when negotiating such terms, it is important to remember 
that the division of revenues should keep the interests of the 
 physician and university substantially parallel, as TTOs can 
add tremendous value to commercialization outcomes. 
University administrators often closely scrutinize TTO per-
formance based on metrics such as net revenue generated by 
all TTO commercialization efforts, as well as the total num-
ber of deals completed. Therefore, even if the physician has 
tremendous leverage, assigning an inadequate portion of rev-
enue to the university may dampen enthusiasm for aggres-
sive commercialization campaigns involving the physician’s 
innovations. 

 Physicians may fi nd themselves free to pursue their own 
commercialization efforts in the absence of other obliga-
tions, such as might be the case with a physician in private 
practice. Consultation with an attorney specializing in bio-
medical commercialization and patent prosecution may be 
prudent before approaching any potential partners. A physi-
cian should carefully consider at least fi ling a provisional 
patent application and asking potential partners to sign to 
nondisclosure agreements before disclosing anything. These 
and other measures may help protect a physician’s intellec-
tual property, even within the context of preliminary and 
informal commercialization efforts. Given the transition 
from a fi rst-to-invent to fi rst-to-fi le patent system, provi-
sional patent applications will arguably become increasingly 
important to the individual physician approaching industry 
contacts as part of self-directed commercialization efforts, as 
discussed below.  

    Patent Law Basics 

 Whether or not patent protection is necessary for the com-
mercialization of any given invention should be evaluated on 
a case-by-case basis. However, patent applications and 
issued patents can be powerful tools in the commercializa-
tion process. 

 If the pursuit of patent protection is appropriate, it is pru-
dent to have a handle on the contours of patent law before 
approaching a TTO or industry partner. It may be particu-
larly useful to roughly understand the legal rights secured by 
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an issued patent, what is and is not patentable, what “prior 
art” is, and what one must do in order to avoid barring the 
patentability of one’s own invention. 

 The process of obtaining a patent, also known as patent 
prosecution, begins when a patent application is prepared 
and fi led with the United States Patent and Trademark Offi ce 
(“USPTO”). After fi ling an application, a patent examiner 
will review the application as part of a nuanced process to 
determine if the application complies with all applicable pat-
ent laws. After examination, the patent examiner may allow 
the application to issue as a patent. However, it is more likely 
that the examiner will initially reject a portion of the 
 application. In such an event, the applicant may respond to 
the examiner’s rejections and can amend the application in 
order to put the application in condition for allowance. 

 In the United States, a patent provides only the right to 
exclude others from making, using, selling, offering for sale, 
or importing the patented invention. 8  A patent does not grant 
the right to practice or use the patented invention. As such, it 
is possible for an inventor to patent an invention, wherein the 
rights of other patent holders may limit the actual practice of 
the invention. For example, if a physician patents a new 
method for using an already patented surgical apparatus, the 
physician cannot thereafter make and use the entire appara-
tus in conjunction with their new method without regard for 
the preexisting apparatus patent. In such a scenario, the 
holder of the apparatus patent would be a natural partner 
with respect to the commercialization of the physician’s new 
method. In fact, the physician’s patent may be of little mon-
etary value if the method cannot be practiced without other 
manufacturer’s apparatuses and the singular owner of the 
patented apparatus is disinterested in partnering with the 
physician. 

 To appreciate the potential value of patents, it is helpful to 
understand why the United States created a patent system in 
1790 with the passage of the fi rst Patent Act. 9  The Founding 
Fathers understood the value of spurring innovation and 
progress, so they included a provision in the Constitution 
instructing Congress “[t]o promote the Progress of Science 
and the useful Arts, by securing for limited Times to … 
Inventors the exclusive Right to their … Discoveries.” 10  
Though adverse to the tyranny of monopolies, the Founding 
Fathers, particularly Thomas Jefferson, believed that “an 
inventor ought to be allowed a right to the benefi t of his 
invention for some certain time,” such that “ingenuity should 
receive a liberal encouragement.” 11  Despite temporarily 
restricting the public’s use of a new invention, this  sanctioned 
monopoly was designed to reward inventors and encourage 

8   35 U.S.C. § 154(a) (1)(2011). 
9   Patent Act of 1790, ch. 7, § 1, 1 Stat. 109. 
10   US Const. art I, § 8. 
11   V Writings of Thomas Jefferson, at 75–76 (Washington ed., 1895). 

commercialization of new technologies while also promot-
ing the disclosure of inventions to the general public. 12  “The 
patent laws promote this progress by offering a right of 
exclusion for a limited period as an incentive to inventors to 
risk often enormous costs in terms of time, research, and 
development. The productive effort thereby fostered [has] a 
positive effect on society through the introduction of new 
products and processes of manufacture into the economy, 
and the emanations by way of increased employment and 
better lives for our citizens.” 13  

 Since then, Congress has occasionally updated the patent 
system, most recently with the passage of the Leahy-Smith 
America Invents Act (“AIA”) in 2012. 14  However, Congress’s 
authority to promote the useful Arts is tempered with the 
understanding that Congress may not grant temporary 
monopolies which “remove existent knowledge from the 
public domain, or [] restrict free access to materials already 
available.” 15  Thus, Congress has enacted laws to effectuate 
its goal – laws which defi ne what subject matter is patent 
eligible and outline the conditions for patentability. 16  

    Patentable Subject Matter 

 35 U.S.C. § 101 defi nes the scope of patentable subject mat-
ter. Specifi cally, anyone who “invents or discovers any new 
and useful process, machine, manufacture, or composition 
of matter, or any new and useful improvement thereof may 
obtain a patent.” 17  Conversely, a person cannot obtain a pat-
ent on “laws of nature, natural phenomena, and abstract 
ideas.” 18  For example, “a new mineral discovered in the 
earth or a new plant found in the wild is not patentable sub-
ject matter. Likewise, Einstein could not [have] patent[ed] 
his celebrated law that E = mc 2 ; nor could Newton have pat-
ented the law of gravity. Such discoveries are ‘manifesta-
tions of . . . nature, free to all men and reserved exclusively 
to none.’” 19  These restrictions ensure that the “basic tools of 
scientifi c and technological work” remain free and available 

12   Graham v. John Deere Co., 383 U.S. 1, 9 (1966). 
13   Kewanee Oil Co. v. Bicron Corp., 416 U.S. 470, 480 (1974). 
14   See  Leahy-Smith America Invents Act (AIA), Pub. L. No. 112–29, 
125 Stat. 284 (2011) (codifi ed in scattered sections of 35 U.S.C.); 
Patent Act of 1952, Pub. L. No. 82–593, § 5, 66 Stat. 792; Patent Act of 
1870, ch. 230, 16 Stat. 198; Patent Act of 1836, ch. 357, 5 Stat. 117; 
Patent Act of 1790, ch. 7, § 1, 1 Stat. 109–112. 
15   Graham , 383 U.S. at 6. 
16   See  35 U.S.C. §§ 101–103 (2011). 
17   35 U.S.C. § 101. 
18   Diamond v. Diehr, 450 U.S. 175, 185 (1981); Mayo Collaborative 
Servs v. Prometheus Labs, Inc., 132 S. Ct. 1289, (2012). 
19   Diamond v. Chakrabarty, 447 U.S. 303, 309 (1980) (quoting Funk 
Brothers Seed Co. v. Kalo Inoculant Co., 333 U.S. 127, 130 (1948)). 
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to all. 20  However, even though a law of nature or abstract 
idea by itself is not patentable, “an  application  of a law of 
nature or mathematical formula to a known structure or pro-
cess” may be patent eligible. 21  

 Historically, this requirement received relatively little 
attention because it was generally assumed that a patent 
application was attempting to claim patentable subject mat-
ter. However, the Supreme Court recently revisited the issue 
in  Mayo Collaborative Services v. Prometheus Labs, Inc ., 
reminding us that we cannot simply assume a patent meets 
the requirements of § 101. 22  At issue in the case were pat-
ents that claimed a method for optimizing the dosage of 
thiopurine drugs used in the treatment of immune-mediated 
gastrointestinal disorders, such as colitis and Crohn’s dis-
ease. 23  The claims directed physicians to examine levels of 
certain thiopurine metabolites, namely, 6-thioguanine (“6-
TG”) and 6-methyl-mercaptopurine (“6-MMP”), to deter-
mine if the thiopurine dosage was within the drug’s 
therapeutic range. If the metabolite levels were above a cer-
tain number, this indicated that the dosage should be 
decreased, whereas if the levels were below another value, 
the dosage should be increased. 24  In fi nding the claims were 
directed to unpatentable subject matter, the Supreme Court 
emphasized that  patent protection is only for inventions 
which apply a law of nature and “one must do more than 
simply state the law of nature while adding the words ‘apply 
it.’” 25  The Supreme Court found that the patents-in-suit 

20   Gottschalk v. Benson, 409 U. S. 63, 67 (1972). 
21   Diehr , 450 U.S. at 187. 
22   Mayo Collaborative Servs ., 132 S. Ct. at 1289 (2012). 
23   Id  at 1294–95.  See  US Patent No. 6,355,623 col. 20:10–25 (“A 
method of optimizing therapeutic effi cacy for treatment of an immune- 
mediated gastrointestinal disorder, comprising: (a) administering a drug 
providing 6-thioguanine to a subject having said immune-mediated gas-
trointestinal disorder; and (b) determining the level of 6-thioguanine in 
said subject having said immune-mediated gastrointestinal disorder, 
wherein the level of 6-thioguanine less than about 230 pmol per 8x10 8  
red blood cells indicates a need to increase the amount of said drug 
subsequently administered to said subject and wherein the level of 
6-thioguanine greater than about 400 pmol per 8x10 8  red blood cells 
indicates a need to decrease the amount of said drug subsequently 
administered to said subject.”); US Patent No. 6,680,302, col. 20:24–43 
(“A method of optimizing therapeutic effi cacy for treatment of an 
immune-mediated gastrointestinal disorder, comprising: (a) administer-
ing a drug providing 6-thioguanine to a subject having said immune- 
mediated gastrointestinal disorder; and (b) determining a level of 
6-thioguanine or 6-methyl-mercaptopurine in said subject having said 
immune-mediated gastrointestinal disorder, wherein a level of 
6- thioguanine less than about 230 pmol per 8x10 8  red blood cells indi-
cates a need to increase the amount of said drug subsequently adminis-
tered to said subject and wherein a level of 6-thioguanine greater than 
about 400 pmol per 8x10 8 red blood cells or a level of 6-methyl- 
mercaptopurine greater than about 7000 pmol per 8x10 8 red blood cells 
indicates a need to decrease the amount of said drug subsequently 
administered to said subject.”). 
24   Id . at 1295. 
25   Id . at 1294. 

merely instructed doctors to apply a well-known conse-
quence of thiopurine metabolism in routine, well-under-
stood, or conventional ways previously used by researchers 
in the fi eld. 26  This case has severe implications for the bio-
technology industry, because it has signifi cantly limited the 
patentability of medical diagnostic methods. For example, 
this means that a physician cannot patent a diagnostic 
method that claims the naturally occurring correlation 
between the severity of glaucoma and a patient’s interocular 
pressure. A physician would have to include additional ele-
ments or steps that apply this natural principle in order to 
have a patent eligible invention. For example, a patentable 
method of characterizing a disease by measuring levels of a 
particular protein could be patentable if the method involved 
detecting the protein with a novel antibody. 27  Alternatively, 
a method wherein a doctor undertakes a unique and specifi c 
treatment plan that applies a well-known law of nature 
might also be patentable. 28   

    Conditions for Patentability 

 In addition to claiming patent eligible subject matter, a pat-
entable application must be directed to a novel, useful, and 
nonobvious invention. 29  Very generally, an invention is con-
sidered novel if no one else has previously patented the 
invention, described it in a printed publication, used the 
invention publicly, sold the invention, or otherwise made it 
available to the public. 30  Any reference, such as a printed 
publication or prior patent, that could be used to demonstrate 
that an invention lacks novelty is referred to as a “prior art 
reference.” When an examiner rejects a patent application, 
they will rely upon these references to explain why an appli-
cation lacks novelty. It is important to note that even prior art 
created by an inventor themselves may negate novelty and 
thereby bar patentability. For example, a published journal 
article authored by an inventor may thereafter bar the inven-
tor from acquiring a patent on the invention that was 
described in the article. Accordingly, it may be wise to con-
sult a patent attorney before disclosing any inventions in a 
publication or at a conference, to avoid the inadvertent cre-
ation of prior art. 

 Before the enactment of the AIA, the ability of a third 
party to submit prior art references to the USPTO for consid-
eration during the prosecution of any given application was 

26   Id . at 1294, 1299–1300. 
27   See  2012 Interim Procedure for Subject Matter Eligibility Analysis of 
Process Claims Involving Laws of Nature, 3–4, 11–12 (2012). 
28   Id . at 10;  see  Classen Immunotherapies, Inc. v. Biogen IDEC, 659 F.3d 
1057, 1067–68 (Fed. Cir. 2011). 
29   35 U.S.C. §§102–103 (2011). 
30   35 U.S.C. § 102. 
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limited. A third party could only submit a reference within 2 
months from the date the application was published or prior 
to the USPTO issuing a notice that the application would 
issue as a patent, whichever was earlier. 31  However, as will 
be discussed below, the AIA has expanded the ability of indi-
viduals not immediately involved with the prosecution of an 
application to submit relevant publications to the Patent 
Offi ce for consideration. 

 Additionally, the AIA has changed the requirements of 35 
U.S.C. § 102 by expanding the scope of art that may bar 
patentability. For example, previously only public use or 
sales of an invention in the United States would bar an inven-
tor from obtaining a patent. 32  However, now any use by the 
public or any sales anywhere in the world can bar the 

31   37 C.F.R. § 1.99 (e) (2009). “A submission under this section must be 
fi led within two months from the date of publication of the application 
(§1.215(a) ) or prior to the mailing of a notice of allowance (§ 1.311 ), 
whichever is earlier. Any submission under this section not fi led within 
this period is permitted only when the patents or publications could not 
have been submitted to the Offi ce earlier, and must also be accompa-
nied by the processing fee set forth in § 1.17(i) . A submission by a 
member of the public to a pending published application that does not 
comply with the requirements of this section will not be entered.” 
32   35 U.S.C. § 102. The pre-AIA § 102 states “[a] person shall be enti-
tled to a patent unless—(a) the invention was known or used by others 
in this country, or patented or described in a printed publication in this 
or a foreign country, before the invention thereof by the applicant for 
patent, or(b) the invention was patented or described in a printed publi-
cation in this or a foreign country or in public use or on sale in this 
country, more than one year prior to the date of the application for pat-
ent in the United States, or (c) he has abandoned the invention, or (d) 
the invention was fi rst patented or caused to be patented, or was the 
subject of an inventor’s certifi cate, by the applicant or his legal repre-
sentatives or assigns in a foreign country prior to the date of the applica-
tion for patent in this country on an application for patent or inventor’s 
certifi cate fi led more than twelve months before the fi ling of the appli-
cation in the United States, or (e) the invention was described in (1) an 
application for patent, published under section 122 (b), by another fi led 
in the United States before the invention by the applicant for patent or 
(2) a patent granted on an application for patent by another fi led in the 
United States before the invention by the applicant for patent, except 
that an international application fi led under the treaty defi ned in section 
351 (a) shall have the effects for the purposes of this subsection of an 
application fi led in the United States only if the international applica-
tion designated the United States and was published under Article 21(2) 
of such treaty in the English language; or (f) he did not himself invent 
the subject matter sought to be patented, or (g) (1) during the course of 
an interference conducted under section 135 or section 291, another 
inventor involved therein establishes, to the extent permitted in section 
104, that before such person’s invention thereof the invention was made 
by such other inventor and not abandoned, suppressed, or concealed, or 
(2) before such person’s invention thereof, the invention was made in 
this country by another inventor who had not abandoned, suppressed, or 
concealed it. In determining priority of invention under this subsection, 
there shall be considered not only the respective dates of conception 
and reduction to practice of the invention, but also the reasonable dili-
gence of one who was fi rst to conceive and last to reduce to practice, 
from a time prior to conception by the other.” 

 acquisition of a patent. 33  These changes will not go into 
effect until March 16, 2013; therefore, any patent application 
fi led before this date will be evaluated according to the older 
§ 102 requirements. 34  However, there are numerous nuanced 
exceptions to these general requirements. Thus, it may be 
advisable to consult with a patent attorney before disclosing 
any invention to prospective commercialization partners or 
at any conferences or symposiums, to mitigate the risk that 
disclosure might inadvertently bar later efforts to obtain pat-
ent protection. 

 In addition to being novel, an invention must also be 
nonobvious. An invention is considered nonobvious if it 
was not obvious or apparent to a person having ordinary 
skill in the art in light of what was known in the fi eld of 
technology at the time of the invention. 35  Technically a 
legal fi ction, a person of ordinary skill in the art, or a 
“PHOSITA,” is one who can read a patent in a particular 
fi eld and understand the invention claimed within. 36  To 
determine whether an invention is obvious, a PHOSITA can 
consider, for example, a combination of prior art references 
in the fi eld, references reasonably related to the problem the 
inventor is attempting to solve, and the PHOSITA’s own 
experiences, in light of their own hypothetical problem-
solving skills. 37  

 In addition to being novel and nonobvious, a patent must 
also comply with the disclosure requirements described in 35 
U.S.C. § 112. A central tenant of the patent bargain is that the 
novel invention must be fully disclosed to the public in 
exchange for the inventor’s right to exclude others for a  limited 

33   35 U.S.C. § 102 (a). The post-AIA §102 states “(a) NOVELTY; 
PRIOR ART.--A person shall be entitled to a patent unless-- (1) the 
claimed invention was patented, described in a printed publication, or in 
public use, on sale, or otherwise available to the public before the effec-
tive fi ling date of the claimed invention; or (2) the claimed invention 
was described in a patent issued under section 151, or in an application 
for patent published or deemed published under section 122(b), in 
which the patent or application, as the case may be, names another 
inventor and was effectively fi led before the effective fi ling date of the 
claimed invention.” 
34   See  Leahy-Smith America Invents Act (AIA), Pub. L. No. 112–29, 
125 Stat. 284 (2011) (codifi ed in scattered sections of 35 U.S.C.). 
35   The 35 U.S.C. § 103 was recently updated by the passage of the AIA. 
This amendment went into effect September 16, 2012.  See id . 
36   MPEP § 2141.01 (8th ed. Rev. 9, Aug. 2012); KSR Int’l Co. v. Telefl ex 
Inc., 550 U.S. 398, 417 (2007) (explaining that a PHOSITA is “a person 
of ordinary creativity, not an automaton”); MPEP § 2144. 
37   MPEP § 2141.03. “Factors that may be considered in determining the 
level of ordinary skill in the art may include: (A) ‘type of problems 
encountered in the art;’ (B) ‘prior art solutions to those problems;’ (C) 
‘rapidity with which innovations are made;’ (D) ‘sophistication of the 
technology; and’ (E) ‘educational level of active workers in the fi eld. In 
a given case, every factor may not be present, and one or more factors 
may predominate.”’ (Citing in re GPAC, 57 F.3d 1573, 1579 (Fed. Cir. 
1995); Custom Accessories, Inc. v. Jeffrey-Allan Indus., 807 F.2d 955, 
962 (Fed. Cir. 1986); Envtl. Designs, Ltd. v. Union Oil Co., 713 F.2d 
693, 696 (Fed. Cir. 1983)). 
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time. 38  Therefore, this section requires a patent application to 
contain a written description of the invention, to clearly 
describe how to use and make the invention such that a 
PHOSITA could use or make the invention without undue 
experimentation. The written description must also include the 
best mode for using the invention, and it must conclude with at 
least one claim that clearly and precisely claims the subject 
matter of the present invention. 39  These requirements help to 
ensure that an inventor only receives a patent covering subject 
matter which is adequately described in the application.  

    Getting a Patent 

 The path to an issued patent can be lengthy and fraught with 
complications. There are many different types of patent 
applications, and determining which application to fi le 
depends on several different factors, including the geo-
graphic protection sought and the timing of the application. 
For example, if one wishes to obtain patent protection in sev-
eral different countries in addition to the United States, it 
may be best to fi le a special international patent application, 
known as a “PCT,” instead of fi ling individual applications 
in each country. Additionally, if time is of the essence, per-
haps due to an inadvertent premature disclosure of the inven-
tion at a conference or concerns that someone else may seek 
patent protection for a similar invention, then fi ling a provi-
sional patent application may be the best course of action. 
However, these concerns and others should be discussed 
with a patent attorney who has a substantial technical back-
ground in the relevant fi eld in order to decide how to best 
proceed at the Patent Offi ce. 

  Provisional Patent Applications : In many cases, fi ling a 
provisional application provides the quickest and most afford-
able route to secure a patent application fi ling date. Provisional 
patent applications are unique because they are not examined 
by the Patent Offi ce and they are not published. This type of 
application is best viewed as a mere placeholder that pre-
serves a fi ling date while an inventor decides whether to 
actively pursue patent protection or while a nonprovisional 
application is being drafted. A provisional application can be 
as simple as attaching a special form, known as a “cover 
sheet,” to a manuscript, so long as the manuscript adequately 
describes the invention and can fully support any claims that 
may be later added to a nonprovisional application. 40  

38   Eldred v. Ashcroft, 537 U.S. 186, 216 (2003). 
39   MPEP § 2164; 35 U.S.C. §112 (2011). 
40   MPEP § 201.11; New Railhead Mfg., L.L.C. v. Vermeer Mfg. Co., 
298 F.3d 1290, 1294 (Fed. Cir. 2002) (fi nding that for a nonprovisional 
application to be afforded the earlier fi ling date of the provisional appli-
cation “the specifi cation of the provisional must ‘contain a written 
description of the invention and the manner and process of making and 
using it, in such full, clear, concise, and exact terms,’ 35 U.S.C. § 112 
¶1, to enable an ordinarily skilled artisan to practice the invention 
claimed in the nonprovisional application”). 

 A provisional application can be very important because 
the earliest fi ling date also determines what references the 
Patent Offi ce can consider when examining the patent appli-
cation. For example, if a reference which completely 
describes an invention was published just 2 days after the 
earliest fi ling date of a patent application claiming the inven-
tion, then the Patent Offi ce cannot consider the publication 
because the application was fi led fi rst. This concept of prior-
ity can have a major impact on patent prosecution. Thus, it is 
crucial to determine if one has the luxury of taking time to 
prepare a thorough nonprovisional application or if some-
thing needs to be fi led as quickly as possible. 

 However, provisional applications always automatically 
expire after 12 months and cannot be renewed after expira-
tion. 41  Therefore, a corresponding nonprovisional applica-
tion must be fi led within 1 year. If the provisional application 
is allowed to expire before the corresponding nonprovisional 
application is fi led, then the earlier fi ling date of the provi-
sional application will be lost forever. 

  Nonprovisional Applications : If an inventor does decide 
to pursue patent protection, a nonprovisional application 
must eventually be fi led with the USPTO. 42  In contrast to a 
provisional application, a nonprovisional must comply with 
numerous requirements, in addition to those previously dis-
cussed, before it can be reviewed by a patent examiner. 
Specifi cally, a nonprovisional application must include a 
specifi cation, which provides a written description of the 
invention; at least one claim, which defi nes the boundaries of 
the invention; drawings if necessary to depict aspects of the 
invention; an oath from the inventor stating that    he is the 
original inventor; and the necessary fi ling fees. 43  

  Patent Cooperation Treaty (“PCT”) Applications : As 
mentioned before, in addition to provisional and nonprovi-
sional applications, an American inventor who is interested 
in obtaining patent protection abroad can fi le a PCT applica-
tion with the USPTO. 44  While patent protection can be 
obtained by fi ling an application with a foreign country’s 
patent offi ce directly, a PCT application allows an inventor 
to fi le one application that is thereafter forwarded to any of 
the more than the 140 member countries where patent pro-
tection is desired. 45  While the application is ultimately indi-
vidually prosecuted in each country, this mechanism 
streamlines the fi ling process if an inventor is interested in 
patent protection outside the United States. Of course, pros-
ecuting a patent in multiple countries can be very expensive. 
Therefore, one should carefully consider the cost involved 

41   37 C.F.R. § 1.53(c) (2009). 
42   37 C.F.R. § 1.9. 
43   35 U.S.C. §§ 111–113, 115. Post-AIA an entity can fi le a nonprovi-
sional application without the inventor’s oath if the inventor is under 
obligation to assign the invention to the entity. 35 U.S.C. § 115(d). 
44   MPEP §§ 1801–1896 (8th ed. Rev. 9, Aug. 2012). 
45   There are currently 146 contracting countries.  PCT ,  The International 
Patent System , WIPO,  http://www.wipo.int/pct/en . 
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and consult an attorney to determine if seeking patent protec-
tion abroad is a wise decision.   

    Notable Implications of the AIA 

 In 2011, Congress passed the AIA, which brought about the 
most sweeping change to the US patent system since its 
inception. These changes included (1) a transition from a 
fi rst-to-invent to a fi rst-to-fi le system for awarding patent 
rights, (2) the ability of an assignee of an invention to fi le and 
prosecute an application without the input of the inventor, 
and (3) an expansion of a third party’s ability to submit prior 
art to the USPTO during the examination of other’s patent 
applications. 

  Transition to First to File : The transition to a fi rst-to-fi le 
system refl ects a fundamental shift in the philosophy of the 
US patent system. Historically, patent rights in the United 
States were awarded to whomever was fi rst to conceive of an 
invention and thereafter exercised reasonable diligence in 
reducing the invention to practice. As of March 16, 2013, the 
fi rst applicant to fi le a patent application will be awarded 
priority over a later-fi led application, regardless of who con-
ceived of the invention fi rst. 46  

 As a result of the transition to fi rst-to-fi le system, it will 
be necessary to seek patent protection, where appropriate, 
early and often. Provisional applications provide one possi-
ble solution because they require relatively little time and 
cost to prepare compared to nonprovisional and PCT appli-
cations. In a system where patent rights are awarded to 
whomever gets an application on fi le fi rst, the focus should 
be on getting the most thorough and complete disclosure of 
the application on fi le as quickly as possible. 

 Please note that patent applications fi led before March 16, 
2013, will continue to be prosecuted under the old fi rst-to- 
invent system. 47  

  Patent Prosecution by the Assignee Without Inventor 
Involvement : Generally speaking, a patent can be prosecuted 
before the USPTO by the inventor, a patent agent, or a regis-
tered patent attorney. As of September 16, 2012, an entity 
who has been assigned the rights to an invention may pros-
ecute a patent on behalf of the inventor, without the inven-
tor’s involvement or consent. 48  This allows employers who 

46   AIA, Pub. L. No. 112–29, 125 Stat. 284, 285–293 (2011) (codifi ed in 
scattered sections of 35 U.S.C.). 
47   Id. 
48   AIA, 125 Stat. at 293–297. 

have been assigned rights in an employee’s inventions 
through an employment agreement to prosecute patents on 
that employee’s inventions without any involvement of the 
employee. 

  Third-Party Submissions : As mentioned previously, the 
AIA has greatly expanded the ability of third parties to sub-
mit certain prior art references for consideration during pat-
ent prosecution. Previously, a party had less than a few 
months to submit a reference to the USPTO for consider-
ation. 49  Additionally, the party was required to provide the 
patent applicant a copy of the submission, forcing the sub-
mitting party to reveal its interest in narrowing a particular 
patent application’s scope. 50  This notice requirement deterred 
many third parties from submitting references, in fear of 
reprisals from industry rivals when later attempting to pros-
ecute their own patents. 

 With the passage of the AIA, the amount of time allowed 
for third parties to submit prior art references has been 
greatly expanded, and third parties are no longer required to 
inform the patent applicant of its submission. Specifi cally, a 
party may fi le a submission up to 6 months after the publica-
tion of a patent application or before the fi rst rejection by an 
examiner, whichever is later. 51  Acceptable submissions are 
limited to patents, published patent applications, and printed 
publications. 52  This expansion of third-party submissions 
presents a unique opportunity to third parties that wish to 
limit the scope of a particular patent application. If used 
effectively, this procedure can help to mitigate overly broad 
patents. Finding prior art references can be time consuming; 
however, one can use search tools such as Google Patents 
and the USPTO’s patent database to fi nd patents and patent 
applications related to particular technologies. 53  Additionally, 
one can utilize online alert services to monitor the near-real- 
time publication of patent applications in fi elds of particular 
interest. 

 Ultimately, few individuals are as well positioned as phy-
sicians to know which biomedical innovations are within the 
public domain and which innovations are novel. Thanks to 
the AIA physicians are now empowered with the ability to 
help mitigate overreaching patents and to take a more active 
role in the medical innovation process at large.            

49   37 C.F.R. § 1.99 (2009), MPEP § 1134.01. 
50   Id. 
51   35 U.S.C. § 122 (2011). 
52   Id. 
53   See Patent Search , Google ,   https://www.google.com/?tbm=pts ; 
 Search for Patents , United States Trademark and Patent Offi ce,  http://
www.uspto.gov/patents/process/search/ . 
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           History of Laser Surgery at the Trabecular 
Meshwork 

 The 693 nm ruby laser and the 488–514 nm argon laser have 
been, respectively, the fi rst “pulsed” and fi rst “continuous- 
wave” (CW) laser sources incorporated in ophthalmic photo-
coagulator systems. Their availability in the 1970s inspired 
glaucoma surgeons to use them to perform laser  trabeculot-
omy ab interno  by directing the laser beam on the trabecular 
meshwork (TM) through a gonioscopic lens to drill new out-
fl ow pathways between the anterior chamber (AC) and the 
Schlemm’s canal as a less invasive fi ltration surgery. 

 In 1973, Mikhail Krasnov [ 1 ] reported successful, albeit 
temporary, IOP reduction by  puncturing ab interno  the TM 
with very short 693 nm laser pulses from a Q-switched pulsed 
ruby laser system. In the same year Hans Hager [ 2 ] published 
his trabeculo-puncture technique utilizing the Coherent 
model 800 continuous-wave (CW) 488 + 514 nm argon laser 
photocoagulator. Worthen and Wickham described their CW 
argon laser trabeculotomy in 1974 [ 3 ] and reported long-term 
benefi ts in a meaningful number of eyes 5 years later [ 4 ]. 

 From the early experiences however, it became apparent 
that it was very diffi cult to drill holes in the TM with these 
types of lasers and almost impossible to keep them patent 
over a long term.  

    Laser Trabeculoplasty with CW Lasers 

 In 1979 Wise and Witter described their “non-perforating” 
CW argon laser therapy for open-angle glaucoma (OAG) 
using a 50 μm spot laser beam to place 100 thermal burns 

evenly spaced over 360º pigmented TM [ 5 ]. This non- 
perforating technique was named argon laser trabeculoplasty 
(ALT) to refl ect the authors’ hypothesis that the IOP-lowering 
effect was attributable to mechanical forces, centripetal 
toward the visual axis, resulting from the reduction of tra-
becular ring’s inner circumference due to thermal shrinkage 
of the sheets’ collagen and to contraction of scar tissue at the 
burn sites, which pull open compressed subendothelial inter-
trabecular spaces and elevate collapsed TM sheets. 

 Gaasterland and Kupfer challenged this “mechanical” 
ALT’s pressure-lowering hypothesis demonstrating that con-
fl uent CW argon laser burns in the TM of a rhesus monkey 
can elevate IOP and cause experimental glaucoma [ 6 ]. Other 
animal and human histologic studies did consistently show 
healing and scarring at the sites of CW laser thermal impacts, 
suggesting that perforating and non-perforating trabecular 
interventions with CW thermal lasers cannot create new per-
manent mechanical outfl ow pathways and that the reported 
long-term IOP-lowering benefi ts are most likely attributable 
to an enhanced outfl ow due to cellular and biochemical alter-
ations resulting from the stress response to laser thermal 
injury. Ticho and Zauberman suggested a possible combina-
tion of mechanical and cellular mechanisms, observing that 
IOP was effectively lowered even when their attempt to cre-
ate mechanical openings between the AC and the Schlemm’s 
canal did not succeed or failed after a certain time of patency 
[ 7 – 9 ]. This seminal observation inspired the conceptual 
change that IOP can be also lowered without laser-created 
mechanical passages using low-intensity laser exposures 
capable of stimulating biological cellular transactional activ-
ities in TM endothelial cells. 

 Numerous studies and clinical trials [ 10 – 15 ] tested the 
effectiveness of CW laser trabeculoplasty in various phases of 
the glaucoma management using different treatment proto-
cols, laser parameters, laser wavelengths, and technique modi-
fi cations to optimize clinical outcomes and minimize TM 
tissue scarring and side effects. These studies provided the 
evidence that laser trabeculoplasty administered with a CW 
laser (488 and 514 nm argon, 532 nm frequency- doubled 
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neodymium-doped yttrium aluminum garnet (Nd:YAG), 
810 nm diode) is a proven and cost-effective glaucoma ther-
apy. Nevertheless, over the years, ALT became gradually 
underused, most likely due to the (a) availability of new effec-
tive medications, (b) surgeon’s concerns over ALT’s fading 
effect at various times after treatment [ 16 ], and (c) limited 
retreatment possibility due to scarring in the TM. According 
to a retrospective Canadian study [ 17 ], the number of annually 
performed laser trabeculoplasty procedures bottomed in 2001, 
when the trend reversed with a steep increase in 2002 with the 
introduction of selective laser trabeculoplasty (SLT).  

    Trabeculoplasty with “Pulsed” Lasers 

 The availability of new “pulsed” laser technologies and a 
better understanding of the cellular and molecular changes 
inducible with CW and pulsed laser exposures prompted the 
development of less destructive LT techniques with the goal 
of achieving an IOP-lowering effect at least non-inferior to 
that of ALT with CW lasers, but without scarring and fewer 
complications, thus, with the potential for retreatments PRN 
(pro re nata) as it may be required in the long-term manage-
ment of glaucoma patients. 

 Selective laser trabeculoplasty (SLT), titanium-sapphire 
laser trabeculoplasty (TLT), and micropulse laser trabeculo-
plasty (MLT) are three LT techniques that utilize three differ-
ent “pulsed” laser technologies, each one producing different 
tissue interactions and thermodynamic effects, but most 
likely eliciting similar benefi cial biological responses and 
similar IOP-lowering effects with negligible damage, no 
coagulation, and no scarring.  

    Selective Laser Trabeculoplasty (SLT) 

 SLT utilizes a 3 ns laser pulse (3 × 10 −9  s) from a 532 nm 
frequency-doubled Q-switched Nd:YAG laser. Since the 
duration of the laser pulse is shorter than the thermal relax-
ation time in the absorbing melanocyte, heat cannot escape 
causing adiabatic heating with selective photothermolysis of 
the melanin-laden TM cells. In such adiabatic thermal condi-
tions, there is no thermal damage to nonpigmented and sur-
rounding cells and no coagulative effects at the TM beams, 
but there can be some pigmentary dispersion from the lysis 
of melanin-laden cells that may cause postoperative pressure 
spikes especially in darkly pigmented eyes.  

    Titanium-Sapphire Laser 
Trabeculoplasty (TLT) 

 TLT is performed with a 790 nm titanium-sapphire (Ti-Al 2 O 3 ) 
laser that emits 7 μs (7 × 10 −6  s) laser pulses, focused on a 
200-μm-diameter spot and with pulse energy titrated for a 

 visible endpoint of a mini-bubble or a burst of pigment. The 
790 nm infrared wavelength has a relatively long penetration 
in the TM and can affect deep structures in the juxtacanalicu-
lar region and the inner wall of the Schlemm’s canal, which 
are the putative primary site of aqueous humor outfl ow’s 
resistance.  

    Micropulse Laser Trabeculoplasty (MLT) 

 MLT is performed with a 810 nm, or 577 nm, or 532 nm 
semiconductor laser operated in the MicroPulse mode, with 
a train of 100 (or 200 or 300) μs laser pulses, each one spaced 
by a relatively long thermal relaxation time resulting in 5 (10 
or 15) % duty cycle (DC). 

 Figure  7.1  illustrates the tissue interactions differences 
with continuous-wave (CW) and MicroPulse laser emis-
sions. In standard CW laser trabeculoplasty (i.e., ALT), the 
typical treatment endpoint is a readily visible blanching 
burn. An intraoperative visible burn requires a sudden high 
temperature rise (>30 °C above baseline temperature) which 
is lethal to the targeted tissue. Heat spreads by conduction 
toward adjacent cooler tissues, which are reached by the 
equilibrating and decaying thermal wave at a lower, but still 
lethal, temperature. More distant surrounding tissue, reached 
by the thermal wave at a lower sublethal temperature, 
remains viable and capable of thermal stress response that 
alters the gene expression profi le with intracellular biologi-
cal factors that are restorative and regenerative.

   In MicroPulse laser trabeculoplasty (MLT), a visible burn 
endpoint is not desired and is carefully avoided using the 
micropulse emission mode with low duty cycles: the low 
temperature rise induced in the targeted tissue by each low- 
energy micropulse is sublethal and cannot produce a visible 
burn (subvisible-threshold treatment). Thus, the targeted tis-
sues remain viable and capable of biological responses. 
Furthermore, in MLT, the low temperature gradient re- 
equilibrates to baseline temperature within a short distance, 
limiting and confi ning the therapeutic photothermal effect to 
the tissue directly targeted by the laser. For this reason, and 
conversely to conventional CW ALT that must be applied 
spacing the burns, MLT is normally performed with contigu-
ous large spot applications over the TM, a novel laser treat-
ment paradigm that is made possible by the absence of 
iatrogenic damage and scarring effects. 

 In an experimental study on human RPE cells in vitro, it 
has been demonstrated that micropulse laser exposures at 
subthreshold and sublethal doses that do not impair cells’ 
viability can alter the gene expression profi le in several path-
ways, with 25 % or more of the genes being affected 
(K.G. Csaky, 2011; personal communication, paper submit-
ted for publication). 

 Table  7.1  summarizes the typical parameters used in vari-
ous laser trabeculoplasty techniques performed with CW and 
pulsed lasers [ 18 – 24 ]. Unlike ALT with CW lasers, LT 
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 performed with pulsed lasers does not produce tissue coagu-
lation and scarring and has the potential to be repeated PRN. 
Among the three LT techniques with pulsed lasers, MLT uses 
the lowest laser irradiance which effectively avoids bubble 
formation and infl ammation and leaves the eye quiet with no 
need for post-op medications.

   In all LT techniques, with CW or pulsed lasers, the benefi -
cial IOP reduction is most likely due to at least one common 
mechanism of action: a cellular biological cascade activated 
by the stress response to different laser-induced thermody-
namic stimuli, photothermal injury in ALT, selective photo-
thermolysis in SLT, photoacoustic bubble formation in TLT, 
and sublethal photothermal protein denaturation in MLT.  

    Contact Transscleral Cyclophotocoagulation 
(TSCPC) of the Ciliary Processes with CW 
Laser over the Pars Plicata 

 Cyclodestruction of the ciliary processes has long been 
practiced for the management of refractory glaucoma uti-
lizing different destructive techniques such as diathermy, 
cryotherapy, xenon arc light, 1,064 nm Nd:YAG laser, and 
in our days, the 810 nm diode laser cyclophotocoagulation. 

The goal of cyclophotocoagulation is to lower intraocular 
pressure (IOP) by reducing the amount of aqueous humor 
produced in the ciliary processes by secreting epithelial 
cells and ultra-fi ltrating fenestrated capillaries. In transs-
cleral cyclophotocoagulation (TSCPC), the 810 nm diode 
laser CW energy is applied 1.2 mm posteriorly to the lim-
bus and directed over the pars plicata to induce a lethal 
thermal rise in laser-absorbing pigmented epithelial cells 
of the ciliary processes. The heath originated within the 
targeted pigmented cells spreads coagulating adjacent cells 
and closing nearby capillaries, affecting the aqueous-
producing ciliary processes without destroying the ciliary 
body itself. 

 Conventionally, TSCPC is performed with local anesthe-
sia (2 % lignocaine given as peribulbar or retrobulbar injec-
tion) or general anesthesia. The G-Probe is held parallel to 
the visual axis with the shorter edge next to the anterior bor-
der of the limbus so that the laser beam is directed 1.2 mm 
posterior to the limbus over the pars plana and ciliary pro-
cesses. Transillumination may be used to direct the laser in 
myopic and post-corneal transplant eyes, in which the ciliary 
processes may be found more posteriorly than expected. 
Usually, the treatment consists of 18–20 applications over 
270°, sparing the 90° temporal quadrant, and using CW laser 

  Fig. 7.1    Tissue interactions with continuous-wave ( CW ) and MicroPulse laser emission       
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emission of 1.25 W for 4.0 s (5.0 J) in highly pigmented eyes 
and 1.5 W for 3.5 s (5.25 J) in lightly pigmented Caucasian 
eyes. Postoperatively, the eye is patched for 1–6 h, and topi-
cal cycloplegic and steroids are applied four times a day and 
tapered as the infl ammation subsides. Preoperative antiglau-
coma medications are continued (except miotics) and 
tapered, depending on the intraocular pressure (IOP). 

 Successful IOP reduction and control is achieved when 
the production of aqueous humor is lowered to balance and 
not exceed the overall outfl ow capabilities of the eye. 

 TSCPC with the CW 810 nm laser delivered through the 
G-Probe is an effective IOP-lowering procedure, relatively 
noninvasive compared to fi ltration surgery and to drainage 
devices, with no risk of infection, and it is technically easy to 
learn and straightforward to perform. However, it is a destruc-
tive procedure, requires retrobulbar or peribulbar anesthesia, 
and can be associated with complications such as uveitis, 
phthisis bulbi, hypotony, transient hyphema and exudates in 
the anterior chamber, severe visual loss, and necrotizing scle-
ritis. For these reasons, historically TSCPC has been utilized 
as a last-ditch effort in glaucomatous eyes that are refractory 
or nonresponsive to conventional pharmacological and surgi-
cal treatment options and with little remaining vision. 

 Advances in treatment modalities, such as the switch to 
slow coagulation techniques with lower CW power and longer 
exposure [ 25 ] and the use of the  transillumination- guidance 
pioneered by Steven Vold for increased targeting precision, 
have allowed to improve the outcomes and signifi cantly reduce 
tissue trauma, postoperative infl ammatory response, compli-
cations, and amount of pain associated with the procedure. 

 Furthermore, the publication of long-term TSCPC results 
in eyes with ambulatory vision [ 26 ] and in eyes with good 
vision [ 27 ] showing outcomes similar to those of trabeculec-
tomy and tube shunts [ 28 ] have encouraged many surgeons 
to consider TSCPC as a viable earlier treatment option for a 
wider patient population, including eyes with moderate to 
severe glaucoma. 

 More recently, MicroPulse laser emission has been used 
in place of conventional CW emission to perform lighter and 
nondestructive TSCPC treatments directed over the pars 
plana and further reduce tissue trauma, postoperative infl am-
mation, complications, and pain [ 29 ,  30 ].  

    Contact Transscleral MicroPulse 
Cyclophotostimulation (TSμpCPS) 
over the Pars Plana: A Nondestructive Cyclo-
Treatment to Lower Intraocular Pressure 

 The observation that CW-TSCPC lowers IOP when the laser 
beam is directed 1.2 mm from the limbus over the pars pli-
cata, as well as when it is applied at 3–4 mm posterior to the 
limbus over the pars plana, supports the assumption that 

there may exist aqueous-producing cells and capillaries fur-
ther posterior to the ciliary processes than assumed. This 
assumption appears corroborated by the results of the 
 endo- photocoagulation EPC-plus treatment protocol, which 
have shown that a further decrease of IOP can be obtained by 
extending the laser-blanching applications to areas posterior 
to the ciliary processes. 

 Furthermore, several clinicians have postulated the pos-
sibility that laser interactions with pars plana structures 
could also increase the uveoscleral outfl ow. 

 In an animal study in cynomolgus monkey eyes with 
tracer particles perfused in the anterior chamber, Liu and 
coworkers [ 31 ] demonstrated that contact TSCPC directed at 
the pars plana 3.0 mm posterior to the limbus decreased IOP 
and also resulted in tracer particles being present in the 
suprachoroidal space. Conversely, when contact TSCPC was 
directed at the pars plicata 1.0 mm posterior to the limbus, 
IOP decreased as well, but no tracer particles were found in 
the suprachoroidal space. The authors suggested that the IOP 
reduction after TSCPC at the pars plicata may be due to the 
reduction of aqueous secretion, whereas the IOP reduction 
after TSCPC at the pars plana may also enhance the uveo-
scleral outfl ow into the suprachoroidal space. 

 Tan et al. [ 29 ] reported that a TSCPC performed with an 
810 nm diode laser in the MicroPulse emission mode over 
the pars plana resulted in clinically signifi cant IOP reduction, 
comparable with conventional TSCPC with CW laser emis-
sion, but with markedly less postoperative pain and compli-
cations and with a prompter IOP reduction (as early as 1 day 
post treatment), which was attributed to the possibility of an 
enhanced uveoscleral outfl ow. 

 This possibility has prompted the hypothesis that IOP reduc-
tion after transscleral cyclo laser treatment can occur through 
different pathways with distinct or combined mechanisms:
•    The treatment over the pars plicata would target the pho-

tocoagulation of epithelial cells with closure of surround-
ing capillaries and this ablation of the ciliary processes is 
thought to reduce the production of aqueous humor.  

•   The treatment over the pars plana would activate changes 
in extracellular matrix that would decrease the resistance in 
the uveoscleral outfl ow. In addition, the concomitant pho-
tothermal spread would promote two concomitant IOP-
lowering mechanisms: the relaxation of the ciliary muscle, 
which would further increase the uveoscleral fl ow, and the 
coagulation of posteriorly located aqueous- secreting cells, 
which would reduce their aqueous humor production.    
 The possibility of differently addressing and titrating 

multiple IOP-lowering mechanisms represents an important 
option in the management of different types of glaucoma. 

 With conventional TSCPC, the IOP-lowering effect has 
been found to be directly related to the area of treated tissue, 
but so are the risk of complications and side effects. If TSCPC 
treatment could be titrated to be therapeutically effective with 
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the minimum possible side effects and complications, greater 
effects could be achieved by treating more tissue and/or lon-
ger glaucoma management could be possible with more treat-
ments as needed. MicroPulse dosing of laser emission has 
been shown capable of inducing therapeutic benefi t without 
iatrogenic tissue damage in the treatment of retinovascular 
diseases as well as in IOP lowering with MicroPulse laser 
trabeculoplasty (MLT) and with micropulse TSCPC.  

    Early Reports with MicroPulse Transscleral 
Pars Plana Cyclophotocoagulation 
(MP-TSppCPC) 

 At the National University Hospital in Singapore (Paul T.K. 
Chew and coworkers), MicroPulse diode laser contact trans-
scleral photocoagulation over the pars plana was found to 
signifi cantly reduce IOP in the majority of patients at 1 week 
postoperatively, with less but still signifi cant effect at 12 
weeks [ 32 ]. 

 Likewise, in a prospective pilot study of 16 eyes of 16 
patients, MP-TSppCPC was found to safely lower IOP, at 
least during the fi rst 3 weeks after treatment. There was less 
pain during and after the procedure, minimal infl ammation, 
but less degree of IOP lowering as compared to conventional 
TSCPC, and this may not necessarily be sustained [ 33 ] .  

 The mean IOP reduction reported in a prospective study 
presented at the World Glaucoma Congress in July 2007 
(Poster # P428), which included 23 eyes of 21 patients with 
uncontrolled glaucoma (age 62.9 ± 20.3 years) that received 
MP-TSppCPC with the P2P probe, is summarized in Table  7.2 .

   Treatment success, defi ned as a 30 % or more reduction of 
IOP from baseline or a fi nal IOP of less than 21 mmHg at the 
sixth month follow-up visit, was 38 % at 1 day, 57 % at 1 
week, 76 % at 1 month, 80 % at 3 months, and 69 % at 6 
months, as illustrated in Fig.  7.2 .

   None of the patients had hypotony or loss in their best 
corrected visual acuity. 

 One patient, who responded with good IOP reduction to 
MP-TSppCPC, required evisceration at 1 month after the 
treatment due to corneal perforation secondary to infected 
bullous keratopathy: remarkably, at the histopathological 
examination, no sign of laser-induced lesion or tissue altera-
tion attributable to MP-TSppCPC could be found by the 
pathologist. 

 To validate this initial experience with MP-TSppCPC, a 
randomized comparison trial was conducted at the National 
University Hospital in Singapore by Paul T.K. Chew and 
coworkers aimed at comparing micropulse TSCPC versus 
continuous-wave TSCPC effects on patients with refractory, 
end-stage glaucoma [ 30 ]. Both transscleral treatments 
resulted effective in lowering IOP, but a safer and more 
 sustained treatment effect was achieved with micropulse 
TSCPC. 

 In essence, the overall experience with micropulse 
TSCPC at the NUH in Singapore on patients with refractory 
glaucoma and poor vision can be summarized as follows:
    (a)    Remarkable acute IOP-lowering effect.   
   (b)    Response with IOP reduction is very rapid: can be seen at 

day 1 compared to 1 week with the conventional G-Probe, 
probably due to less infl ammation.   

   Table 7.2    Mean IOP reduction from MP-TSppCPC with the P2P probe   

 Time point  Mean IOP (mmHg)  Mean IOP reduction (%) 

 Pre-op baseline  37.1 ± 9.5  0.0 % 
 1 day post-op  28.7 ± 10.8  24.0 ± 17.1 
 1 week post-op  25.6 ± 9.7  30.9 ± 18.7 
 1 month post-op  22.2 ± 7.0  38.2 ± 19.6 
 3 months post-op  22.9 ± 8.9  35.4 ± 24.2 
 6 months post-op  23.7 ± 9.7  37.6 ± 19.4 

  Fig. 7.2    None of the patients 
had hypotony or loss in their best 
corrected visual acuity       
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   (c)    Less overall intraoperative pain. However, there is still 
some intraoperative pain and the use of peribulbar block 
is recommended.   

   (d)    Much less chemosis (swelling of the conjunctiva).   
   (e)    Less infl ammation on day 1 post-op. Eyes are normally 

quiet.   
   (f)    No postoperative pain/discomfort (much less pain at day 

1 compared to conventional CW G-Probe).   
   (g)    IOP reduction persists at the 18th month.      

    Synoptic Summary 

•     Continuous-wave transscleral cyclophotocoagulation 
(CW-TSCPC) with the G-Probe is an effective therapy 
option to lower IOP, but it is a destructive procedure asso-
ciated with side effects and complications.  

•   For this reason, CW-TSCPC with the G-Probe is normally 
used for cases resistant to conventional glaucoma man-
agement and it is not commonly considered at earlier 
stages of the disease.  

•   CW-TSCPC with the G-Probe is believed to lower the 
IOP by reducing the production of aqueous humor 
through the destruction of the ciliary body; however, 
many authors have suggested that it may also work by 
stimulating IOP- lowering mechanisms other than 
destruction of tissue.  

•   The relatively long laser exposure durations used with 
CW-TSCPC favor the spread of nonlethal decaying heat 
toward adjacent tissues, including the pars plana and 
suprachoroidal structures, and this may affect the uveo-
scleral outfl ow.  

•   Uveoscleral outfl ow is a signifi cant drainage path in 
humans, and its contribution to overall drainage depends 
on patient age, health, and other conditions.    

 The uveoscleral outfl ow is decreased by contraction 
( pilocarpine) and increased by relaxation (atropine) of the 
ciliary muscle. Thus, changing the tone of the ciliary 
muscle may redistribute aqueous humor between the con-
ventional and uveoscleral outfl ow routes. Prostaglandins 
decrease the intraocular pressure by increasing the uveo-
scleral outfl ow. Two mechanisms seem to contribute to 
this effect: relaxation of the ciliary muscle and changes in 
extracellular matrix, causing decreased resistance in the 
uveoscleral outfl ow routes.

•    A new contact probe, called the pars plana or P2-Probe, 
has been designed to radially deliver IR laser energy over 
the pars plana at 3–4 mm posterior to the limbus.  

•   The P2-Probe delivering nondestructive micropulse laser 
irradiation can photothermally affect the target tissue and 
lower IOP without tissue destruction. This is the goal of 
micropulse transscleral pars plana cyclophotocoagulation 
or MP-TSppCPC.  

•   MP-TSppCPC is not intended to and will not replace 
CW-TSCPC with the G-Probe for the destruction of 
 ciliary body in the treatment of patients with refractory 
and neovascular glaucoma.  

•   MP-TSppCPC with the P2-Probe will most likely be used 
to lower IOP in patients in less advanced stages of glau-
coma and with good vision by activating IOP-lowering 
mechanisms other than destruction of ciliary epithelium.  

•   MP-TSppCPC with the P2-Probe administered at  higher 
duty cycles  may also play a role as a gentler and effective 
cyclodestructive technique, with less damage and side 
effects.        
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        Elevated intraocular pressure (IOP) in most open-angle glau-
coma is due to an obstruction of aqueous outfl ow thought to 
be localized predominantly at the juxtacanalicular trabecular 
meshwork (TM) and the inner wall of Schlemm’s canal (SC). 
There have been multiple surgical attempts to directly treat 
this pathology by creating channels to connect the anterior 
chamber to SC. Various iterations have included mechanical 
drilling techniques, thermal laser and alternative thermal 
cautery techniques, and a variety of tube implants with the 
common goal of bypassing this increased outfl ow resistance. 
However, the majority of these techniques concurrently or 
subsequently create suffi cient adjacent tissue disruption to 
eventuate in infl ammatory healing responses adequate to 
overcome the benefi ts of the procedures, resulting in mid- 
term or long-term failures. To overcome these known causes 
of failure, technologies and techniques for the purpose of 
creating such channels were sought which did not cause scar 
tissue formation. The requirements include minimal tissue 
disruption during the process of creating the openings and 
channels which are of adequate size and number to enable 
outfl ow but not so large as to alter the aqueous composition. 

 The excimer laser trabeculostomy (ELT) concept utilizes a 
308-nm xenon chloride excimer laser to provide a precise and 
essentially nonthermal approach to improve outfl ow in a man-
ner which does not provoke a healing response. ELT is a pro-
cedure performed via a clear corneal incision, sparing 
conjunctiva, in which direct visualization of the target tissue 
via a goniolens or an endoscope provides immediate feedback 
to the surgeon. ELT, when compared to the more invasive 
glaucoma surgical procedures such as trabeculectomy, is 
almost as effi cacious in both IOP-lowering and decreasing 
pressure-lowering medication use, while being far less trau-
matic. The sparing of conjunctiva is a major advantage of this 
technique, because success rates of a subsequent trabeculec-
tomy, if ever necessary, would not be compromised. This 
microinvasive glaucoma surgery (MIGS) procedure, another 
option in the armamentarium for the glaucoma surgeon, has a 
high safety profi le, rapid stabilization, and clinical verifi ca-
tion of long- term effi cacy with minimal impact on quality of 
life. It may also become a replacement option for topical glau-
coma medicinal therapies eliminating their associated cost, 
compliance issues, and side effects from their long-term use. 

    What Are MIGS Procedures and Where Do 
They Fit in Glaucoma Treatment Paradigms? 

 The invasive procedure and lifestyle altering sequelae of tra-
beculectomy limit the use of this procedure to later stage and 
recalcitrant glaucoma patients. Issues regarding medication 
costs, compliance, and toxicity of preservatives suggest 
medicinal therapeutic options also have limitations. Thus, 
there remains an unmet patient need for treatments that could 
effectively treat mild to moderate glaucoma. In recent years, 
several MIGS procedures have been developed to address 
these limitations of traditional treatment options. All have 
advantages and disadvantages, but no current technique ful-
fi lls all requirements which are (1) ab interno microincision, 
(2) minimal trauma, (3) effi cacy, (4) high safety profi le, and 
(5) rapid recovery [ 1 ].
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    1.    MIGS procedures use an ab interno  micro-incisional 
approach through a clear corneal incision of less than 
2 mm, which spares the conjunctiva and thus prevents 
signifi cant external scarring, allowing future unaffected 
conjunctival surgery, if needed. This also allows for direct 
visualization of anatomic landmarks to optimize place-
ment of a device, incision or excision within the angle and 
is easily combined with cataract surgery. Furthermore, a  
micro-incision facilitates the  intra-operative maintenance 
of the anterior chamber, retention of normal ocular anat-
omy, minimizes changes in refractive outcome, and adds 
to procedural safety.   

   2.    MIGS procedures are minimally traumatic to the target 
tissue, with negligible disruption of normal anatomy and 
physiology. Devices are biocompatible and ideally 
enhance physiologic outfl ow pathways.   

   3.    MIGS procedures must be effective in both lowering IOP 
and reducing medication use.   

   4.    MIGS procedures are characterized by an extremely high 
safety profi le. Many MIGS procedures are less effi ca-
cious when compared to more invasive glaucoma surger-
ies such as trabeculectomy with antimetabolites or 
glaucoma drainage devices. However, this compromise in 
effi cacy is balanced by their low-risk profi le. MIGS pro-
cedures are associated with a decreased incidence of seri-
ous complications that are often associated with other 
glaucoma surgeries including hypotony, choroidal effu-
sions, suprachoroidal hemorrhage, anterior chamber shal-
lowing, corneal decompensation, cataract formation, 
diplopia, and bleb-related complications such as bleb 
dysesthesia and endophthalmitis.   

   5.    MIGS procedures have a rapid recovery with minimal 
impact on the patient’s quality of life.     
 In conclusion, MIGS procedures fi t for mild do moderate 

glaucoma cases, in which an IOP in low to mid teens is suf-
fi cient. In addition, a reduction in IOP lowering medication 
is desired. The safety profi le of the procedure as well as a 
rapid recovery is important.  

    Previous Meshwork Surgeries 
and Their Disadvantages 

 Current MIGS procedures can successfully bypass the TM in 
order to create direct fl ow from the anterior chamber into SC 
unlike earlier attempts to address this anatomic pathology, 
which often failed. Procedures utilizing mechanical devices 
and lasers to perforate the TM have been shown to ade-
quately bypass the outfl ow obstruction for the short term but 
have been unsuccessful in the long term due to the amount of 
adjacent tissue damage related to the nature of the technique 
or device. The adjacent tissue damage evokes a healing 
response which eventually closes the channels. As laser tech-
nology evolved, each new laser was applied for this purpose, 

but none enabled long-term patent openings. Krasnov et al. 
showed moderate success using a ruby laser (943 nm) to per-
form “trabeculopuncture” [ 2 ]. Other laser trabeculopuncture 
attempts including Hager’s [ 3 ] use of an argon laser 
(488 + 514 nm) and Fankhauser’s [ 4 ] use of a neody-
mium:yttrium-aluminum-garnet (Nd:YAG) laser (continu-
ous wave 1,064 nm) have also been unsuccessful due to 
scarring. These and other laser trabeculopuncture attempts 
also limit prospective options for subsequent procedures 
[ 5 ,  6 ] should they become necessary as they induce destruc-
tion of local tissue and scar formation of adjacent tissue, 
often involving large regional areas. In addition, with large 
openings and markedly increased outfl ow, the compositional 
alterations of the aqueous would supplement the tissue 
destructive healing responses. 

 Following these initial attempts using lasers ab interno to 
perforate TM or to create full-thickness sclerostomies, Wise 
et al. determined that a continuous wave, essentially long 
pulsed argon laser (488 + 514 nm) could successfully modify 
the TM to increase outfl ow without perforation. Their argon 
laser trabeculoplasty (ALT) procedure effectively lowered 
IOP, but it functioned by creating thermal damage to the tar-
get tissue, causing coagulative necrosis of the TM [ 7 ]. In 
contrast to ALT, laser trabeculoplasty (LTP) is now more 
commonly performed with solid-state (532, frequency- 
doubled Nd:YAG) and diode (810 nm) lasers. Studies com-
paring effi cacy of these thermal lasers demonstrate minimal 
differences in effi cacy, longevity, or repeatability. 

 The effi cacy of LTP in lowering IOP has been well docu-
mented in the literature [ 8 – 10 ]. However, long-term studies 
have shown that the IOP-lowering effi cacy of LTP decreases 
over time, from 77 % success rate at 1 year, to 49 % at 
5 years, and fi nally, to 32 % at 10 years [ 11 ]. Additionally, 
because of the signifi cant TM scarring caused by ALT, repeat 
treatments are not recommended and have not proven suc-
cessful clinically [ 12 ]. LTP causes thermal coagulative dam-
age to the uveoscleral meshwork, disruption of the trabecular 
beams, and heat damage to the surrounding collagen fi bers. 
This thermal damage is in part responsible for the infl amma-
tory response, scarring of the TM tissue, peripheral anterior 
synechiae, and IOP spikes sometimes observed in eyes 
which have undergone LTP [ 13 ]. 

 In contrast to the diffuse thermal effects of argon, solid- 
state, and diode laser with relatively long pulse durations in 
the range of 0.1 s, recent advances in LTP utilize lasers with 
shorter pulse durations of 3–10 ns. Selective laser trabeculo-
plasty (SLT), based on the principle of selective photother-
molysis, relies on selective absorption of short laser pulses to 
generate and spatially confi ne heat to pigmented targets 
within TM cells [ 14 ,  15 ]. SLT uses a Q-switched, frequency- 
doubled 532-nm Nd:YAG laser. Q-switching of the laser 
allows for an extremely brief and thus high-powered light 
pulse to be delivered to the target tissues. The short duration 
of the pulse is critical in preventing collateral damage to the 
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surrounding tissues [ 16 ]. The mechanisms of the pressure 
effects following ALT, LTP, and SLT which alter but do not 
perforate TM are yet undetermined. 

 Preserving the TM may become more important in the 
near future, as surgical techniques are developed to operate 
directly on SC or the juxtacanalicular TM. Thermal LTP 
would preclude the use of the newer MIGS procedures in 
these patients, as their TM and adjacent tissues, including SC 
would be likely to have been damaged. Once methods of pre-
operative evaluations of the patency of the required outfl ow 
pathways are clinically useful, such patients can be better 
evaluated as candidates for MIGS procedures.  

    The Concept of ELT 

 Ultraviolet excimer laser photoablation enables the precise 
removal of targeted tissue with meticulous local and adjacent 
temperature control to prevent thermal damage to surrounding 
tissues, exemplifi ed by the use of 193-nm excimer lasers for 
corneal surface ablation, which facilitates successful refractive 
surgery. However, the 193-nm wavelength, although precise and 
non-tissue damaging, is not readily transmissible via fi ber optics 
and can therefore not be used for intracameral procedures. In 
contrast, 308-nm excimer laser generated light is amenable to 
fi ber-optic transmission and, after extensive preclinical experi-
mentation, became the wavelength of choice for non-thermal, 
precisely targeted ab interno fi stulizing procedures [ 17 ]. The 
applications of this non-thermal, ab interno, fi ber-optic-delivered 
energy evolved, initially from full-thickness sclerostomy, creat-
ing a bleb via an ab interno approach, subsequently to trabeculos-
tomy, once the parameters of the target tissue anatomy 1  [ 18 ,  19 ], 
localization of SC, and ablation rates for this wavelength in this 
tissue were determined and idealized to enable a successful 
procedure to bypass TM and juxtacanalicular TM obstructions 
allowing and improving physiological outfl ow directly into SC. 

 Initial in vitro experiments led to animal trials [ 20 ]. In a 
study of the effects of 308-nm excimer laser energy applied ab 
interno to the limbal sclera of rabbit eyes, long-term decreases 
in IOP were achievable. The use of this 308-nm wavelength, 
unlike that of earlier trials with thermal lasers, enables laser-
tissue interactions with signifi cant advantages. This excimer 

1   Target tissue anatomic considerations to minimize healing responses 
must specifi cally address minimizing trauma to the outer wall of SC. 
The outer wall endothelium contains fi broblasts, whereas the inner wall 
endothelium does not. Thus, avoiding trauma to the outer wall and 
thereby not stimulating a fi broblast response is paramount to the suc-
cessful maintenance of outfl ow. Another anatomic consideration is the 
space between the inner and outer walls of SC, which can be less than 
20 μm. The accuracy of the tool used to enter the inner wall such that it 
does not disturb the outer wall must be of this same scale. The ablation 
precision of 308 nm on this tissue, unlike that of lasers and devices 
utilized in earlier attempts to fi stulize SC, facilitates the non-thermal 
and accurate tissue removal which thereby enables the ELT procedure’s 
effi cacy. 

laser is less likely to evoke a cicatricle response in the TM or 
sclera than those seen in trials using visible or infrared lasers, 
which cause thermal tissue damage and subsequent healing 
responses. In addition, there is minimal exposure of adjacent 
tissue to radiation enabled by direct contact of the laser energy 
to the target tissue via the fi ber- optic delivery system. With 
evidence that TM and scleral tissue could be successfully 
removed without adjacent tissue damage, without subsequent 
scar formation or channel closure, and with ablation accuracy 
which would enable precise targeting of TM, juxtacanalicular 
TM, and the inner wall of SC without perforating the outer 
wall of SC, these studies formed the basis for the development 
of the current ELT technology and techniques [ 21 ].  

    ELT Technique 

 ELT, fi rst used clinically in 1997 by Vogel and Lauritzen, 
treats the pathology responsible for most open-angle glau-
coma by decreasing the outfl ow resistance at the juxtacana-
licular TM and the inner wall of SC [ 22 ]. It is performed with 
a short-pulsed (80 ns) 308-nm xenon chloride (XeCl) excimer 
laser which delivers photoablative energy to precisely remove 
the tissue which obstructs aqueous outfl ow with minimal ther-
mal damage to adjacent tissue [ 23 ].  ELT surgery is performed 
as an outpatient procedure, under topical, peribulbar, or retro-
bulbar local anesthesia. Following a paracentesis and stabili-
zation of the anterior chamber with a viscoelastic agent, the 
surgeon introduces a fi ber-optic probe, which is advanced 
across the anterior chamber to contact the TM (Fig.  8.1 ). Probe 
placement is controlled by direct observation using either a 
goniolens or an endoscope. Four to ten channels are created 
into SC (Fig.  8.2 ). The probe is then removed, the viscoelastic 
agent is replaced by balanced salt solution, and the patient is 
monitored postoperatively. Most commonly the probe inser-
tion is superotemporal and the laser channels inferonasal. 
Variations include spacing the channels over both inferior 
quadrants, creating temporary hypotony following removal of 
the probe to enable enumeration of the number of patent chan-
nels into SC by observing an induced retrograde blood refl ux 
followed by repressurization, among others. The blood refl ux 
is a common but inconsequential occurrence (Fig.  8.3 ). To 
date no studies have shown benefi t from treatment in more 
than one quadrant. As no single protocol has been established, 
each surgeon tends to create their own technique. In spite of 
these numerous variations, the outcomes are remarkably 
similar.

     By means of the essentially non-thermal photoablation 
using the specifi ed laser parameters, ELT evaporates human 
tissue, denaturing the organic structures without producing 
undesirable marginal necrosis [ 24 ]. ELT excises the TM, the 
juxtacanalicular TM, and the inner wall of SC without dam-
aging the outer wall of SC or the collector channels [ 25 ]. No 
fi ltering fi stula or bleb is created [ 21 ,  26 ,  27 ].  
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    Technical Aspects of Performing 
an ELT Procedure 

 The current ELT procedure is performed with an AIDA XeCl 
laser (TUI-Laser AG, Germering, Germany) in the following 
manner:

    1.    The laser is automated to internally calibrate and con-
trol the output fluence in accordance with the manu-
facturer’s specifications. Unlike solid-state lasers, 
this XeCl gas laser requires a short “warm up” time 
during which the output energy is stabilized before 
use.   

a

c d

b

e f

  Fig. 8.1    Drawings and photos of the excimer laser trabeculostomy 
 procedure. The laser fi ber is introduced into the anterior chamber 
through a clear cornea incision ( a ) and advanced across the anterior 
chamber ( b ) to the trabecular meshwork of the opposite quadrant ( c ). 
When the fi ber tip is in contact with or slightly compresasing the 

 trabecular meshwork laser pulses are initiated ( d ). Tissue fl uorescence 
produced by each UV laser pulse can be visualized gonioscopicly ( e ). A 
series of laser channels of approx. 0.2mm diameter each enabels fl ow 
from the anterior chamber to Schlemm’s canal ( f ).  a ,  c-d , and  f : Peschke 
GmbH, Waldshut-Tiengen, Germany;  b  and  e : U. Giers       
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   2.    The sterile, non-reusable fi ber-optic delivery system is 
coupled to the laser. The output beam is then adjusted at 
the fi ber tip to ensure suprathreshold fl uence for tissue 
ablation at the fi ber tip. The console includes a power 
meter to enable this calibration which is performed prior 
to each procedure, similar to the tuning of a phaco hand-
piece before use.   

   3.    Topical, peribulbar, or retrobulbar local anesthesia is 
administered. In ELT alone, topical pilocarpine 2 % is 
used preoperatively to constrict the pupil. In phakic 
patients this may also assist in protecting the lens. 
Alternatively, intracameral Miochol (acetylcholine 
10 mg/ml) may be used.   

   4.    A 1 mm paracentesis is created in the superotemporal per-
ilimbal cornea 2 o’clock for left eyes and 10 o’clock for 
right eyes, or in combined cataract and ELT procedures, 
the previously created phaco-tunnel may be used in a sim-
ilar fashion (Fig.  8.4 ).

       5.    A viscoelastic agent (Healon) fi lls the anterior chamber 
through the paracentesis. Depending on the surgeons’ 
preference, the IOP may be unchanged or increased by 
this injection, enabling or precluding visualization of SC 
by blood refl ux (Fig.  8.5 ).

       6.    The laser probe is inserted into the anterior chamber 
through the paracentesis (Fig.  8.6 ) and is advanced to the 
opposite chamber angle via gonioscopic (using the sur-
geon’s preferred goniolens) or endoscopic visualization 
(Fig.  8.7 ). The ELT fi ber may be attached coaxial with an 
endoscope, or a second paracentesis endoscopic view 
may be utilized.

  Fig. 8.2    Gonioscope view/IOP high = SC not visible (U. Giers)       

  Fig. 8.3    Endoscopic view/IOP low = SC visible, blood fi lled (U. Giers)       

  Fig. 8.4    Paracentesis in the superotemporal perilimbal cornea 
(U. Giers)       

  Fig. 8.5    Viscoelastic agent is introduced (U. Giers)       
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         7.    The fi ber tip is centered on the pigmented TM and 
advanced to be in contact with the TM. SC is targeted 
whenever visible, or surgeons are advised to alternate 
placement of the fi ber to anterior, mid, and posterior TM 
regions to assure some of the channels will, in fact, enter 
into SC. The number of pulses which controls the pene-
tration depth is fi xed, similar to the penetration depth 
control in LASIK. Perforation of the inner wall of SC into 
SC depends, therefore, on its distance from the fi ber tip 
which can be variable depending on the angle of place-
ment and the amount of pressure on the fi ber. The calcula-
tion of this distance was determined in numerous 
preclinical experiments [ 28 ,  29 ]. Thus, the most common 
protocol consists of ten probe placement sites on TM, a 
percentage of which is likely to enter SC.   

   8.    The laser is activated, delivering laser pulses at 20 Hz 
per treatment site. Each pulse converts the tissue at the 
fi ber tip into gas. This gas may be seen exiting around 
the fi ber tip during each ablation (Fig.  8.8 ).

       9.    As the channel is created, pulse by pulse, an opening is 
created from the anterior chamber into SC through pho-
toablation of the TM, the juxtacanalicular TM and the 
inner wall of SC. As soon as the outfl ow obstruction at 
the fi ber tip is removed as SC is entered, the pathway for 
the gas, previously retrograde around the fi ber, becomes 
anterograde, entering SC. In theory, this product-of- 
ablation gas is then assumed to dilate SC, pushing the 
outer wall away and concurrently dilating the adjacent 
surrounding collector channels. This concept of the 
product- of-ablation gas dilation of SC and collector 
channels is termed “pneumatic canaloplasty.” Once ade-
quate imaging devices are developed to visualize this 
process in real time, this theory can be validated.   

   10.    The probe tip is then repositioned such that additional 
channels are created.   

  Fig. 8.6    Laser probe is inserted through the paracentesis to cross the 
anterior chamber (U. Giers)       

a

c

b

  Fig. 8.7    ( a ) Gonioscopic view of ELT probe in contact with TM ( white 
arrow ). ( b ) Blood in Schlemm’s canal ( arrow ) verifi es appropriate tar-
geting and depth, gonioscopic view ( c ) Induced blood refl ux verifi es 
success and enables documentation of number of successful channels 
into Schlemm’s canal (U. Giers)       
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   11.    The probe is removed from the anterior chamber.   
   12.    The viscoelastic agent is exchanged for BSS with irriga-

tion/aspiration, coaxial or bimanual (Fig.  8.9 ).
       13.    The anterior chamber can be monitored for the number 

of and location of patent trabeculostomy sites by blood 
refl ux from SC during a period of iatrogenic temporary 
hypotony during the viscoelastic agent/fl uid exchange.     

 Postoperative topical ophthalmic medication regimens 
are individualized by surgeon, most include:
    1.    A combination of steroid and antibiotic eye drops or oint-

ment is administered immediately at the end of the 
procedure.   

   2.    The operated eye is shielded or patched, and the patient is 
released once stable, similar to after phacoemulsifi cation.   

   3.    The operated eye is usually treated with a topical fi xed com-
bination of steroid (dexamethasone 0.1 %) and antibiotic 
eye drops qid for 1 week and then tapered over 3 weeks.   

   4.    In the rare case of an anterior chamber infl ammatory 
reaction, mydriatic eye drops may be added and the topi-
cal steroid can be intensifi ed by surgeon’s preference. 

 Most surgeons discontinue all antiglaucoma medica-
tions after the procedure. However, preoperative antiglaucoma 
medication may be continued and later reduced dependent 
on the postoperative IOP. When medications are reduced, 
IOP should be monitored carefully on a regular basis.      

    After ELT 

 Ideally, the patients are monitored postoperatively with goni-
oscopy in addition to IOP and the fi ndings documented as to 
the number of sites noted patent. In the cases that have been 
followed in this manner, channels are documented to remain 
patent years after the ELT procedure, and in some of these 
patients, goniolens “pumping” can induce blood to appear at 
the channels, further confi rming the patency of these 
 channels into SC (Figs.  8.10  and  8.11 ).

        ELT Enables Pneumatic Canaloplasty 

 Another potential benefi t of ELT is that it enables pneumatic 
canaloplasty. Both endoscopic and gonioscopic views of ELT 
have revealed gas bubble formation in the tissue and in the 
anterior chamber as a result of photoablation of the TM tis-
sue. When the ablation penetrates the outfl ow obstruction, 
gas is able to enter SC through the newly formed openings in 
the TM. The pressure of this gas has been proposed to local-
ized dilate SC and collector channels to improve aqueous 
outfl ow, thereby lowering IOP. Observing gas bubbles exiting 
the adjacent openings confi rms continuity of fl ow from SC. 

  Fig. 8.8    In this series of chanels created tissue fl uorescence is visible 
during a UV laser pulses creating the next channel. (U. Giers)       

  Fig. 8.9    Viscoelastic is exchanged for BSS (U. Giers)       

  Fig. 8.10    Patent trabeculostomy channels into SC ( arrow ) documented 
2.5 years after ELT (U. Giers)       
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 This hypothesis has yet to be confi rmed via real-time 
imaging or histologic studies. Real-time imaging and post-
mortem histologic studies – in addition to histologic studies 
after ELT to evaluate the long-term changes which occur 
subsequent to this procedure – will enable better understanding 
of the effects and effectiveness of the current procedure and 
enable suggestions for modifi cations to potentially further 
improve the outcomes (Fig.  8.12 ).

       ELT as a MIGS Procedure 

 To date the study with the largest sample size was published in 
2006 by Pache et al. [ 30 ]; included were 135 eyes with open-
angle glaucoma or ocular hypertension after ELT alone or ELT 
combined with phacoemulsifi cation. The follow-up was 1 
year. Separately two subgroups (subgroup 1 with IOP 
>22 mmHg at baseline and subgroup 2 with IOP ≤21 mmHg 
at baseline) were analyzed. Success (IOP ≤21 mmHg, 20 % 
reduction from baseline, antiglaucoma medications (AGM) ≤ 
baseline, and no subsequent IOP-lowering surgery) was for 
ELT alone in SG1 57 % (baseline IOP: 27.9 ± 3.9 mmHg; IOP 
at 1 year f/u: 19.3 ± 5.5 mmHg) and in SG2 41 % (baseline 
IOP: 20.2 ± 1.1 mmHg; IOP at 1 year f/u: 17.6 ± 3.3 mmHg) 
and for ELT combined with phacoemulsifi cation, in SG1 91 % 
(baseline IOP: 26.4 ± 2.8 mmHg; IOP at 1 year f/u: 

16.7 ± 2.8 mmHg) and in SG2 52 % (baseline IOP: 
19.6 ± 1.1 mmHg; IOP at 1 year f/u: 16.3 ± 2.2 mmHg). Hence, 
IOP reduction by ELT appears to be effective in both groups, 
but much more effective in eyes with higher baseline IOP. This 
fi nding has been confi rmed by a later study [ 31 ]. 

 Wilmsmeyer et al. investigated the outcome after ELT 
alone (70 eyes) versus ELT combined with phacoemulsifi cation 
(60 eyes) after a follow-up of 2 years in patients with open-
angle glaucoma or ocular hypertension [ 32 ]. They found a 
higher reduction of IOP after the combined procedure (IOP 
reduced from 24.1 ± 0.7 mmHg to 16.8 ± 1.0 mmHg at 2 
years after ELT alone vs. reduced from 22.4 ± 0.6 mmHg to 
12.6 ± 1.5 at 2 years after combined ELT. AGM use did not 
signifi cantly change). 

 Babighian et al. found comparable results in an ELT study 
with 2 years follow-up of 21 eyes with open-angle glaucoma 
[ 33 ]. Success (IOP decrease 20%with no additional medica-
tion, or IOP-lowering surgery) rates were 54 % and IOP was 
reduced from 24.8 ± 2.0 mmHg at baseline by 7.9 ± 0.1 mmHg 
at 2 years. 

 Töteberg-Harms et al. were the fi rst to show simultaneous 
IOP reduction and reduction of antiglaucoma medication after 
combined ELT (IOP changed from 25.33 ± 2.85 at baseline to 
16.54 ± 4.95 at 1 year, while medications were reduced from 
2.25 ± 1.26 at baseline to 1.46 ± 1.38 at 1 year) [ 34 ]. Complete 
success (IOP <21 mmHg, IOP reduction ≥20 %, without anti-
glaucoma medications, and no subsequent IOP- lowering sur-
gery) in their study population was 21.4 % and qualifi ed 
success (same as complete success but additional antiglau-
coma medications were not excluded) 64.3 % at 1 year. 

 Berlin et al. investigated 46 eyes after combined ELT with 
a follow-up of 5 years [ 35 ]. They showed that IOP was low-
ered (from 25.5 ± 6.3 at baseline to 15.9 ± 3.0 at 5 years) and 
antiglaucoma medications were reduced (from 1.93 ± 0.87 at 
baseline to 0.93 ± 1.12 at 5 years) and that this effect remained 
stable over the entire follow-up of 5 years. 

 In conclusion, currently published data demonstrates that 
ELT can reduce IOP and lower antiglaucoma medication 
simultaneously for up to 5 years. The combined procedure, 
ELT plus phacoemulsifi cation, appears to be more effective 
than ELT alone, and the amount of IOP lowering seems to be 
dependent on baseline IOP and is more effective in eyes with 
higher baseline IOP. 

 ELT has shown favorable outcomes in comparison to 
other outfl ow procedures (Fig.  8.13 ). Although ELT, as a 
laser treatment for glaucoma, is likely to be considered with 
other glaucoma laser treatments, it is not at all comparable in 
laser/tissue interaction effects. When compared to offi ce 
laser treatments, patients undergoing SLT achieved up to a 
27 % postoperative decrease in IOP but a negligible decrease 
in medications. Patients undergoing ALT had similar results, 
with a maximum of 23.5 % postoperative decrease in IOP 
and negligible decreases in medications. 

  Fig. 8.11    Blood Refl ux at the patent opening of a laser channel ( white 
arrow ) from SC induced by “pumping” the goniolens 3 years after ELT 
(U. Giers)       
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 ELT as an invasive surgical procedure has also shown 
favorable outcomes when compared to studies of other 
MIGS procedures. Patients undergoing clear cornea phaco-
emulsifi cation followed by ab interno gonioscopically 
guided implantation of one iStent® achieved an IOP decrease 
of 21.4 % and a medication decrease of 75 % 1 year postop-
erative. Patients undergoing phacoemulsifi cation cataract 
extraction combined with Trabectome achieved IOP 
decreases of up to 31.1 % and medication decreases of 
41.7 %. 

 Of most relevance is the fi nding that ELT has shown 
comparable long-term IOP-lowering results (decrease of 
38.6 % after 5 years) to signifi cantly more invasive and risk 

inherent traditional OR surgeries, trabeculectomy and tube 
shunt procedures. Though trabeculectomy has demonstrated 
IOP decreases of 57.1 % and medication decreases of up to 
90 %, when comparing the data obtained in the Collaborative 
Initial Glaucoma Treatment Study (CIGTS) on trabeculec-
tomy patients, the 5-year postoperative ELT intraocular pres-
sure measurements at all time points averaged 1 mm higher 
than those in the 300 patients who underwent trabeculec-
tomy  documented in CIGTS. In addition, the intraoperative 
complication rate of trabeculectomy was 12 %, and the 1 
month postoperative complication rate was 50 % versus ELT 
intraoperative and postoperative complication rates of 0 % 
[ 36 ,  37 ].  

a

c

b

  Fig. 8.12    Photos of the ELT procedure demonstrating pneumatic canaloplasty: ( a ) Coaxial endoscopic view. ( b ) As the second channel is created 
into SC, ( c ) bubble expansion is observed at the fi rst ELT site confi rming channel patency into SC at both sites (J. Funk, Zurich, Switzerland)       
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    Limitations and Next Generation 

 Feedback from leading surgeons who have performed over 
2,000 ELT procedures have identifi ed several limitations of 
the current ELT technique. The next generation of devices, 
called Guided ELT, is currently under development and is 
aimed to address the feedback from reporting surgeons. New 
sensors are being produced to better enable the surgeon to 
locate SC and TM and to automate the control of the laser, 
whereas currently tactile contact under observation provides 
surgeon feedback as to the amount of pressure applied to the 
meshwork. Furthermore, additional system controls assist in 
guiding the surgeon as to the depth of tissue removal and 
number of laser pulses required to penetrate the inner wall of 
SC with automated detectors and with imaging, especially 
real-time imaging. The progression of spectral-domain opti-
cal coherence tomography development in recent years 
shows promising abilities to meet these needs.  

    Conclusion 

 ELT is a safe and effective method to reduce both IOP and 
medication use with minimal complications in most 
patients with open-angle glaucoma. It is less invasive rela-
tive to the methodologies currently being practiced and 
thus reduces many postoperative issues, including patient 
discomfort, number of postoperative visits required to 
assure adequacy and stability, and especially the long-term 
risks of fi ltering procedures. By essentially eliminating the 
damaging and healing response inducing thermal effects 
and tissue trauma seen with other laser and device proce-
dures, ELT enables the lowering of IOP on a long-term 
basis. Furthermore, due to the minimal tissue trauma asso-
ciated with UV tissue photoablation, only a few, small 
channels into SC have proven adequate to control the IOP. 
Unlike trabeculectomy, ELT preserves the integrity of the 
meshwork and SC, which restores the natural outfl ow 
without the creation of blebs or invasive foreign body 
implants. ELT is an important adjunct to cataract surgery, 
allowing physicians to address two pathologies in one 
 surgical intervention without cutting the conjunctiva. 

 ELT has been approved for use in the European Union 
and Switzerland since 1998. Thousands of ELT proce-
dures have been successful in lowering and maintaining 
lower IOP for years (Fig.  8.13 ). Currently, clinical studies 
are pending in both Canada and the United States. We 
look forward to a better future for our glaucoma patients 
and especially for their children.
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           Introduction 

 Cyclodestructive procedures are usually reserved for cases 
of glaucoma that are refractory to medical therapy and out-
fl ow surgeries and in eyes that have little or no visual poten-
tial. Cyclodestruction has been carried out by various 
methods including surgical excision [ 1 ], diathermy [ 2 – 4 ], 
ultrasound [ 5 – 7 ], cryotherapy [ 8 – 12 ], and laser [ 13 – 43 ]. 
Laser cyclophotocoagulation (CPC) has now become the 
principle method for surgically reducing aqueous infl ow. 
The delivery of laser energy through the sclera may be per-
formed by either the noncontact or contact method. In the 
noncontact approach, a slit lamp is employed to apply laser 
energy through the conjunctival/scleral surface. A contact 
lens is often applied to keep the eyelids open and blanch the 
conjunctiva. The focus of energy delivery is 1–1.5 mm 
behind the limbus and is offset from the aiming beam so that 
maximal therapeutic effect is at the level of the ciliary body. 
The potential benefi ts of the noncontact over the contact 
approach may include a more precise focus of laser energy 
on the ciliary body. More recently, contact CPC has gained 
favor as a preferred method for treating refractory cases of 
glaucoma. 

 A newer method to directly photocoagulate the ciliary 
body under endoscopic guidance—known as endoscopic 
CPC (ECP)—has become an increasingly important weapon 
in the glaucoma surgeon’s armamentarium for the treatment 
of refractory glaucomas [ 44 – 53 ] and may have distinct 
advantages over the transscleral approach in eyes with visual 
potential. A classifi cation of the modern techniques and 
lasers to achieve cyclodestruction is provided in Table  9.1  
along with laser treatment parameters.

       Indications 

    Transscleral Cyclophotocoagulation 

 TCP is an effective procedure for reducing intraocular pressure 
(IOP). It is usually performed after medications and fi ltration 
surgeries have been tried and have failed. TCP is a valuable 
option in eyes suffering from severe forms of glaucoma, such 
as neovascular or traumatic, typically with end- stage disease 
and signifi cant loss of visual acuity. However, diode TCP has 
been successfully employed as a primary surgical procedure 
[ 54 – 57 ] and has been used in eyes with good visual acuity [ 40 ]. 
In fact, studies evaluating diode TCP as a primary surgery had 
good results both in open-angle and in angle-closure glauco-
mas, with few, if any, serious complications [ 55 – 57 ].  

    Endoscopic Cyclophotocoagulation 

 As in TCP, ECP is indicated in glaucomas uncontrolled by 
medical treatment and/or fi ltering surgery [ 44 – 53 ]. It has 
been used in primary open-angle, pseudoexfoliation, neovas-
cular, post-penetrating keratoplasty, pediatric, and angle- 
closure glaucomas [ 52 ]. ECP has been used as a primary 
glaucoma surgery in conjunction with cataract extraction 
[ 43 – 45 ] and also with tube shunt [ 58 ]. In fact, eyes with rela-
tively intact central visual acuity may be appropriate candi-
dates for ECP [ 43 – 45 ] .  
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 However, because the intraocular pressure (IOP) lowering 
with ECP seems modest, eyes with very elevated pressures 
may be considered more appropriate for TCP, particularly if 
potential visual function is limited. In the situation of exces-
sively high IOP with intact vision, fi ltration surgeries are still 
the procedures of choice. These recommendations are based, 
in part, on the experience of the authors, since there are no 
studies that directly compare ECP to TCP or trabeculectomy 
in a randomized, controlled fashion. In, summary, the indica-
tions for ECP and TCP are evolving as both procedures are 
being performed in clinical scenarios that traditionally have 
been treated by fi ltrating procedures.   

    Methods for TCP and ECP 

 Some of the techniques described below refl ect the authors’ 
personal preferences on the basis of their experience. 

    Transcleral Cyclophotocoagulation (TCP) 

 Clinically, two types of laser are used for TCP: neodymium/
yttrium-aluminum-garnet (Nd:YAG) and diode. 

 Preoperatively, a retrobulbar injection is provided 
because the application of laser energy can be painful, and 
there may be postoperative pain. The anesthetic agent(s) can 
be 2 % lidocaine only or a 1:1 mixture of 4 % lidocaine and 
0.75 % bupivacaine. Topical proparacaine or tetracaine is 
also applied before laser treatment. A lid speculum is usu-
ally placed for optimal exposure, and the patient is in the 
supine or reclined position. Transscleral illumination may 
be used to identify ciliary body positioning with respect to 
the limbus. 

    Nd:YAG TCP 
 The Nd:YAG laser (Surgical Laser Technologies Inc., 
Malvern, PA., USA) was one of the fi rst used to do TCP. The 
probe is rounded and the energy delivery is through the 
 center. Placement of the center of the probe is 1–2 mm pos-
terior to the limbus, which can be measured by calipers but is 
often estimated visually. Energy levels are started at about 
7 W and 0.7 s and are titrated to avoid an audible “pop” that 
indicates overtreatment and explosion of the ciliary body tis-
sue. A total of 17–20 spots are usually applied to treat 270° 

of ciliary processes, avoiding the 3 and 9 o’clock positions 
(Table  9.1 ). 

 After the procedure, atropine and dexamethasone oint-
ments are applied and the eye is patched. The patch may be 
removed in the evening and glaucoma drops should be rein-
stituted. Prostaglandin analogs may be excluded in the short 
term if cystoid macular edema (CME) is a concern, and cho-
linergics should be temporarily discontinued to avoid 
increased infl ammation. Postoperative prednisolone acetate 
1 % is applied 4 times daily for 10–14 days and tapered 
according to infl ammation.  

    Diode TCP 
 The diode laser (IRIS Oculight SLx, Iris Medical Inc., 
Mountain View, CA, USA) (Fig.  9.1a ) emits at 810 nm, and 
the probe has a tip shaped as a footplate (Fig.  9.1b ). The heel 
of the footplate is placed adjacent to the limbus, and the laser 
tip is positioned 1.2 mm behind to be over the ciliary body. 
The laser tip, which protrudes 0.7 mm, should be applied 
fi rmly against the conjunctiva/sclera to help avoid conjuncti-
val burn. The treatment principles are similar to the Nd:YAG 

      Table 9.1    Laser treatment parameters for cyclophotocoagulation   

 Type  Power/energy  No. of shots  Extent of area treated (degree)  Avoid 3 and 9 o’clock position 

 Noncontact TCP (Nd:YAG)  7–8 W for 0.02 s  24–32 (8 per quadrant)  270–360  Yes 
 Contact TCP (Nd:YAG)  7–9 W for 0.7 s  17–20  270  Yes 
 Contact TCP (diode)  1–2 W for 1.5–2.5 s  17–20  270  Yes 
 ECP (diode)  0.3–0.9 W  Not applicable  180–360  No 

b

a

  Fig. 9.1    ( a ) Semiconductor diode laser (IRIS Oculight SLx, Iris 
Medical Inc., Mountain View, CA) for diode contact TCP. ( b ) “G-probe” 
handpiece for contact diode TCP       
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laser. The initial energy settings are often about 1,000 mW 
with 2 s duration (Table  9.1 ). Lower energy levels can be 
used with longer durations. The 3 and 9 o’clock positions are 
avoided and a total of 17–20 shots are applied over approxi-
mately 270°. Energy is titrated to be just below that needed 
to achieve the “pop” sound. The number of treatment spots 
and avoidance of the 3 and 9 o’clock positions are similar to 
that for the Nd:YAG laser.

        Endoscopic Cyclophotocoagulation (ECP) 

    Devices 
 The laser unit for ECP (Endo Optiks, Little Silver, NJ, USA) 
incorporates a diode laser that emits pulsed continuous-wave 
energy at 810 nm, a 175 W xenon light source, a helium- neon 
laser aiming beam, and video camera imaging, which can be 
recorded (Fig.  9.2a ). All four elements are transmitted via fi ber 
optics to an 18-gauge or 20-gauge probe (Fig.  9.2b ), which is 
inserted intraocularly. The optimum focus for the laser is 
0.75 mm from the probe tip, and the endoscope provides a 70° 
fi eld of view. The main unit is compact and portable, with a 
maximum power output of 2.0 W. Controls for laser power and 
duration (up to 9.99 s) are adjustable on the console. The foot 
pedal controls laser fi ring with the actual duration of each treat-
ment determined by how long the pedal is depressed.

       Techniques 
 The two main approaches to reach the ciliary processes are 
via a limbal or a pars plana entry. The limbal approach is 
preferred because anterior vitrectomy and associated risks for 
choroidal and retinal detachment are avoided. However, there 
are some cases that are more safely treated through the pars 
plana, for example, in aphakic eyes with posterior synechiae 
limiting access to the ciliary sulcus. In both situations, a ret-
robulbar block with lidocaine and bupivacaine is performed 
or general anesthesia can be considered in selective cases. 

 In the limbal approach, after dilation of the pupil with cyclo-
pentolate 1 % and phenylephrine 2.5 %, a paracentesis is cre-
ated and the anterior chamber is fi lled with viscoelastic agent, 
which is further used to expand the nasal posterior sulcus. This 
viscoelastic expansion of the posterior chamber allows for eas-
ier approach to the pars plicata with the ECP probe. A 2.2-mm 
or 2.5-mm keratome is then used to enter into the anterior cham-
ber at the temporal limbus. After orientation of the probe image 
outside of the eye, the 18-gauge or 20-gauge probe is inserted 
through the incision and into the posterior sulcus. At this time, 
the ciliary processes are viewed on the monitor and treatment 
can begin. The laser is set at continuous wave and energy set-
tings are 300–900 mW (Table  9.1 ). Approximately a 180° span 
of ciliary processes is photocoagulated (more area can be treated 
if a curved probe is used). Laser energy is applied to each pro-
cess until shrinkage and whitening occur. Ciliary processes are 

treated individually or in a “painting” fashion across multiple 
processes. If excessive energy is used, the process explodes (or 
“pops”) with bubble formation, leading to excessive infl amma-
tion and breakdown of the blood-aqueous barrier. After the 
nasal 180° of ciliary processes are treated, a separate incision is 
created at the nasal limbus in a similar fashion as above. The 
temporal processes are then photocoagulated for a total of up to 
360°, if so desired. Typically, 180–360° are treated [ 46 – 48 ,  57 ]. 
The authors’ preference is to treat 270–360° of processes. 
Before closure of the wounds, viscoelastic is removed from the 
anterior chamber with irrigation and aspiration. 

b

a

  Fig. 9.2    ( a ) ECP unit (Uram E2, Endo Optiks, Little Silver, NJ), 
including laser and monitor. ( b ) ECP probe (20 gauge)       
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 In all patients, whether under local or general anes-
thesia, retrobulbar bupivacaine is administered before 
or at the end of the surgery to minimize postoperative 
pain. Sub-Tenon’s injection of 1 mL of triamcinolone 
(40 mg/mL) is also given for infl ammation. On postop-
erative day 1, patients are placed on a regimen of topi-
cal antibiotics, steroids, nonsteroidal anti-infl ammatory 
agents, cycloplegics, and their preoperative glaucoma 
medications except for miotics and prostaglandin analogs 
because these may exacerbate intraocular infl ammation 
or its sequelae. Antibiotics are discontinued after 1 week, 
and the steroids, nonsteroidal anti- infl ammatory agents, 
and cycloplegics are tapered as infl ammation subsides. 
Glaucoma medications are removed according to the IOP 
requirements. Administration of acetazolamide during 
the evening of surgery may be used to prevent a spike in 
IOP from underlying glaucoma, infl ammation, or possible 
retained viscoelastic.    

    Effi cacy 

    TCP 

 Both contact and noncontact TCP have been shown to be 
effective surgeries for treating refractory glaucoma in which 
medications and/or other surgeries have failed. Although 
defi nitions of success vary among reports, success rates for 
IOP control have been between 34 and 94 %, with mean 
follow-ups of up to 5.85 years [ 14 – 41 ]. 

 The amount of energy used for diode TCP seems to cor-
relate with treatment success without leading to a higher 
complication or vision loss rate [ 36 – 38 ]. In their meta- 
analysis of 47 eyes treated with diode TCP, Hauber and 
Scherer [ 37 ] found a direct, linear correlation between the 
success rate (IOP <22 mmHg) and total energy delivered. 
The risk of additional complications or vision loss was 
not increased. Murphy et al. [ 36 ] retrospectively exam-
ined the dose–response relation and found that there was 
a linear dose–response for the subset of neovascular glau-
coma cases but not for the group as a whole. Although 
high pretreatment IOP and high mean energy per treat-
ment episode seemed to be associated with hypotony, this 
was not statistically signifi cant on multivariate analysis. 
Noureddin et al. [ 38 ] prospectively evaluated an aggres-
sive protocol in 36 eyes. The relatively high treatment set-
tings were kept constant (2,250 mW, 2,000 ms, and total 
of 28 shots), even if pops were achieved. The success rate 
(IOP <22 mmHg) was good (72 %), and there was rela-
tive preservation of vision without permanent complica-
tions. However, there are several studies which did not 
fi nd a direct correlation between energy delivered and IOP 
outcome.  

    ECP 

 One of the largest series on ECP was reported by our group at 
UCSF and included 68 eyes from 68 patients with refractory 
glaucoma of various diagnoses including primary open angle 
(16), congenital (12), chronic angle closure (11), aphakic/
pseudophakic (10), uveitic (10), pseudoexfoliation/pigmen-
tary (5), neovascular (2), and traumatic (2) [ 46 ]. With the 
exception of those undergoing combined cataract extraction 
and ECP, all of these patients had failed maximal medical 
therapy, and most had undergone one or more prior glaucoma 
surgeries. Eyes received between 180° and 360° of ciliary 
body treatment. The majority (56 eyes, 12 had concurrent 
cataract extraction) were treated through the limbal approach, 
whereas the others (12 eyes) were treated via pars plana inci-
sion. Seven percent had retreatment. The mean follow-up 
period was 12.9 months and the mean preoperative IOP was 
27.7 mmHg. The mean IOP at last follow-up was 17.0 mmHg, 
yielding a mean reduction of 10.7 mmHg (34 % mean reduc-
tion). Glaucoma medication usage was reduced from an aver-
age of 3.0 preoperatively to 2.0 postoperatively. Success in 
controlling IOP <22 was 90 % at last follow-up. 

 Combined ECP with phacoemulsifi cation cataract surgery 
has shown some promise in cases that are not refractory to 
maximal medical therapy [ 45 – 48 ]. Some studies on ECP 
have targeted childhood glaucomas [ 50 – 53 ]. As expected in 
pediatric cases, the success rate is not as high as in adult 
cases, and there is a greater risk for serious complications. 

 There are no studies directly comparing the results of ECP 
versus TCP. The lack of randomized trials may be related to 
the relatively different indications for each procedure.   

    Complications 

 The complication rates after TCP varied signifi cantly depend-
ing on the laser type, glaucoma diagnosis and severity, treatment 
protocol, and other factors [ 14 – 41 ]. Side effects include pain, 
vision loss, hyphema, anterior segment uveitis, cataract progres-
sion, hypotony, and phthisis. The outcome is typically less pre-
dictable than in other glaucoma surgeries, and there is often a 
substantial risk for signifi cant vision loss [ 14 – 39 ]. In the more 
recent studies where TCP has been used as a primary surgery, 
the rates of serious complications seem to be none to few in 
number [ 40 ,  41 ,  54 – 57 ]. This may be related to the lower energy 
settings and the relatively higher proportion of primary open-
angle glaucoma and less severe forms of glaucoma than in prior 
studies. In numerous studies, TCP has had signifi cant rates of 
hypotony and/or phthisis, which may relate to its external 
approach. Greater energy is generally required to penetrate the 
sclera as compared with the endoscopic approach, which is a 
more selective ablation of the ciliary processes under direct 
visualization. Often there is overtreatment of the ciliary tissues 
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and surrounding structures including the vasculature, the pars 
plana, and the iris root, all of which may potentially predispose 
to phthisis or hypotony. In addition, there have been several 
published reports of sympathetic ophthalmia (SO) after TCP 
[ 59 – 61 ]. Lam et al. [ 61 ] reported that the incidence of SO at 
their institution was 5.8 % (4 of 69) and 0.67 % (1 of 150) after 
noncontact and contact Nd:YAG CPC, respectively. Malignant 
glaucoma has also been reported after diode TCP [ 62 ,  63 ]. 
Recently, necrotizing scleritis has been reported after diode 
TCP [ 64 ,  65 ]. 

 Complications associated with ECP included the follow-
ing in the largest series [ 46 ] to date: fi brin exudate in 24 %, 
hyphema in 12 %, CME in 10 %, vision loss of 2 lines or 
greater in 6 %, and choroidal detachment in 4 %. Other 
reported serious complications include retinal detachment 
and hypotony, although most of these were in pediatric cases 
[ 50 ]. Although not reported in the literature, endophthalmitis 
and choroidal hemorrhage are potential severe complica-
tions, owing to the intraocular nature of the surgery.  

    Summary 

 Both TCP and ECP are effective procedures for the treatment 
of glaucoma refractory to medical and/or prior surgical ther-
apy. TCP is an extraocular procedure that has mainly been 
used as a “last resort” in eyes that had received prior fi ltra-
tion surgeries or that had very limited visual potential. 
However, more recently, there has been a trend toward using 
TCP as the primary surgery in eyes with relatively intact 
vision. ECP is an intraocular surgery that has also been used 
as a primary procedure—often combined with phacoemulsi-
fi cation cataract extraction—but should probably be consid-
ered almost exclusively in eyes that have good potential 
vision or that are the better-seeing eyes. 

 The major disadvantage of ECP is that it is an intraocular 
procedure with the attendant risks of penetrating surgeries. 
Endophthalmitis, choroidal hemorrhage, and retinal detach-
ment are rare but remain potential complications. Therefore, 
although ECP may be a preferable surgery in cases of refrac-
tory glaucoma with relatively intact vision, it may not be rec-
ommended for eyes with very poor vision because it would 
unnecessarily expose them to such potential complications. 

 As TCP is increasingly employed as a primary surgical pro-
cedure for glaucoma, a prospective, randomized clinical trial 
comparing its safety and effi cacy to ECP may be warranted.     
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        Lowering the intraocular pressure (IOP) is one of the main 
treatment goals in the management of glaucoma patients, 
aiming to arrest the characteristic progressive optic neuropa-
thy and prevent the expected irreversible visual fi eld loss [ 1 ,  2 ]. 
This goal may be achieved by either medical, laser, or surgi-
cal modalities. 

 Surgical treatment is usually indicated when glaucoma-
tous optic neuropathy worsens or visual fi eld damage pro-
gresses despite laser trabeculoplasty or maximally tolerated 
medical therapy. 

 Trabeculectomy is the most common surgical approach to 
reduce IOP in glaucoma patients. Trabeculectomy is consid-
ered effective in many cases but is associated with a variety 
of complications, such as shallow anterior chamber [ 3 ] due 
to overfi ltration, hypotony maculopathy, choroidal detach-
ment or hemorrhage, hyphema, aqueous misdirection, cata-
ract, or endophthalmitis [ 4 – 6 ]. Most of these complications 
are due to the fact that the surgery is invasive and involves 
penetration of the AC. Other procedures such as glaucoma 
drainage devices (GDD) which shunt aqueous from the AC 
to the posterior sub-conjunctival space may be also associ-
ated with similar complications like hypotony, diplopia, tube 
extrusion, and infection [ 7 ,  8 ]. 

 The non-penetrating deep sclerectomy (NPDS) proce-
dure, ab externo fi ltration procedure, fi rst described by 
Krasnov [ 9 ] and Walker [ 10 ] at 1964, was aimed to prevent 

these complications. The procedure includes unroofi ng of 
Schlemm’s canal and exposure of the juxtacanalicular tra-
beculum in order to allow effective fl uid percolation [ 11 ], 
while the AC is not penetrated. This procedure was sug-
gested to have a higher safety profi le as compared to trabecu-
lectomy [ 12 ,  13 ] with almost similar success in controlling 
IOP compared to trabeculectomy [ 3 ,  14 – 16 ]. 

 One of the main drawbacks of the procedure is its technical 
diffi culty. In the manual NPDS procedure, a deep scleral fl ap 
is fi rst dissected and then a second scleral layer is cut out, leav-
ing an exposed thin layer of trabecular meshwork and 
Descemet’s membrane. Fluid percolation through the remain-
ing tissue is the desired outcome of the procedure. However, 
since the scleral tissue needs to be dissected manually to more 
than 95 % of its depth (leaving a residual intact layer of only 
several tens of microns), inadvertent perforation is a frequent 
complication. These perforations in manual NPDS occur in 
about 30–50 % of the cases in the early stages of the learning 
curve of the procedure [ 17 ]. In the case of perforation, the 
procedure may be converted to a conventional trabeculec-
tomy; however, the high rates of perforation limit the use of 
the manual deep sclerectomy as a treatment procedure. On 
other hand, while the risk of perforation is relatively high, if 
the tissue is not cut deep enough, the fi ltration may not be 
effective, and the intraocular pressure will not be reduced to 
the desired level. Therefore, in order to achieve good clinical 
results, this procedure requires high surgical skills and experi-
ence with a long learning curve. For that reason, the manual 
NPDS was adopted only by a minority of surgeons and did not 
gain a wide popularity in spite of its advantages [ 18 ] which 
include less frequent fl attening of the anterior chamber, less 
choroidal detachments, and reduced infl ammation due to the 
avoidance of penetrating the anterior chamber. 

 Many modifi cations, such as yttrium aluminum garnet 
(YAG) laser goniopuncture, placing spacer under the fl ap, and 
antimetabolite applications, improved the effi cacy of the pro-
cedure, however not yet to the level of a wide acceptance [ 18 ]. 

 In order to improve the clinical outcomes, attempts to use 
laser technology in the NPDS have been studied. The purpose 

      CO 2  Laser-Assisted Deep Sclerectomy 

              Alon     Skaat       and     Shlomo     Melamed     

  10

        A.   Skaat ,  MD      (*) 
  New York Eye & Ear Infi rmary , 
  321 East 13 St. (Apt 10A) ,  New York ,  NY   10003 ,  USA    

  The Sam Rothberg Glaucoma Center, Goldschleger 
Eye Institute, Sheba Medical Center, Tel Aviv 
University ,   Tel Hashomer, Ramat Gan   52621 ,  Israel   
 e-mail: skaatalon@gmail.com   

    S.   Melamed ,  MD      
  The Sam Rothberg Glaucoma Center, Goldschleger 
Eye Institute, Sheba Medical Center, Tel Aviv 
University ,   Tel Hashomer, Ramat Gan   52621 ,  Israel   
 e-mail: melamed.shlomo@gmail.com  

mailto:skaatalon@gmail.com
mailto:melamed.shlomo@gmail.com


104

was based on the laser’s properties that include reduced col-
lateral tissue damage and ability to achieve isolated subsur-
face surgical effect in the sclera [ 19 ]. 

 Attempts to use femtosecond laser [ 20 ], argon fl uoride 
excimer laser [ 21 ], and erbium/YAG laser [ 22 ,  23 ] were 
reported in the literature although none of these attempts 
have been demonstrated in continuing clinical trials. 

 As opposed to the lasts, the CO 2  laser seemed to have 
several advantages. 

 The unique characteristic of the CO 2  laser is its effective-
ness in ablating only dry tissues (therefore its common use in 
general and plastic surgeries). This inherent characteristic is 
due to the fact that the far-infrared radiation of this laser 
(wavelength of 10,600) is absorbed in water and thus is inef-
fective when applied over wet tissues. Applying CO 2  laser 
energy on the dried scleral tissue over the trabecular mesh-
work then results in a localized ablation of the sclera up until 
the point at which fl uid begins to percolate through the 
thinned wall of the anterior chamber. Once percolation 
begins, further laser application is ineffective, and thus, fur-
ther tissue ablation does not occur. In this fashion, tissue 
ablation is “automatically” halted when the desired endpoint 
of the procedure is achieved [ 24 ]. 

 The use of these unique characteristics in NPDS was fi rst 
described by Assia et al. [ 24 ,  25 ]. The OT-135 system 
(“IOPtiMate”; IOPtima Ltd., Ramat Gan, Israel), which was 
developed for this purpose, includes a Beam Manipulator 
System conjugated with an “off-the-shelf” CO 2  laser 
(Fig.  10.1 ). This system enables deep tissue ablation with 
minimal risk of perforation. As such, it offers an alternative 
to the manual NPDS, making the procedure simpler and less 
surgeon dependent [ 26 ]. The new technique was called 
CLASS – CO 2  laser-assisted deep sclerectomy.

      CLASS: Surgical Procedure 

 The procedure is performed under sub-conjunctival anes-
thesia with 2 % lidocaine without epinephrine. The per-
ilimbal conjunctiva and Tenon’s capsule are dissected. 
A half- thickness 5 × 4 mm superior scleral fl ap is fashioned 
with a crescent knife. A red laser (HeNe) aiming beam is 
used to mark the scanning area boundaries, with four clear 
red dots at the corners. Scan dimensions (width and length) 
can be changed within the range of 1–4 mm. Initially a wide 
scan area is used to repeatedly remove layers of sclera until 
a percolation zone can be readily identifi ed. The CO 2  laser 
is repeatedly applied with time intervals of 2–3 s between 
applications to allow percolation to take place and be 
detected until suffi cient percolation zone of at least 3 mm in 
region length is clearly evident. The scleral fl ap is then repo-
sitioned and sutured with 10-0 nylon sutures. Figure  10.2  
demonstrates the CLASS steps.

       Preclinical and Clinical Studies 

 The preclinical studies (which took place at Goldschleger 
Eye Research Institute, Sheba Medical Center, Israel; at the 
Laboratory for Intraocular Microsurgery and Implants, Meir 
Medical Center, Kfar Saba, Israel; and at the Center for 
Research on Ocular Therapeutics and Biodevices, Storm Eye 
Institute, Medical University of South Carolina, USA) were 
performed on varied experimental models [ 25 ]: enucleated 
pig eyes, live rabbit eyes, and human cadaver eyes. Scleral 
ablation and aqueous percolation were repeatedly achieved 
in all models. Histology in each case demonstrated deep 
scleral craters with thin intact sclera-corneal tissue layer at 
the ablation area (Fig.  10.3 ), while the neighboring struc-
tures (including sclera, cornea, iris base, and ciliary body) 
remained undamaged. The results of these experiments indi-
cated that CLASS is a safe and effective procedure for 
achieving effective fl uid percolation.

  Fig. 10.1    CLASS OT-135 system (“IOPtiMate”; IOPtima Ltd., Ramat 
Gan, Israel) consists of a Beam Manipulator System conjugated with a 
CO 2  laser       
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  Fig. 10.2    CLASS – surgical 
procedure steps       
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   Most of the experiments used prior models of the system 
(OT-133 and OT-134 “IOPtiMate”; IOPtima Ltd., Ramat Gan, 
Israel) which were involved with several drawbacks, such as 
an excessive charring and a tissue coagulation around the 
treated area, which cause early fi brosis, adhesions, and sur-
gery failure, as reported previously in sporadic cases [ 24 ,  25 ]. 
Based on the lessons learned, an improved Beam Manipulator 
System version (OT-135) (Fig.  10.1 ) was developed using a 
higher power laser with the ability to diminish localized heat-
ing and tissue photocoagulation, increase the control on the 
ablation process, and minimize the adverse effects to neighbor 
tissues. 

 The preclinical experiments have led the way to multi-
center clinical trials to come. 

 Up to now, the technology was clinically tested in several 
multicenter and multinational studies. Some have already 
been published in peer-reviewed literature [ 26 ,  27 ]. 

 Studies were done in nine sites: Israel, Tel Hashomer 
(Prof. Melamed and Dr. Skaat); Israel, Kfar Saba (Prof. 
Assia and Dr. Geffen); Mexico, Mexico City (Dr. Gil); India, 
Madanapalle (Dr. Naveen); Russia, Moscow (Dr. Anisimova); 
Italy, Ancona (Dr. Mariotti); Spain, Valencia (Dr. Muñoz); 
Swiss, Genève (Dr. Shaarawy); and Swiss, Lausanne (Dr. 
Mermoud). 

 A total number of 111 patients with either primary open- 
angle glaucoma (POAG) or exfoliative glaucoma (PEXG) 
who were candidates for primary glaucoma fi ltration surgery 
were included in the studies. Inclusion and exclusion criteria 
are shown in Table  10.1 . Demographic data is shown in 

Table  10.2 . Comprehensive ophthalmologic examination 
was performed before and at intervals of 1 day, 1 week, and 
1, 3, 6, 12, and 24 months after the surgical procedure. The 
examination included assessment of best-corrected visual 
acuity, IOP measurement using Goldmann applanation 
tonometry (average of three repeated measurements taken at 
the same time of the day ±1 h), slit-lamp examination, optic 
disc evaluation, and posterior pole examination. Patients 
also underwent gonioscopy and assessment of central cor-
neal thickness (average of three repeated measurements). 
Intraoperative and postoperative complications were docu-
mented. The incidence of intraoperative macro-perforations, 
defi ned as perforations accompanied by iris prolapse or ante-
rior chamber swallowing or both, was also recorded.

    “Complete success” was defi ned as IOP values measure at 
the 12-month endpoint, ranging between 5 and 21 mmHg, 
and IOP reduction equal to or more than 20 % as compared 
to baseline IOP without additional hypotensive medications 
or repeat fi ltration surgery. The same outcome, but including 
also subjects who required hypotensive medications postop-
eratively, was defi ned as “qualifi ed success.” Failure was 
defi ned as an IOP value lower than 5 and higher than 
21 mmHg, IOP reduction of less than 20 % as compared to 
baseline IOP, severe loss of vision, or the need to undergo 
additional glaucoma surgery. 

 The preoperative IOP of 25.7 ± 5.25 mmHg (mean ± SD) 
dropped to 13.5 ± 3.7 mmHg at 6 months, to 13.6 ± 4.04 mmHg 
at 12 months, and to 13.5 ± 3.05 mmHg at 24 months postop-
eratively, yielding average IOP reductions at 6, 12, and 
24 months of 12.4 ± 6.52 mmHg (47 %), 12.2 ± 7.03 mmHg 
(54 %), and 14.8 ± 8.12 mmHg (52 %), respectively ( P  < 0.001). 

 The IOP measurements from the preoperative stage up to 
24 months postoperatively are shown in Fig.  10.4 .

   Complete success was achieved by 64 and 52 % of the 
patients at 12 and 24 months, respectively, whereas qualifi ed 
success was achieved by 86 and 80 % of the patients at 12 
and 24 months, respectively. 

 Preoperative use of hypertensive medications per patient 
dropped from an average of 2.3 ± 1.2 to 0.5 ± 0.84 at 12-month 
visit ( P  < 0.001) and to 0.4 ± 0.75 at 24-month visit. 

 Shallow diffuse blebs were observed in all cases. No nee-
dling procedures, YAG laser goniopuncture, suture lysis, or 
5FU injections were needed. 

 No device malfunctions were reported. 
 Choroidal detachment was reported in four cases (from 

which two cases were needed surgical interventions). No 
other major complications (such as hypotony maculopathy, 
aqueous misdirection, or endophthalmitis) were reported. 
There were minor postoperative complications, which were 
all transient within few weeks, and are shown in Table  10.3 .

   The use of mitomycin-C (MMC) a well-known drug used 
during the  initial stages of glaucoma surgery to prevent the 
scarring and fi brosis of the fi ltering bleb, was left to the 

  Fig. 10.3    Histological section of a human cadaver eye after CLASS. 
A half depth scleral fl ap covers a residual thin intact layer overlying the 
trabecular meshwork and peripheral Descemet’s membrane       
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  n   % 

 Total number of patients  111 
 Mean age ± SD  69.3 ± 1.2 
 Mean age at diagnosis ± SD  64.2 ± 1.3 
  Gender   Male  62  55.9 

 Female  49  44.1 
  Race   African  2  1.8 

 Caucasian  82  73.9 
 Hispanic  14  12.6 
 Indian  13  11.7 

  Glaucoma type   Primary open angle  85  76.6 
 Pseudoexfoliative  26  23.4 

  Table 10.2    Demographic data 
of CLASS group  

   Table 10.1    CLASS studies inclusion and exclusion criteria         

  Inclusion criteria  
 1. Patient age 18 years or older 
 2.  Patient must have primary open-angle glaucoma or pseudoexfoliative glaucoma in the study eye; diagnosis is based on glaucomatous optic 

neuropathy, Shaffer angle of +2, and visual fi eld defect attributed to glaucoma (at least two consecutive abnormal visual fi eld test results, 
defi ned as a pattern SD (PSD) outside the 95 % normal confi dence limits and/or glaucoma Hemifi eld Test (Carl Zeiss Meditec, Inc.)) 

 3.  Treated eye must be phakic or pseudophakic eye with no ocular disorder or ocular diseases but cataract and no prior surgical intervention in 
study eye but cataract surgery with clear corneal incision and trabeculoplasty performed >3 months ago 

 4. Patient is indicated for fi ltration surgery 
 5.  Presence of ocular hypertension, defi ned as an intraocular corrected pressure (IOP) ≥21 mmHg in the study eye while on maximal tolerated 

medications. a  This IOP level of above or equal 21 mmHg must be verifi ed and recorded in the most recent two consecutive measurements 
(but not taken on the same day) prior to operation 

 6. Best-corrected visual acuity (BCVA) better than 20/200 in the fellow eye 
 7. Optic neuropathy is attributed exclusively to glaucoma 
  a Patients on maximal tolerated medications refer to those patients who cannot or will not use medications due to cost issues, memory 
problems, diffi culty of instillation, or inability to tolerate medications 

  Exclusion criteria  
  1. Diagnosis of glaucoma other than primary open-angle glaucoma or pseudoexfoliative glaucoma 
  2.  History of previous intraocular surgery in the study eye, referring to but not limited to glaucoma fi ltering surgery (penetrating and 

non- penetrating), laser gonioplasty, corneal transplant, and history of any other laser ocular procedures except for laser trabeculoplasty 
surgery 

  3. Laser trabeculoplasty surgery within the last 3 months in the study eye 
  4. Study eye is aphakic 
  5. Patients with previous cataract extraction with scleral tunnel and or conjunctival incision in the study eye 
  6. Proliferative or severe nonproliferative retinopathy in either eye 
  7. Eyes with (dilated) pupil diameter of less than 2 mm in the study eye 
  8. Discernable congenital anomaly of the anterior chamber angle in the study eye 
  9. Patients with neuropathy other than glaucoma in the study eye 
 10. Patient with RVO (retinal vein occlusion) or RAO (retinal artery occlusion) in the study eye 
 11. History of prior vitrectomy or vitreous hemorrhage (VH) in the study eye 
 12. Patient with media opacifi cation which may interfere with optic nerve evaluation in the study eye 
 13. Patient with ocular malformations such as microphthalmia in the study eye 
 14. Patient with concurrent infl ammatory/infective eye disorder (e.g., episcleritis, scleritis) in the study eye 
 15. Patient with any sign of past or present uveitis (anterior/posterior) 
 16. Patient with known allergy to the study medications 
 17.  Patient with severe systemic disease or disabling conditions such as chronic renal failure requiring dialysis, severe and disenabling 

neurological disease, and post organ transplants 
 18. Patient participating in another clinical trial or participation in another clinical trial is <3 months 
 19. Patient is pregnant or breastfeeding 
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surgeon’s discretion and was applied eventually in 93 % of 
the cases at a concentration of 0.04 % for 60 s. This use is 
based on a recent publications and meta-analysis [ 28 ] which 
demonstrated that intraoperative use of MMC in non-pene-
trating glaucoma surgeries is associated with greater IOP-
lowering effi cacy, with statistically signifi cant differences in 
IOP reduction after 1 year postoperatively.  

    Summary 

 CLASS procedure utilizes the unique physical properties of 
the CO 2  laser and its ability to ablate dry tissue with almost 
complete absorption of the energy by percolating aqueous 
humor. By this, it protects deeper tissues like trabecular 
meshwork from the laser energy and enables an accurate 
dissection of the scleral wall and unroofi ng of the Schlemm’s 
canal without penetrating the anterior chamber (making 
this procedure practically an extraocular procedure). It has 
an excellent safety and effi cacy profi le and enables the sur-
geon and patient to enjoy the advantages of NPDS without 
its major complications and with a very short learning 
curve only.     
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           Introduction 

 To-date, elevated intraocular pressure (IOP) is the only 
proven treatable risk factor of glaucoma [ 1 – 3 ]. IOP is the 
result of a balance between the production of the aqueous 
humor by the ciliary epithelium and its elimination by the 
trabecular and uveoscleral pathways. All treatments for glau-
coma can therefore have two mechanisms of action: reduc-
ing aqueous humor production via the partial destruction or 
medical inhibition of the ciliary body and facilitating the 
evacuation of aqueous humor out of the eye medically or by 
fi ltering surgery. The recommended steps for lowering the 
IOP are usually topical medications fi rst, followed by inci-
sional surgery, and then cyclodestructive procedures [ 4 ]. 
Medical treatment failure is common, often due to lack of 
compliance of the patients in using the prescribed therapy. 
For this reason, surgical procedures are frequently per-
formed. Filtering surgeries often fail due to the healing pro-
cesses at the incision site. Over the long term, almost 
one-third to one-half of glaucoma surgeries fail because of 
this healing process [ 5 ]. In case of glaucoma that is refrac-
tory to conventional fi ltering surgery, partial physical 
destruction of the ciliary body may be considered (cyclode-
structive procedures). Although diode laser transscleral 
cyclophotocoagulation is currently the clinical standard, 
many other methods and energy sources for destroying the 
ciliary processes have been investigated, resulting in coagu-
lation necrosis of the ciliary body following heating (laser, 

microwave) or freezing (cryotherapy) [ 6 – 13 ]. All these 
methods have two major drawbacks which limit their use. 
Firstly, they are nonselective of the organ to be treated, often 
resulting in damage to the adjacent structures and ocular 
infl ammation. Laser energy is mainly absorbed by the pig-
mented tissues and therefore can also damage the iris and the 
choroid. Cryotherapy and cyclodiathermy also result in a 
large area of treatment having unpredictable dimensions. 
Secondly, these methods have an unpredictable dose-effect 
relationship, which prevents accurate prediction of the treat-
ment effect. Undertreatment leads to insuffi cient IOP reduc-
tion, and repeat treatment may be required. Overtreatment 
may lead to a major drop in intraocular pressure and ocular 
atrophy (ocular phthisis, defi nitive loss of visual acuity, and 
ocular pain). Published studies report a 6–64.3 % risk of 
visual acuity decrease, 0.5–37.5 % risk of ocular phthisis, 
12.4–27 % risk of chronic infl ammation, 2–6 % risk of cor-
neal dystrophy, 10–35 % risk of cataract formation, and 
12.9–80 % risk of failure 1 year after the procedure [ 6 – 13 ]. 
As a result, these cyclodestructive methods are currently 
reserved for treatment of refractory glaucoma. They do not 
represent an alternative that can be proposed as second-line 
treatment if medical treatment fails. 

 Therapeutic ultrasound, although less well known than 
ultrasound for diagnostic imaging, has become a topic of 
growing interest in ophthalmology. High-intensity focused 
ultrasound (HIFU) for the treatment of glaucoma is one of 
the main areas of research and potential clinical applications. 
The specifi c advantage of HIFU, particularly when com-
pared to laser, is that the energy can be focused through opti-
cally opaque media, especially through the sclera which is a 
strongly light-scattering medium, and that energy deposition 
and tissue heating at the focus site do not depend on tissue 
pigmentation, which may vary greatly, particularly in the 
ciliary body. HIFU is therefore a possible method for partial 
coagulation of the ciliary body and, hence, reducing IOP. 

 To overcome the drawbacks of the current and past meth-
ods of cyclodestruction and taking advantage of recent break-
throughs in the fi eld of high-intensity focused ultrasound 
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(HIFU) technology, a new HIFU device was recently devel-
oped by physicians, scientists, and a start-up company, the 
aim being to achieve a selective and precise destruction of the 
ciliary body, sparing the adjacent ocular structures [ 14 – 17 ]. 
The aim of this chapter is to present an overview of the inter-
est of HIFU for cyclocoagulation and to detail the mecha-
nisms of action, technical procedure, and clinical results of 
the recently developed device.  

    Historical Perspectives: Ultrasonic 
Cyclocoagulation 

 Ultrasonic coagulation of the ciliary body using HIFU has 
been studied since the late 1980s [ 18 – 28 ], and a commer-
cially available device (Sonocare Therapeutic Ultrasound 
System Model, Sonocare Inc., Ridgewood, NJ) was mar-
keted [ 18 – 28 ]. 

    The Sonocare: Experimental Studies 

 The fi rst HIFU device for the treatment of glaucoma was 
developed in the 1980s by Lizzi et al. (Riverside Research 
Institute, NY) and Coleman et al. (Cornell University 
Medical College, NY), and a commercially available sys-
tem was marketed by a spin-off company (The Sonocare 
CST- 100 Therapeutic Ultrasound System, Sonocare Inc, 
Ridgewood, NJ) and was one of the fi rst HIFU devices 
approved by the Food and Drug Administration. The 
Sonocare was composed of an electronic control unit and a 
transducer assembly supported by an articulated arm. The 
transducer assembly was composed of a focused ultra-
sound transducer for the therapy, a central A-mode diag-
nostic transducer to determine the distance to the target 
organ ( z ), and a fi ber-optic module to determine the posi-
tion on the surface of the sclera ( x ,  y ). The therapy trans-
ducer was a 1.46-mm-thick PZT-4 spherical shell, with a 
fundamental frequency of 1.5 MHz, operating at its third 
harmonic, i.e., about 4.5 MHz. For animal studies, the 
transducer diameter was 42 mm, with a focus of 90 mm 
and a focal zone having a 14.9-mm axial length and 0.6-
mm transverse focal width at its third harmonic [ 18 ]. 
Exposure durations varied from 1 to 5 s and intensity lev-
els from 100 to 2,000 W/cm 2  at the focal point. A fl uid 
coupling bath of saline heated at 37 °C was made by stick-
ing a plastic sheet to the skin. The distance and the place-
ment of the transducer from the eye were determined with 
the diagnostic transducer and the optic fi ber. Once the cor-
rect distance was determined and the focal zone of the 
transducer was positioned, a single application of energy 
was performed. The transducer was then moved for each of 
the approximately six applications. 

 In the fi rst published animal study, Coleman et al. treated, 
using the parameters mentioned above, 14 rabbit eyes in 
which ocular hypertension was induced by an injection of 
alpha-chymotrypsin and then compared over 3 months the 
treated eyes to ten controls    and seven receiving a mock treat-
ment [ 18 ]. Ten of the fourteen treated eyes demonstrated an 
initial IOP reduction. In six of these ten eyes, IOP further 
increased and remained near the level of the controls, 
whereas in the remaining four, IOP was sustained below the 
intraocular pressure of the controls. Histological examina-
tions – light and transmission electron microscopy – 
 performed at varying times showed localized thinning of the 
sclera with intact conjunctiva and focal disruption of the cili-
ary epithelium. The scleral lesions were very highly local-
ized with immediate disruption of the collagen fi bers of the 
sclera gradually replaced by fi brils, which were smaller in 
diameter and which were produced by activated fi broblasts. 
According to the authors, this study demonstrated two mech-
anisms of action: reduced aqueous production because of 
ciliary epithelium destruction and enhanced outfl ow through 
the thinned sclera. 

 In a further study performed in rabbit and pig eyes and also 
in human eyes enucleated after treatment (nonfunctional and 
painful eyes), histological examinations also showed a cleav-
age between the sclera and the ciliary body, suggesting a third 
mechanism of action, which is an enhanced outfl ow via the 
uveoscleral pathway (outfl ow of aqueous between the sclera 
and the choroids until transscleral venous system) [ 22 ].  

    The Sonocare: Human Studies 

 Several clinical studies have been conducted with Sonocare, 
and these have suggested that ultrasound cyclodestruction 
was an effective method, with favorable results in terms of 
IOP reduction [ 19 – 21 ,  23 – 27 ]. The transducer used in 
humans was also a 1.46-mm-thick PZT-4 spherical shell 
operating at its third frequency (4.5 MHz) but with a diame-
ter of 80 mm, a focus of 90 mm, and a focal zone having a 
3.0-mm axial length and 0.4-mm transverse focal width at its 
third harmonic. Exposure duration varied from 1 to 5 s and 
intensity levels from 800 to 4,800 W/cm 2 . In the fi rst pub-
lished clinical study, Coleman et al. treated 42 eyes (7 con-
genital glaucomas, 13 primary open-angle glaucomas, and 
22 secondary glaucomas) with the abovementioned parame-
ters and obtained an IOP of 25 mmHg or less in 83 % of 
patients with a minimum 3-month follow-up period [ 19 ]. 
Maskin et al. achieved a 38.4 % reduction in intraocular 
pressure 8 months after the cyclodestructive procedure in 
158 eyes with refractory glaucoma [ 26 ]. Sterk et al. achieved 
a 42.2 % reduction in IOP 3–4 months after the procedure in 
44 eyes with refractory glaucoma [ 27 ]. Denis and Valtot 
obtained satisfactory IOP control in 75.2 % of cases 3 months 
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after treatment of 62 eyes with failed trabeculectomy. The 
success rate was higher in phakic eyes compared to pseudo-
phakic or aphakic eyes (82 % versus 68 %) [ 24 ].  

    Limitations 

 The Sonocare was not fully convenient to use and handle. The 
transducer was bulky, heavy, and attached to an articulated 
arm which had to be positioned manually using a light source 
and A-scan imaging probe. It had a fl uid coupling bath of 
heated saline that had to be set up by sticking a plastic sheet 
to the patient’s skin. Because the correct distance and position 
have to be checked before each burst, the procedure was 
rather lengthy. To address this, a second model without artic-
ulated arm was proposed, allowing a freehand insonifi cation. 
Later, a balloon touch transducer technique that eliminated 
the saline water bath was also developed [ 28 ]. 

 Treatable complications such as IOP spikes following the 
procedure were frequently reported. Severe complications 
such as scleral thinning or perforation have been rarely 
described, especially encountered in congenital and pediatric 
glaucoma [ 18 ,  19 ,  25 ]. Other complications such as infl am-
mation, chronic uveitis, cataract formation, and decrease of 
visual acuity were also sometimes reported. A review of the 
published studies shows complication rates of 9.5–43 % 
(decrease of visual acuity), 9.5–22 % (chronic uveitis), 
5–13 % (corneoscleral burns), and 1.4–4 % (ocular phthisis) 
[ 19 – 21 ,  23 – 27 ]. Because of these complications and the 
development of diode laser transscleral photocoagulation, 
the use of HIFU for cyclodestruction was gradually aban-
doned in the mid-1990s.   

    High-Intensity Focused Ultrasound 

    Defi nition and Characteristics 

 Sound is made up of cyclic pressure waves produced by the 
mechanical vibration of a support material and propagated 
through the elasticity of the medium. Ultrasound is a cyclic 
sound pressure wave with a frequency greater than 20 kHz. The 
pressure variations, that is to say the periodic alternation of 
overpressure and depression, are displaced in the propagation 
medium. By contrast, the molecules or atoms of the medium do 
not move but oscillate only a few nanometers around their ini-
tial position. Longitudinal or transverse waves correspond to 
molecules or atoms moving in the same direction or perpen-
dicular to the wave, respectively. In biological tissue, the ultra-
sonic waves are essentially of longitudinal type. 

 The propagation velocity of ultrasound in a medium is 
independent of frequency and depends on the mechanical 
properties of the medium, in particular its density and 

 compressibility. In soft tissue, the ultrasound propagation 
velocity is about 1,550 m/s. During the propagation of a 
wave in a homogeneous soft tissue, the intensity of the wave 
decreases gradually. Several phenomena may contribute to 
the gradual attenuation of the ultrasonic wave: the diver-
gence of the beam, resulting in a decrease in energy per unit 
area; the scattering of the beam, resulting in a “scattering” 
multidirectional ultrasonic waves; the beam propagation as 
waves not longitudinal; and the absorption of the beam, 
resulting in a conversion of the ultrasonic energy into heat. In 
nonhomogeneous tissue, ultrasonic waves can further be 
more or less partially refl ected by the interfaces formed by 
the differences in acoustic properties of the media. 

 When the intensity and focusing of the ultrasonic beam are 
adequate to obtain suffi cient beam absorption, thereby heat-
ing to coagulate biological tissue, we talk of high- intensity 
focused ultrasound (HIFU). Focus can concentrate the energy 
of the ultrasonic beam in a small volume of space called the 
focal spot. Focusing can be obtained from a curved piezoelec-
tric transducer or by using multiple transducers oriented so as 
to cross the ultrasonic beams (mechanical focusing). All 
points of the curved transducer or transducers are adequately 
oriented and excited simultaneously. The propagation of 
ultrasonic waves leads to a maximum sound intensity at the 
focal volume, located at the geometric center of the arc 
formed by the transducer (Fig.  11.1 ). The shape of the focal 
volume depends on the radius of curvature of the transducers. 

  Fig. 11.1    High-intensity ultrasound beam focusing with induced 
increased acoustical pressure, energy absorption, and tissue heating       
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Focusing can also be obtained by time-shifted activation of 
transducers located in the same plane, by delaying the activa-
tion of the piezoelectric elements central with respect to those 
located on the periphery (electronic focusing).

       Biological Effects of High-Intensity 
Focused Ultrasound 

 In biological tissue, the periodic changes in pressure may 
result in biochemical, cellular, or tissue effects through three 
main mechanisms: the thermal effect related to the absorp-
tion of the ultrasonic energy, the mechanical effect related to 
periodic movements, and a cavitation effect due to the for-
mation of gas microbubbles in the tissues. 

 The main effect involved with high-intensity focused 
ultrasound is the thermal effect due to energy absorption. 
The absorbed energy causes a rise of temperature. Induced 
heating depends on many factors and can range from a rise of 
a few degrees to a signifi cant rise causing coagulation necro-
sis almost instantaneously. The absorption is defi ned as the 
phenomenon of conversion of the ultrasonic energy (mechan-
ical energy) to heat (thermal energy) which is transferred to 
the medium which it crosses through. Two main mechanisms 
contribute to the absorption of ultrasonic waves, the phe-
nomena of friction and relaxation. The passage of an ultra-
sonic wave in a medium induces movements of particles and 
therefore frictional forces opposed to these movements. The 
acoustic wave loses energy due to the friction, and energy is 
transferred to the tissues in the form of heat. The relaxation 
phenomena are related to the transfer of energy to the tissues 
occurring during a fi nite time. The ultrasonic wave transmits 
mechanical energy to tissues as it passes through. If the dura-
tion of return to equilibrium is different from the transit time 
of the ultrasonic wave in this element, the energy compensa-
tion is out of phase with respect to the ultrasonic wave which 
is then reduced. There is then a peak of the absorption coef-
fi cient corresponding to a frequency called relaxation.  

    Comparison to Laser 

 Compared with the laser, a specifi c advantage of ultrasound 
is that the energy can be focused through nonoptically trans-
parent media with controlled energy absorption which 
reduces the effect on the adjacent tissues. Therefore, energy 
absorption and tissue heating in front and behind the focal 
zone are very limited to negligible. A very small focal point 
can be achieved deep in tissue. Similarly, energy deposition 
and tissue heating at the focal site do not depend on tissue 
pigmentation, which may vary greatly, particularly in the eye 
(ciliary body, iris, choroid). Finally, when compared to a 
non-focused laser, such as the diode laser that is used for 

cyclophotocoagulation, focused ultrasound can be used to 
heat and treat a well-defi ned and adjustable tissue volume at 
any depth or location.   

    Mechanisms of Action 

 A circular device including multiple transducers was pro-
posed to achieve a rapid, selective, and one-step coagulation 
of the ciliary body, without displacement of the device during 
the procedure [ 14 – 17 ]. The device placed on the eye is com-
posed of two parts. A coupling cone made of polymer is 
placed in direct contact with the eye, allowing good place-
ment of the transducers in terms of centering and distance 
(Fig.  11.2 ). A ring containing six active piezoelectric trans-
ducers is then inserted in the top of the coupling cone. The 
ring is about 30 mm in diameter and 15 mm high. Each of the 
six transducers is a segment of a 10.2-mm radius cylinder 
with a 4.5-mm width and a 7-mm length (active surface area 
of approximately 35 mm 2 ). The focal volume of each trans-
ducer has approximately an elliptic cylinder shape, with an 
axial length of about 1 mm (major section of the ellipse), 
a transverse focal width of about 0.1 mm (minor section of 
the ellipse), and a lateral focal width of about 3.5 mm (height 
of the elliptic cylinder). During the exposure time of insonifi -
cation, the heat generated in the area of the focal volume 
propagates in all directions around, leading to a heated vol-
ume which is proportional to the time of exposure. The heated 
volume is bigger than the focal volume and can be accurately 
set to a target volume according to the exposure time 
(Fig.  11.3 ). The six transducers are placed at regular intervals 
on the circumference of the ring and oriented to create a focal 
zone consisting of six elliptical cylinder-shaped spots. A high 
operating frequency of 21 MHz is used. A control module 
allows to select some parameters of the treatment (e.g., num-
ber of sectors to be activated, duration of exposure) and auto-
matically sets other parameters for each piezoelectric crystal 
to obtain a homogeneous focal volume (power and frequency) 
and then sequentially activates each sector.

       Animal Experiments 

 In the published pilot animal study designed to evaluate the 
feasibility and safety of the method, 18 healthy adult New 
Zealand white rabbits were treated with the abovementioned 
device [ 14 ]. The coupling cone was placed directly in contact 
with the surface of the eye and used to obtain good and repro-
ducible placement of the transducers in terms of alignment 
with the optical axis and distance from the sclera. The ring-
shaped device was then inserted into the coupling cone, and 
the cavity was fi lled with 5 mL of saline solution. Six eyes of 
six rabbits were treated with the six transducers activated, six 
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eyes of six rabbits with fi ve of the six transducers activated, 
and six eyes of six rabbits with four of the six transducers 
activated. The rabbits were followed for 28 days with regular 
IOP measurement and ophthalmic examinations (day 0 before 
treatment, days 1, 7, 15, 21, and 28) and then sacrifi ced to 
perform histological examinations of the treated eyes. In the 
treated eyes, intraocular pressure changes ranged from 
−16.6 mmHg (−55.3 %) at day 28 to −8.9 mmHg (−29.7 %) 
at day 7 in eyes with six transducers activated, from 
−4.7 mmHg (−25.5 %) at day 28 to −1.4 mmHg (−7.6 %) at 
day 21 in eyes with fi ve transducers activated, and from 
−7.9 mmHg (−28.1 %) at day 28 to +2.0 mmHg (+7.1 %) at 
day 7 in eyes with four transducers activated.  

    Aqueous Production Reduction 

 Histological examinations performed in the treated rabbits 
found a selective and circumferentially distributed coagula-
tion necrosis of the ciliary processes and ciliary body [ 14 ] 
(Figs.  11.4  and  11.5 ). Maximum intensity was consistently 
observed in the deepest regions of the ciliary processes, 

  Fig. 11.2    Cross section of the 
device. The cavity is fi lled with 
saline serum to allow ultrasound 
propagation. The ultrasound 
beam focusing into the ciliary 
body is represented by  dotted 
lines  (Charrel et al. [ 15 ])       

  Fig. 11.3    Heated zones produced after insonifi cation in thermosensi-
tive gel around the focal zones after several seconds of exposure       

  Fig. 11.4    Photomicrographs showing ciliary processes with coagula-
tion necrosis, loss of the bilayered epithelium, distension of the stromal 
collagen fi bers, and hemorrhage (magnifi cation ×40)       
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whereas the rostral and caudal regions were less affected. In 
the affected regions, the distal and intermediate parts of the 
ciliary processes showed acute infl ammatory and necrotic 
changes ranging from stromal edema (marked distension of 
collagen fi bers) and vascular congestion (distension of vascu-
lar lumens by erythrocytes) to coagulation necrosis with loss 
of surface epithelium and hemorrhage. The bilayered epithe-
lium was degenerated or necrotic and sloughed off in the dis-
tal parts of the most affected areas. The infl ammatory cellular 
reaction was very limited, with a very small number of mac-
rophages, lymphocytes, plasma cells, polymorphonuclear 
cells, and giant cells. The sclera across from all treated areas 
appeared normal with no signs of thinning or necrosis.

    Histological examinations performed months after the 
treatment showed involution of the ciliary processes, with 
short or absent ciliary processes covered by a non-bilayered 
epithelium and composed of dysmorphic and probably non-
functional cells (Fig.  11.6 ).

   Scanning electron microscopy performed in treated ani-
mals shows lesions spatially limited to fi ve to eight adjacent 
ciliary processes (Fig.  11.7 ) for each area of single ultrasound 
exposure. In the days following the insonifi cation, the volume 
of the ciliary processes is increased. A few weeks after, scan-
ning electron microscopy shows involution and atrophy of the 
treated ciliary processes. In the fi rst days following the inson-
ifi cation, higher-magnifi cation images show a smooth mem-
brane likely corresponding to the basal membrane without 

any residual epithelial cells. By contrast, images of the adja-
cent untreated areas show a normal ciliary epithelium, with 
ciliary processes covered by numerous epithelial cells 
(Fig.  11.8 ). Fibrin deposits are usually very limited or absent.

    Vascular corrosion casting: light microscopy and scanning 
electron microscopy of vascular corrosion cast performed 
after intravascular injection of methacrylate resin show focal 

  Fig. 11.5    High-magnifi cation photomicrograph showing details of necrotic ciliary processes with loss of ciliary epithelium, vascular congestion, 
and distension of the stromal collagen fi bers ( right ) and intact ciliary processes ( left ) (magnifi cation ×120)       

  Fig. 11.6    Photomicrographs showing the evolution of treated ciliary 
processes and ciliary body 3 weeks after sectorial insonifi cation (mag-
nifi cation ×10)       
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interruption of the ciliary body microvasculature (Fig.  11.9 ). 
Vascular defect was limited to the treatments areas with 
dimensions comparable to those of lesions observed with light 
or scanning electron microscopy. The major and minor arterial 
iris circles appeared undamaged. The three-dimensional archi-
tecture of the microvasculature of the untreated areas of ciliary 
body and ciliary processes also appeared intact.

       Aqueous Outfl ow Increase 

 In most animals treated, a fl uid space could be seen between the 
sclera and the ciliary body and between the sclera and the cho-
roid adjacent to treated areas but not adjacent to untreated areas 

(Fig.  11.10 ). This aspect therefore likely corresponds to an area 
where the opening of the space should lead to an increase of the 
aqueous outfl ow via the uveoscleral pathway. This characteris-
tic seems to be maintained over time in animals, likely indicat-
ing that it is due to tissue retraction or tissue microarchitecture 
changes rather than intraocular infl ammation. Moreover, similar 
aspects were found in humans after treatment using ultrasound 
biomicroscopy (Fig.  11.11 ). In the pilot human study, cystic 
involution of the ciliary body was found in 9 of the 12 eyes, with 
multiple hypoechoic ovoid cystic cavities ranging from 0.05 to 
0.15 mm in diameter and hyporefl ective suprachoroidal fl uid 
space in 8 of the 12 eyes [ 16 ]. Patients with hyporefl ective 
suprachoroidal space had signifi cantly lower IOP than those 
without visible suprachoroidal space.

  Fig. 11.7    Scanning electron microscopy showing details of treated ciliary processes: same location at ×40 ( top left ), ×104 ( top right ), ×500 ( bot-
tom left ), and ×4,000 ( bottom right ) magnifi cation       
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         Procedure 

    Indications 

 The initial pilot study conducted with the device for ultrasound 
circular cyclocoagulation was performed in patients with 
refractory primary or secondary glaucoma (at least one previ-
ous incisional glaucoma surgery) and a limited residual visual 
acuity and visual fi eld [ 16 ]. Patients included had primary 
open-angle glaucoma, neovascular glaucoma, congenital glau-
coma, primary angle-closure glaucoma, and iridocorneal endo-
thelial glaucoma. The second larger clinical trial conducted 
with the device was performed in patients with refractory pri-
mary open-angle glaucoma (at least one previous incisional 
glaucoma surgery) but possibly having a slightly altered visual 
fi eld [ 29 ]. As detailed below, results between these two studies 
in terms of effi cacy (mean IOP reduction and rate of respond-
ers) and safety were very similar. At the time of writing this 
chapter, a third clinical trial was about to commence in patients 
with uncontrolled primary open-angle glaucoma with medical 
treatment and naïve of any glaucoma surgeries. 

 There are few theoretical contraindications to the proce-
dure, including previous retinal detachment with scleral 
buckling, major scleral thinning, major buphthalmos or nan-
ophthalmic eyes, and dislocated or sub-dislocated lens.  

    Device 

 A coupling cone made of polymer is placed in direct contact 
with the eye allowing easy and accurate positioning of the 
transducers in terms of centering and distance. At the base of 
the coupling cone and externally, two suction holes allow the 
application of mild vacuum (150 mmHg) to the conjunctiva 
only without the risk of increasing IOP signifi cantly during 
the procedure and enable the cone to maintain contact and 
position with the eye throughout the procedure. A 30-mm- 
diameter, 15-mm-high ring containing six active  piezoelectric 
elements is inserted in the upper part of the coupling cone. 
The cavity created between the eye, the cone, and the probe 
(4 mL) is fi lled through the central aperture of the device 
with room-temperature saline solution (Fig.  11.12 ). 

  Fig. 11.8    Scanning electron microscopy showing details of untreated adjacent ciliary processes: same location at ×400 ( left ) and ×2,000 ( right ) 
magnifi cation       
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 Each of the six transducers is a segment of a 10.2-mm 
radius cylinder with a 4.5-mm width and a 7-mm length 
(active surface area, approximately 35 mm 2 ). The six trans-
ducers are located at regular intervals on the upper and 
lower circumference of the ring, avoiding the nasal and tem-
poral meridians, and are oriented to create a focal zone con-
sisting of six regularly distributed elliptical cylinder-shaped 
volumes. Four different ring diameters are available. 
Depending on the diameter, the six elliptical cylinder-
shaped volumes are centered on a 10.0-, 11.0-, 12.0-, or 
13.0-mm-diameter circle (Fig.  11.13 ). In each patient, the 
ring model whose focal zones actually matched the ciliary 
body is determined by high-resolution imaging of the ante-
rior segment using preferably ultrasound biomicroscopy 

(UBM). The location of the focal zones is simulated from 
the UBM images, allowing to choose the model that best 
targets the ciliary body (Fig.  11.14 ). Anterior segment opti-
cal coherence tomography images can also be used to esti-
mate the diameter although the ciliary body is not usually 
visible. White-to- white diameter and axial length anatomi-
cal parameters can also be used to estimate the required 
diameter, thereby avoiding dependence on preoperative 
imaging. These two parameters are signifi cantly and 
strongly correlated to the UBM measurements done to esti-
mate the diameter to be used. 

 The ring is connected to a control module, which allows 
each sector to be sequentially activated according to a pro-
gram defi ned by the operator.

  Fig. 11.9    Light ( left ) and scanning electron microscopy ( right ) of vascular corrosion cast performed after intravascular injection of methacrylate 
resin, before tissue dissolution ( above ) and after tissue dissolution (below  left  and  right ) showing focal defect of the ciliary body microvasculature       
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         Anesthesia 

 Most of the procedures conducted to-date were performed 
under general or regional (peribulbar or retrobulbar) anesthe-
sia. Regional anesthesia seems to be a particularly adapted 
choice of anesthesia to perform ultrasonic circular cyclocoagu-
lation. It should be mentioned that in this case the injection 
should be performed with caution so as to avoid the occurrence 
of chemosis. A large chemosis may prevent proper positioning 
of the device and lead to a defocus of the focal zone and an 
ineffective or irregular targeting of the ciliary body as the simu-
lations performed using UBM images to choose the probe 
diameter assume the conjunctiva is of  average thickness. 

 Topical anesthesia has also been used in some patients. In 
this case, most of the patients felt pain, but only during acti-
vation of the transducers, not between each shot or after the 
procedure. A good way to perform ultrasonic circular cyclo-
coagulation under topical anesthesia avoiding pain was 

 successfully experimented by injecting intravenously and 
concomitantly to the procedure a small amount of short- 
acting opioid receptor agonists such as remifentanil, making 
the procedure painless without deep sedation or delayed 
drug action.  

    Technique 

 Depending on the operator choice, the activation time varied 
from 4 to 6 s for each transducer, with a rest time of 20 s 
between each sector shot. The procedure is therefore about 
2 min long. 

 By virtue of the coupling cone designed to position and 
center the device and of the vacuum system which allows to 
maintain the device well centered and in contact with the 
eye, the procedure is rather easy to perform with a very short 
learning curve.  

a b

c d

  Fig. 11.10    Photomicrographs showing a fl uid space between the sclera and the ciliary body adjacent to a treated sector demonstrating ciliary 
process coagulation necrosis and loss of ciliary epithelium, 2 h ( b ), 5 days ( c ), and 3 weeks ( d ) after insonifi cation ( a , control) (magnifi cation ×20)       
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    Postoperative Care 

 Medical treatment: As the post-procedure infl ammation is 
limited, patients can be treated postoperatively with a rather 
low dose of topical steroidal or nonsteroidal anti- 
infl ammatory drugs, for example, dexamethasone three or 

four times a day for 4 weeks. Preoperative hypotensive medi-
cation is usually maintained unchanged during the fi rst 1 or 
2 months and then decreased depending on the IOP 
reduction. 

 Follow-up: Because of the lack of major ocular infl amma-
tion and IOP spikes (see Outcomes section, below), 

a

b

c

  Fig. 11.11    50-MHz UBM before ( left ) and 1 month after ( right ) ultra-
sonic circular cyclocoagulation in a pseudophakic patient with refrac-
tory primary open-angle glaucoma. ( a ) Radial 90° meridian section. 

( b ) Radial 145° meridian section. ( c ) Transverse section centered on the 
90° meridian. Note the cystic involution of the treated ciliary body and 
the hyporefl ective suprachoroidal fl uid space (Aptel et al. [ 16 ])       
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a  standard follow-up protocol is adequate (1 day, 1 week, 
1 month, and then biannual monitoring).  

    Outcomes 

 Effi cacy: In the pilot study conducted in patients with refrac-
tory and very advanced glaucoma, twelve patients were 
enrolled and followed during at least 1 year [ 16 ]. No compli-
cations occurred during the treatment. IOP was signifi cantly 
reduced ( p  < 0.01) from a mean preoperative value of 
37.9 ± 10.7 mmHg to a mean postoperative value of 27.3 ± 12.4, 
25.2 ± 11.3, 25.2 ± 7.7, 24.8 ± 9.8, and 26.3 ± 5.1 mmHg at 
1 day, 1 week, and 1, 3, and 6 months, respectively, and to a 
mean value of 24.7 ± 8.5 at the last follow-up visit. An IOP 
reduction of 33.9 % was obtained at the last follow-up visit. 
Surgical success (defi ned by an IOP reduction greater than or 
equal to 20 % and an IOP more than 5 mmHg) was obtained 
in 10 of 12 patients (83.3 %) at the last visit. 

 In the fi rst multicenter study conducted in about 60 
patients with primary open-angle glaucoma, a fi rst group of 
patients were treated with a 4-s exposure time for each shot 
and a second group of patients with a 6-s exposure time [ 29 ]. 

IOP was signifi cantly reduced in both groups ( p  < 0.05), from 
a mean preoperative value of 28.6 ± 4.7 mmHg in group 1 
and 28.1 ± 8.6 mmHg in group 2 to a mean value of 
16.1 ± 2.8 mmHg in group 1 and 16.7 ± 4.4 mmHg in group 2 
at the last follow-up. Success (IOP reduction >20 % and IOP 
>5 mmHg) was achieved in 67 % eyes of the group 1 with an 
average IOP decrease of 44 % and in 71 % eyes of the group 
2 with an average IOP decrease of 40 %. 

 Tolerability and safety: In the pilot study, no major intra- 
or postoperative complications occurred. Superfi cial punc-
tate keratitis occurred in three patients and central superfi cial 
corneal ulceration in one patient. All patients presented prior 
corneal conditions: corneal ulceration occurred in a patient 
with congenital glaucoma and moderate corneal edema, and 
superfi cial punctate keratitis occurred in patients with con-
genital glaucoma, iridocorneal endothelial syndrome, and 
neovascular glaucoma, all having mild to moderate corneal 
edema before the treatment. 

 None of the patients encountered IOP spikes or major 
IOP increases in the early follow-up (IOP > baseline 
IOP + 10 mmHg in the fi rst 7 days). Clinical examinations 
showed little or no signs of intraocular infl ammation. Visual 
acuity remained statistically unchanged. 

  Fig. 11.12    Coupling cone and therapeutic probe with the six piezoc-
eramic transducers ( top left ). Positioning of the coupling cone under the 
lids ( top right ). Centering of the coupling cone relative to the pupil and 

the limbal-scleral ring ( bottom left ). Insertion of the probe in the cou-
pling cone ( bottom right )       
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 In the fi rst multicenter study, no IOP spikes occurred just 
after the procedure or during the follow-up. Four patients 
were retreated with HIFU ( n  = 3) or diode laser ( n  = 1) due to 
lack of effi cacy. Superfi cial punctuate keratitis occurred in 
eight patients. Transient macular edema occurred in one 
patient at 1 month with complete and spontaneous recovery 
at 2 months. Visual acuity remained statistically unchanged. 

 Retreatment: Some patients having an IOP response insuf-
fi cient to reach the target IOP were retreated in the multicenter 
study. The six transducers were activated, and the orientation of 
the device was unchanged (no rotation); however, the diameter 
of the probe used for the second treatment was different from 
that used for the fi rst treatment allowing to treat a more anteri-
orly or posteriorly located part of the ciliary body. IOP decrease 
was signifi cant after the retreatment. However, it should be 
mentioned that only four patients were retreated with a limited 
duration of follow-up at the time of writing this chapter.   

    Conclusions 

 IOP reduction by partial coagulation of the ciliary body 
using high-intensity focused ultrasound was fi rst proposed 
in the late 1980s and resulted in the development and mar-
keting of the Sonocare device. Several clinical studies 

were performed in patients with refractory glaucoma. 
Overall, the method seemed to be effective, providing a 
signifi cant reduction in IOP. Despite these inherent advan-
tages, the Sonocare was gradually abandoned in the mid-
1990s, probably due, in part, to the complexity of using the 
system and also to the improvement of diode laser cyclo-
photocoagulation. Taking advantage of recent advances in 
the fi eld of HIFU, a miniaturized device allowing selec-
tive, reproducible, and minimally invasive ciliary body 
coagulation was recently developed [ 14 – 17 ]   . 

 In animals, histological examination showed segmen-
tal coagulation necrosis of the ciliary body and ciliary 
processes with the loss of the bi-stratifi ed epithelium and 
edema and vascular congestion of the ciliary stroma. 
These fi ndings are consistent with those of previous stud-
ies in which transscleral or endoscopic diode or Nd:YAG 
laser cyclophotocoagulation was performed. By contrast, 
regeneration of the treated ciliary processes was not 
observed after HIFU treatment. Previous studies have 
shown that the ciliary epithelium may regenerate after 
laser cyclophotocoagulation resulting in restoration of 
aqueous humor secretion. The regeneration process is 
probably related to the recolonization of an intact 

  Fig. 11.13    Choice of the number and position of the sectors to be acti-
vated ( top left ). Filling the device with saline solution and commencing 
the procedure ( top right ). Figured ultrasound beam during a sector shot 

( bottom left ). Screen of the control module allowing the surgeon to 
check the progress of the procedure (sector one is being activated) ( bot-
tom right )       
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 basement membrane by epithelial cells from basal and 
undestroyed areas of the ciliary processes. With HIFU 
cyclocoagulation, heating is probably greater – up to 
80 °C – and is suffi cient to completely destroy the base-
ment membrane. 

 In about two-thirds of the animals treated, a fl uid space 
could also be visualized between the sclera and the ciliary 
body and between the sclera and the choroid, likely cor-
responding to an increase of the aqueous outfl ow by the 
uveoscleral pathway. This aspect seems to be maintained 
over time in animals, likely indicating that it is due to tis-
sue retraction or tissue microarchitecture change rather 
than intraocular infl ammation. Moreover, similar aspects 
were found in humans after treatment using ultrasound 
biomicroscopy. 

 A fi rst clinical pilot study, for which the main objec-
tives were to assess the feasibility and safety of this new 
method of treatment, was conducted from March 2010. 
The destruction of the ciliary body using HIFU delivered 
by miniaturized transducers appears to be an effective and 

well-tolerated method of reducing intraocular pressure in 
patients with refractory glaucoma. An average IOP reduc-
tion of about 40 % was achieved at the last follow-up 
visit. A second multicenter study evaluating the long-term 
effi cacy and safety of this procedure on a larger number 
of patients having less advanced primary open-angle 
glaucoma has produced very similar results. Similar stud-
ies are currently conducted in three European countries. 

 As the tolerability and safety profi le of this new 
method of cyclocoagulation is very good, it seems logi-
cal to compare this new method to fi ltering surgery as 
a second-line treatment, after medical treatment. At the 
time of writing this chapter, a third clinical trial is about 
to commence in patients with primary open-angle glau-
coma uncontrolled with medical treatment and naïve of 
any glaucoma surgery. Similarly, a randomized prospec-
tive clinical trial should be conducted to directly compare 
the effi cacy of HIFU cyclocoagulation with that of tra-
beculectomy in the forthcoming months. These studies 
should help to defi ne the indications and place of this 
new method of treatment.     
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          Advantages of Ultrasound 
in the Treatment of Glaucoma 

 The use of ultrasound to treat glaucoma has a number of spe-
cifi c advantages over current treatment modalities that have 
become more apparent over time. 

 Pharmaceutical agents have a multitude of side effects: 
hyperemia, allergy, potential for respiratory or cardiac events, 
fat atrophy, etc. There is the additional problem with costs 
and also with decreased cost of generics with quality control 
issues. The issue of  compliance  with pharmaceutical agents 
is problematic. It is plagued with issues of forgetfulness, 
inability to squeeze the bottle, poor drop placement, etc. 

 The laser offers an attractive alternative to the use of phar-
maceuticals. But the laser requires a slit-lamp bio- microscope 
to be able to see the meshwork as treatment is given. In addi-
tion the positioning of some patients is diffi cult due to neck 
problems or stature or other considerations. The opening of 
the angle, iris synechiae, and the size of the palpebral aperture 
all can fi gure into whether the procedure may be easily admin-
istered. Repeatability is limited with the laser and the cost of 
the laser must also be considered. If not the laser, are there 
other means of “tickling” the trabecular meshwork with any 
other entity that could trigger benefi cial biochemical changes? 

 The use of therapeutic ultrasound for glaucoma (TUG)
has the potential for offering a repeatable, comfortable 
method for intraocular pressure control. It was perceived 
that such a gentle treatment might last for 6 months, but it 
has been found that it usually lasts longer. A slit lamp is not 
needed, and visualization of the anterior chamber is not 
required. The depth of the chamber is not a hindrance to 
treatment. As a direct result of the ability to perform the 
procedure without the need for a slit lamp, the device has 

the potential for miniaturization and portability. This porta-
bility has very signifi cant implications for use in third world 
countries where pharmaceuticals are not a viable option, 
and the number of ophthalmologists to treat glaucoma surgi-
cally is insuffi cient. 

 Ultrasound had been used in the recent past to treat glau-
coma as a means of cyclodestruction [ 8 ,  9 ,  20 – 24 ,  43 ]. The 
TUG model of glaucoma treatment is an outfl ow treatment. 
Ultrasound has three specifi c properties that offer some means 
of enhancing outfl ow: sonomechanical, local hyperthermia, 
and integrin triggering. The TUG device was designed to uti-
lize the localized hyperthermia effect of focused ultrasound. 
But if heat is the only criterion for the treatment, why not just 
apply a heating element to the eye? 

 The application of a warm or hot probe to the outside of the 
eye will, by necessity, require a tip hotter than that of the ultra-
sound. In order to reach the 42.5 or 43.0 °C within the eye, it 
must be hotter than that on the surface. A temperature above 45° 
would lead to pain and necrosis. The energy of the ultrasound 
may be focused to a position apart from the tip and beyond 
where the application of the tip might lead to cell destruction. 

 As noted above, ultrasound offers additional advantages 
for the potential for sonomechanical effect and a direct effect 
on triggering integrins that may allow an additional effect of 
enhancing the cytokine cascade.  

    Cataract Surgery and the Decrease 
in Intraocular Pressure 

 Those of us old enough to remember intracapsular cataract 
surgery may recall that when we approach that surgery, 
we did not have the same confi dence that it would lead to 
a decrease in intraocular pressure (IOP) as we do today. 
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In fact a study by Radius in 1984 [ 7 ] revealed that a slight 
increase in IOP was found after intracapsular cataract 
surgery. 

 More recently the expectation that routine cataract sur-
gery might actually benefi t our patients with glaucoma and 
indeed might even be proposed as a method of decreasing the 
IOP was certainly in contrast to the experience with intra-
caps. There is no question that such is the case with narrow-
angle glaucoma, but now some are advocating for cataract 
surgery with only minimal cataract as a surgery with benefi ts 
for open-angle glaucoma [ 1 – 5 ,  57 ]. What has changed dur-
ing this time? The change in cataract surgery to phacoemul-
sifi cation using ultrasound appears to be coexistent with the 
fi nding of a decrease in the IOP following cataract surgery 
[ 1 – 6 ]. 

 Underlying much of the recent literature supporting the 
fi nding of decreasing IOP after cataract surgery [ 66 ] is an 
assumption that this decrease is a result of an increase in the 
opening of the anterior chamber angle [ 18 ,  58 ,  65 ]. This 
assumption, although convenient, was in confl ict with the 
fi ndings of a slight increase in IOP after cataract surgery 
when an intracapsular cataract surgery was performed. 
Wasn’t the angle opened up as much with an intracapsular 
cataract surgery as with phaco? When studies have been per-
formed to verify if there were correlation between the 
increase in the angle architecture and the decrease in pres-
sure, this was not found [ 18 ,  58 ,  65 ,  66 ]. The correlation 
between the decrease in preoperative intraocular pressure 
and postoperative pressure was found with the severity of the 
preoperative pressure, but not with a change in the angle or 
depth of the chamber [ 6 ,  18 ]. 

 The point of most resistance to the outfl ow of aqueous 
humor is considered to be in the juxtacanalicular portion of 
the trabecular meshwork [ 32 – 34 ,  36 – 42 ]. 

 The juxtacanalicular portion of the trabecular meshwork 
is the most distal portion of the meshwork. Would an increase 
in the angle therefore lead to an increase in aqueous exit 
through the juxtacanalicular portion of the trabecular 
meshwork? 

 If the increase in the angle is not the reason for the 
decrease in pressure, and there is acceptance that cataract 
surgery is able to somehow lead to a decrease in pressure, 
what has changed since intracapsular surgery? The most 
important starting point to consider is the advent of the use 
of ultrasound in removing the nucleus of the lens. Could 
the various effect of ultrasound within the confi nes of the 
anterior segment of the eye lead to an unanticipated 
but benefi cial side effect of lowered intraocular pressure? 
[ 14 ,  15 ]. 

 In 2006 I began to consider that there was an unantici-
pated benefi cial effect of ultrasound in leading to a decrease 
in IOP. If the specifi c nature of this effect could be deter-
mined and refi ned, could this lead to the development of a 
new technique to treat glaucoma? 

 Throughout the latter months of 2006, I began to familiar-
ize myself with the effects of ultrasound with potential for 
leading to a decrease in pressure. I also had to delve into the 
biochemistry of glaucoma and how ultrasound might have 
an effect on the various pathways that were becoming 
known. 

 Although photographs of the histology of the trabecular 
meshwork after ALT and SLT laser treatment are markedly 
different [ 59 ], it was interesting to consider that the laser 
effect in both was from triggered biochemical cascades 
rather than a change in the microarchitecture of the 
meshwork. 

 Ultrasound for the treatment of glaucoma was not a com-
pletely new concept. In the 1980s Jackson Coleman and 
group developed an ultrasound instrument to treat refractory 
glaucoma [ 9 ,  20 – 24 ] (Sonocare system CST 100). Their 
instrument was designed to use HIFU (high-intensity focused 
ultrasound) 20 kW/cm 2  to ablate the ciliary body [ 20 ]. This 
instrument has fallen into disfavor due to signifi cant side 
effects. 

 There are three potential mechanisms of ultrasound that 
had some possible means of leading to a decrease in pres-
sure. These mechanisms were not mutually exclusive: (1) 
sonomechanical or vibratory effect of ultrasound [ 10 ,  25 ,  26 , 
 28 – 30 ,  32 ], (2) thermal effect [ 19 ], and (3) mechanism of 
triggering a cellular integrin response [ 11 ,  12 ]. 

 In Sweden Bjorn Svedbergh worked on a device using 
non-focused ultrasound to treat glaucoma. His work centered 
on the sonomechanical effect of ultrasound and its use was 
aimed at a vibratory cleansing of the trabecular meshwork. 
Private communications reveal that this led to a signifi cant 
decrease in IOP (20 %) in 26 % of those treated lasting for 
1 year. 

 To study the sonomechanical effect, I evaluated the addi-
tional effect of ultrasound that might be present beyond the 
fl ushing effect of irrigation and aspiration during cataract sur-
gery. The anterior chambers of fi ve different pig eyes were 
fi lled with 2 μm size fl uorescein-labeled microspheres. 
Irrigation and aspiration of the anterior chamber was then 
performed. The position of the movement of the microspheres 
through the outfl ow path of the porcine eyes in those with 
ultrasound turned on in the anterior chamber was compared 
with microphotographs to those that only had irrigation and 
aspiration. The movement of the microspheres through the 
outfl ow was further in the eyes with ultrasound (Fig.  12.1 ).

   The movement of the microspheres was gratifying with 
ultrasound, but it also became apparent that in order for the 
sonomechanical effect to be substantial, there had to be a 
simultaneous irrigation of fl uid. In addition such a device 
had a substantial potential for cataract formation in the pha-
kic eye. Furthermore, I was concerned about the sonome-
chanical mechanism of ultrasound which had the capacity to 
increase from “aqueous streaming” to signifi cant “cavita-
tion” effect and additional tissue destruction. 
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 Attention was then directed to the thermal effect of ultra-
sound. The literature reporting on the thermal effects of 
ultrasound was primarily focused on orthopedic or oncologic 
processes and treatments [ 44 – 56 ,  61 – 64 ]. These areas of 
interest and work seemed to offer substantial possibilities, 
for very often the processes involved a triggering of cytokine 
activity by the thermal effects of ultrasound in the orthopedic 
literature. In the oncology literature there was a great deal of 
interest in the use of either local or whole-body hyperthermia 
to trigger benefi cial infl ammatory responses [ 60 – 62 ]. 

 A further literature search revealed a paper by Schuman 
et al. [ 13 ]. that reported the fi nding of specifi c infl ammatory 
cytokines in eyes after cataract surgery. This paper proposed 
that the decrease in IOP after cataract surgery might be due 
to these cytokine fi ndings. 

 This paper along with the proposed mechanism of action 
of SLT [ 27 ,  35 ,  36 ] and the potential for localized hyperther-
mia by ultrasound might offer another means of triggering a 
benefi cial cytokine cascade quite analogous to the laser but 
with a different energy source. 

 Further review of the literature was done. This time the 
specifi c purpose was to fi nd the maximum temperature that 
could be attained without leading to cell death or pain. 
Various sources reported that cell death and/or pain began at 
45 °C [ 63 ,  64 ]. I also reviewed the literature to fi nd the tem-
perature pattern where infl ammatory cytokines were trig-
gered. This temperature was approximately 42.5 °C. This 

seemed to indicate that there was a “sweet spot” of a range of 
a few degrees where the elevated temperature could trigger 
cytokines but not lead to cell death or pain (Fig.  12.2 ).

   If an ultrasound could be produced that could be used to 
create a localized, controlled limited hyperthermia, I needed 
to determine such a power and frequency. Because of the 
potential for damage in such a small temperature range and 
the close proximity of vulnerable tissue, I chose to work with 
a focused ultrasound. I was unsure of the power, but I knew 
that whatever the power was, it had to be able to produce a 
sustained temperature of 43 or so degrees centigrade. 

  Fig. 12.1    Fluorescein-dyed microspheres appearance in outfl ow after intraocular ultrasound in pig eye       

  Fig. 12.2    Hyperthermia and cell cytokine cascade       
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    AAO Las Vegas 2006 

 I met with an ultrasound designer/builder on the exhibit fl oor of 
the Academy meeting. I had no idea of the proper frequency 
(ultrasound starts at 20 KHz and extends into the millions). He 
suggested one million as the proper frequency for my needs. I 
had him build the device with the ability to vary the power so 
that I could determine how much was needed to attain the 
proper temperature. I told him that I needed the device to focus 
the power at a point 1 mm in front of the tip. He agreed and he 
started the project. I received the device. Excitedly I turned it 
on….I heard nothing…..I saw nothing ….I felt nothing. I called 
him; I was disappointed and told him. He told me to hook it up 
to my oscilloscope. I didn’t have a G.D… oscilloscope!! 

 I decided to return to what was obvious. If phacoemulsifi -
cation had the capacity to produce the effect then that was 
the frequency that I could use. I went looking for a company 
that could produce an ultrasound with enough power, to be 
focused and be in the range of 50 KHz. I found such a com-
pany about 25 miles from my offi ce. The engineer/owner 
was about 75 years old and was quite interested in my device. 
He told me he could build my device without charge, but he 
wanted fi rst refusal to produce it. I agreed. He built two ver-
sions of slightly different frequencies. 

 I set up a laboratory through my hospital. I plugged in the 
device. I obtained pig eyes, made a small incision at the limbus, 
and inserted a micro-thermometer wire into the trabecular 
meshwork. I placed the tip of the handpiece against the limbus 
and aimed the tip at the position of the temperature wire. I was 

looking for a temperature rise of approximately 6 °C. I worked 
with these two devices, but I found that there was some vari-
ability in effect depending on the angle of application and the 
amount of pressure applied during the treatment. The owner of 
the ultrasound company came to the lab to offer assistance. He 
offered to take the handpieces back and rework them to improve 
the design. It was over a month of calls when he fi nally 
answered and returned my calls. He told me he was too old to 
see much value in pursuing what would probably be many 
years before a product would be marketed. He didn’t want to be 
part of such a long- time venture (Figs.  12.3  and  12.4 ).

  Fig. 12.4    Latest “TUG” handpiece       

  Fig. 12.3    Evolution of 
handpiece for ultrasound 
treatment       
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    He destroyed the handpieces and used the parts in other 
devices he had sold. I tried to pay him to build more proto-
types, but he never returned my calls or letters. 

 I went back to the search for another company to build the 
prototypes. I found one that could and would build them. I 
bought two, one of 40 KHz and one of 60 KHz. These proto-
types had a function generator where I could vary the fre-
quency to tune the handpiece, a power amplifi er to get me to 
enough energy to deliver, and the handpieces that produced 
focused ultrasound into the meshwork. I set out to fi nd the 
proper amount of power to raise the temperature by 6° 
(Fig.  12.5 ).

   The earliest in vitro testing was to determine the increase in 
temperature from the ambient room temperature. Once I found 
the right combination, I purchased a used water bath on eBay 
to warm up some pig eyes to basal temperature of 37.5 °C. I 
repeated the studies until I could fi nd the correct power and 
frequency and application pressure to raise the temperature to 
43° and maintain the temperature for 25 s. It typically took 
20 s of application of the ultrasound to reach the temperature. 
On one of the testing days, I accidentally placed the power set-
ting at about fi ve times maximum and blew out the core of the 
60 K handpiece. I continued all of my subsequent work with 
the 40 KHz handpiece (there was no difference in the fi ndings 
of the two handpieces up until it blew out). 

 Once I determined the settings that worked in the in vitro 
model, I arranged for in vivo work on the porcine eye.   

    Porcine Study 

 Treatments were performed in eyes with matching controls 
at various powers around the power settings that worked on 
the in vitro work. Trained veterinary ophthalmologists per-
formed a careful analysis of the eyes, which were sent on to 
the university for analysis. Unfortunately, there was no fi nal 
report fi led by the researcher, but in a meeting with the 
pathologist, it was reported that there was only minimal 
infl ammation except in the case of the application of a power 
that was twice the expected treatment power. It was also 
shown that when the application of the tip of the device was 
directly on the cornea with that higher power setting, there 
was evidence of a corneal burn. From that point forward the 
application of the tip has been always with a clear space 
between the cornea and the tip. 

    Results 

   …Gross ocular observations are presented in Table 12.2. On 
Day 1, animals in Group A and B displayed no signs of ocular 
irritation or discomfort in either eye. The animal in Group C 
(No.66 exhibited mild conjunctival redness in both eyes on Day 
2. The animal in Group d (No67) exhibited moderate conjuncti-
val redness and discharge and mild chemosis in both eyes on 
Day 2…. 

  Fig. 12.5    Temperature increase 
with various power setting for 
early in vitro studies       
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        Rabbit Study 

 The study was then performed on the rabbit model with con-
centration on the power setting much more closely in line 
with that expected to be used for treatment. I was anxious to 
refi ne the treatment parameters, and I felt that using the rab-
bit (reputed to be much more sensitive to infl ammatory 
 stimuli), the fi ndings would be more valuable. These studies 
revealed a mild infl ammatory response in the external exami-
nation. The globes were then fi xed and transported to an 
independent laboratory that sectioned and analyzed the 
tissue. 

    Results 

   ….All right eye sections had a lesion diagnosed as chronic- 
active infl ammation, limbus (graded minimal to mild). The 
lesion was characterized by an infi ltrate of mononuclear cells 
and polymorphonuclear cells near the limbus. The infi ltrate was 
usually just under the conjunctiva (subconjunctival connective 
tissue) and extended towards or into the canal of Schlemm.” 
“…….There were no changes observed in the cornea, sclera or 
ciliary body….. 

        TUG.1 

 The next step was human clinical work. For such work I 
needed an oversight of an appropriate institutional review 
board; I began with the two institutions where I am affi liated, 
University of Southern California and University of California 
at Irvine. Because I am on the voluntary faculty, I could not 
be in charge of such research at either place. In addition I had 
some concerns that the intellectual property rights that I had 
paid so dearly for might be in some way transferred to the 
institutions. I decided to go with an independent, nonaffi li-
ated board. This was actually an excellent decision, for the 
board meets very frequently, has many such projects, and can 
make decisions on almost a daily basis rather than waiting for 
a month between such committees in a university setting. 

 After reviewing my application to treat human eyes and 
the work that was done, the institutional review board (IRB) 
agreed that my device was an nonsignifi cant risk device. 
This fi nding meant that I did not have to have the full IDE 
review by the FDA for the study intended. The fi rst treat-
ments were performed on patients with blind eyes to simply 
determine the tolerability of the treatment. These treatments 
would be done with appropriate and necessary informed con-
sent and with no expectation of any help with vision. I 
scoured my patient population in my practice and found very 
few who would meet the qualifi cations. I approached the 
local Braille Institute to fi nd any potential subjects. I offered 
to pay money and transportation for the treatments. I found a 
total of 13 subjects who wished to be part of such a study. 

 The procedure up until it was fi rst used had a cumbersome 
description and no name. I knew that in referring to the pro-
cedure that such procedures typically had a three-letter 
 acronym to make it easier to recall. I played with the three 
words that were important, therapeutic, ultrasound, and glau-
coma in various permutations, and felt that the procedure 
would best be called “TUG” for therapeutic ultrasound for 
glaucoma. It offered an easily remembered name, it had the 
three important words included and additionally it gave an 
impression of being a gentle method of treatment. 

 This study, TUG.1, was purely a tolerability study to 
determine if such a treatment and protocol was comfortable. 
The evaluations were performed pretreatment and posttreat-
ment with symptoms of discomfort or pain reported to my 
clinical coordinator. In addition a slit-lamp examination was 
performed with evaluation of conjunctival hyperemia and 
anterior segment fl are and cells. 

 On March 9, 2009, I treated the fi rst patient with the 
device. He had been in Nicaragua and in 1986 had a bomb 
blow up in his face leaving him with no usable vision in his 
eye (Fig.  12.6 ).

   He was excited about what I was doing, knew that there 
was no expectation of vision for the eye to be treated, and 
took it as a special badge of honor to be the very fi rst person 
in the world to have ever been treated with the device. 
Coincidentally that date in 2009 was World Glaucoma Day. 

 A number of subjects were transported from the Braille 
Institute, and those of my own practice constituted the sub-
jects for this fi rst study. The procedure was tolerated easily 
with only mild irritation reported by the subject for the fi rst 
day. These subjects were seen 2–3 h after treatment to check 
for any pressure spike, 1 day, 1 week, and monthly for 
6 months. If there were more than mild irritation and more 
than mild conjunctival injection noted at slit lamp at the fi rst 
day, the subject was given a topical nonsteroidal to use for a 
couple of days. 

  Fig. 12.6    First human treatment with TUG device       
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 The TUG.1 study revealed an easily tolerated procedure 
with very little subjective discomfort and only mild infl am-
matory reaction noted at slit lamp the fi rst day. Although the 
IOP was not part of this initial study protocol, it was fol-
lowed and did reveal a gratifying decrease. 

 Some of the nuances of the actual treatment protocol had 
to be addressed. How many treatment spots, how many sec-
onds at each spot, how much pressure to exert against the eye, 
exactly how far from the limbus, how to tell how much pres-
sure was being exerted, and what angle should the device be 
held against the eye? What if there was a scar that prevented 
treatment in a specifi c location? In addition there was the con-
tinuing diffi culty of tuning the whole treatment apparatus. 

 Each time the device was used it had to be tuned. The tun-
ing process involved setting the frequency to match the 
handpiece frequency that worked the best. Although the 
piezoelectric crystals were set for 40 KHz, it seemed to work 
best at 40.33 KHz once it was warmed up (Fig.  12.7 ).

   Therefore, the function generator was set in the general 
range of 40 K and then dialed around the 40.33 K much like 
tuning a radio to be the best reception. And like a radio, there 
was frequently a slight drift that occurred. Constant monitor-
ing of the frequency was required. The function generator 
therefore created a source for the power amplifi er. This proper 
frequency with a small voltage was then fed into the power 
amplifi er. This voltage output of the function generator needed 
to be tuned to the proper mVolt usually in the range of 100–
115 mV. The amplifi er allowed the power to be stepped up to 
a point where the handpiece was functional. On the power 
amplifi er was a window that allowed monitoring of the power 
sent to the handpiece. This window showed two numbers: the 
fi rst number was the power sent to the handpiece and the sec-
ond was the “refl ectance” back to the power amplifi er. If they 
were equal, such as “3” and “3,” that meant that there was no 
real power being used, and it was all refl ected back to the 
amplifi er. The best situation was that of the fi rst number being 

“3” or more and the second “0,” ensuring that all of the power 
was being used by the  handpiece and none refl ected back. My 
assistant monitored these numbers as the treatments were per-
formed. One diffi culty with this “refl ectance” window was 
that it was a digital readout and simply jumped from “3” to 
“4”; there was no “3.2” or “3.9.” It was only whole integers in 
the readout, so I had to extrapolate. As I increased the function 
generator power knob, I could see the power window number 
jump to the next integer. I was able to determine the range 
within the “3” before it jumped to “4” and thereby found the 
function generator setting that would create approximately 
3.5–3.75 W. Again my assistant would keep track of any varia-
tion caused by drift as the treatment was progressing. The tun-
ing could take up to 45 min before the device was functional. 
The power amplifi er had a moderately loud fan and loud hum-
ming sound, and it would gradually heat up the room, many 
times to an uncomfortable level. 

    Method of Treatment 

    Video (Video  12.1 ) 
 The subject was examined at slit lamp immediately before the 
treatment. A drop of tetracaine was placed in the eye to be 
treated. Then the subject was tilted back in the examination 
chair. A lid speculum was placed in the eye and the conjunc-
tiva was marked with a marking pen. (The marking originally 
was to demarcate the 12 equally spaced treatment locations 
with 12 marks. In reality this simply became confusing. The 
eye is now marked with 4 lines demarcating 4 quadrants, and 
3 treatments are performed within each treatment quadrant). 
An additional 4 % xylocaine gel was then used to over the 
limbal area and the cornea. This gel provides three functions. 
It adds additional anesthesia, it provides the contact gel for 
the ultrasound transmission, and it keeps the cornea moist 
throughout the procedure. The subject would be able to move 
his/her eye to expose the treatment location. I would be seated 
at the 12:00 position and begin treatment at the 1:00 position. 
The frequency, mV readings, and power amplifi er readings 
were noted and followed by my assistant at each application 
of the handpiece to the eye. The “angle of attack” of the hand-
piece was 45° to the globe with the tip aimed deep to the 
center of the crystalline lens. This angle was chosen to place 
the focal point of the ultrasound within the trabecular mesh-
work. The tip is placed on the globe at the limbus with a small 
clear space from the cornea on the scleral side allowing 
approximately 0.5 mm from the cornea. The handpiece is 
then held fi rmly against the globe for the full 45 s. A timer 
with a countdown is used for this with the assistant counting 
off 10 s intervals. The amount of pressure against the globe is 
such that it is just enough to distort the corneal arc to become 
fl at at the location of the application of the tip. This amount of 
pressure does not cause pain, and it is also enough to allow 
the globe to become mildly fi xed to the tip as the seconds   Fig. 12.7    TUG apparatus used for early clinical studies       
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count off so that there is constant treatment. Occasionally the 
subject will report some discomfort. Moving the tip slightly 
toward one side or another from the location easily stops this. 
Less than 1 mm will move the tip away from any point of pain 
(positioning of the tip directly over the nerves is felt to be the 
cause of this discomfort). The subject will typically feel some 
warmth and a mild tingling during the course of the 
treatment.    

    TUG.2 

 Once the TUG.1 series was followed over the 6 months with-
out signifi cant side effects and seen to be well tolerated, the 
IRB was approached again. This time a protocol was 
designed to evaluate the treatment on sighted eyes with glau-
coma. These subjects were typically on medical treatment. 
Only one of the subjects’ eyes was treated. The eye to be 
treated was randomized by coin fl ip. The non-treated eye 
continued on medication, whereas the treated eye had a 
washout by protocol before treatment (where the patient had 
an eye with previous pressures above 40 mmHg there was no 
washout). This series was of ten subjects. It was designed to 
verify the best treatment parameters and techniques to lead 
to a decrease in IOP. Those parameters were listed above in 
the Method of Treatment, but were refi ned within the TUG.2 
group. This study was aimed at small changes in the number 
of seconds of application, the amount of pressure exerted 
against the globe, and trying to determine within the “inte-
ger” window of the power amplifi er how to extrapolate to the 
very best power in W/cm 2 . 

 The treatment was done as per the method above with 
some specifi c variables to be analyzed as to affect. The sub-
jects were seen 2 h after the treatment for a pressure check to 
determine any spike. Then they were seen at 1 day, 1 week, 
1 month, and then monthly for 6 months. 

 Subjective fi ndings of discomfort and pain were noted by 
assistants on a scale of 1–4 with 4 being the worst. Objective 
fi ndings of conjunctival injection, anterior chamber fl are, 
and anterior chamber cell were noted by the physician (DS). 

 The measurement of the intraocular pressure was para-
mount during these early studies and always followed the 
same method. Before the physician came into the room, a 
tonopen was used to make fi ve separate measurements of 
each eye. Then the Goldmann applanation tonometer 
 (calibrated each week) was then used by the assistant. At this 
time the physician examined the patient and did his own 
Goldmann pressures. The tonopen measurements were then 
averaged and then this was averaged with the average of the 
two Goldmann measurements. It was felt in this manner that 
bias in measurements was mitigated as much as possible, 
with the single measurement by the investigator counting 
only one third against the two thirds of the digital tonopen 
and the assistant. 

    TUG.2 Example (Fig.  12.8 ) 

    Subject #231 has been followed far beyond the original 
TUG.2 study. 

 He had undiagnosed glaucoma when fi rst presented to the 
offi ce in 2008. He was controlled on two medications since 

  Fig. 12.8    TUG.2 study with 
repeated treatments       
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2008 and then had cataract surgery in the eye that would later 
become the TUG treated eye. His anterior chamber angle 
was noted, even before cataract surgery as being 4 +  deep. 
Because of the previous high pressure, I elected not to wash 
out the treatment eye to avoid a signifi cant pressure spike. 
He was treated, but after 6 months the IOP was seen to be 
climbing toward 30 mmHg. He was treated again, and this 
lasted for an additional 7 months. After an additional 
6 months, another treatment was given. At this point there 
was a question raised by the subject as to a potential benefi t 
by two treatments close together to act as an additional effect 
rather than waiting for any pressure rise. A fi fth treatment 
(T5) was then given only 1 month after the fourth treatment 
to see if such a quick succession of treatments might be even 
more benefi cial. That strategy seemed to offer an additional 
effect, but then he wished to be off of the study follow-up 
schedule (he was seen 32 times between the fi rst TUG treat-
ment and the re-initiation of pharmaceutical treatment over 
an 18-month period). He is now 11 months after the reintro-
duction of medical treatment with both eyes with an IOP of 
18 mmHg. 

 This particular subject reveals that multiple treatments are 
possible without deleterious effects on the resumption of 
medication. It also indicates that even with the potential for a 
very high IOP, the pressure could be controlled with repeated 
TUG treatments.   

    TUG.3 

 The TUG.3 clinical study was designed with two branches. It 
is a prospective, randomized, and “controlled” study. The 
branches are (1) those who were either naïve to pharmaceuti-
cal treatment or who had not been on such treatment for at 

least 6 months prior to the TUG treatment and (2) subjects 
who were using pharmaceutical agents. Those who were on 
pharmaceutical agents had a washout of 1 month for the 
prostaglandin medications and one week for other medica-
tions prior to treatment. 

 A total of 26 patients were followed for the full year of the 
study (with many now followed over 3 years since the study 
was begun). There were 17 subjects who were on medication 
when brought into the study. There were 9 who were in the 
“naïve” group. 

 The baseline for the “naïve” group was an average of IOP 
of the two visits before the TUG treatment. For the pharma-
ceutical treatment group, the baseline was an average of the 
two previous visits while on medication prior to washout. 
This baseline comparison to medical control was chosen as 
the move to “comparative effectiveness” was being 
considered. 

 Besides the evaluation of the change in intraocular pres-
sure, the study followed the subjective and objective effects 
of the treatment. The same symptoms and signs as followed 
in the TUG.2 study were followed in the TUG.3 study. 

 In comparing TUG.3 to TUG.2, there were differences in 
the washout and use of medication. As opposed to TUG.2, in 
TUG.3 the washout was in both eyes, but the treatment was 
only in one randomly chosen eye. If there were a signifi cant 
difference in IOP, the higher pressure of the two was treated 
with the non-treated eye serving as what was considered the 
“control.” 

 The toleration of the procedure was evaluated on a scale 
of 1–4 for both subjective symptoms and objective signs. An 
average of all 26 subjects was taken for these markers and is 
seen in graphs that follow (Figs.  12.9  and  12.10 ).

    The effect on intraocular pressure is exemplifi ed by the 
following subject #237 (Fig.  12.11 ).

  Fig. 12.9    Symptoms 
posttreatment       
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   This subject with normotensive glaucoma had been on 
treatment with latanoprost since 2008. Because of worsening 
optic nerve cupping, he had an SLT in one (the non-TUG 
treated eye). At the initiation of the TUG treatment, he had a 
washout of the latanoprost for 1 month with an elevation in 
IOP. The washout was in both and shows an expected mild 
increase in IOP. Only one eye (treatment eye) was treated 
and then both eyes have been followed. Although the TUG.3 
study only lasted for 1 year, he has been followed for over 
2 years post-TUG treatment with the IOP at least comparable 

to that when he was on latanoprost. He has had only one 
TUG treatment, in one eye, which has lasted over 25 months 
with a pressure in each eye at least comparable to that when 
he was on bilateral latanoprost. 

    A Bilateral Effect? 

 Additionally, as can be seen, there appear to be intraocular 
pressure changes in the non-treated eye. The IOP readings 

  Fig. 12.10    Signs posttreatment       

  Fig. 12.11    TUG.3 Washout 
subject       
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refl ect a similar decrease in IOP in the non-treated (control) 
eye that shadows the effect in the treated eye. If the effect of 
the treatment were purely mechanical (such as a vibration 
that allowed clearance of debris from the meshwork) the 
effect would be expected to be present in only one eye. If the 
effect were an ablative technique that led to a decrease in 
IOP due to ciliary body injury, the effect would be expected 
to be seen in only the eye treated. 

 With the advent of SLT laser the consideration of the pos-
sible mechanism for bilateral IOP lowering seen with monocu-
lar treatment have been proposed. These potential mechanisms 
are based upon a triggering of cytokines, which then systemi-
cally effect the IOP, in turn by production of a matrix metallo-
proteinase enzyme and the induction of macrophages, which 

help to clear the path for aqueous exit from the eye. Because of 
this bilateral effect seen repeatedly in the TUG series of sub-
jects, I feel that a similar, if not the same, mechanism of action 
is being triggered by the TUG and SLT.   

    IOP Changes After TUG in Naïve Branch 

 In the group where there was no pharmaceutical control of 
pressure, a comparison was made to the IOP found on initial 
examination or, if two visits had occurred, to the average of 
these two pressures (Figs.  12.12  and  12.13 ).

    It is well known that the IOP control is more diffi cult 
when treating normotensive glaucoma patients. With this in 

  Fig. 12.12    Intraocular pressure 
effect on entire “naïve” group       

  Fig. 12.13    Intraocular pressure 
effect on naïve group without 
normotensive glaucoma subjects       
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mind a second chart was designed to show the IOP change in 
those naïve patients whose pretreatment IOP was greater 
than 19.5 mmHg (non-normotensives).  

    Comparison of TUG to Previous 
Pharmaceutical Treatment 

 Over the 1-year time frame, a comparison was made of the 
IOP found after the TUG treatment to the average pressure 
on medication. An average of the comparison at each visit 
was then made to see what percentage was equal to (within 
10 %) or better than the pharmaceutical control (Fig.  12.14 ).

   Within this group of 17, there were 13 who only required 
one treatment to last the year. Two were dropped when their 

IOP increased and they needed medication, but those exhib-
ited typically more than a 25 % additional effect with the 
resumption of medication.  

    Specifi c Subjects (Fig.  12.15 ) 

    Subject #264 presented a number of unusual and instruc-
tive findings from the TUG studies. She has unilateral 
glaucoma and is very sensitive to some medications and 
allergic to others. She had been on latanoprost and then 
Combigan with IOP 21.5 with each one. A washout was 
performed, the IOP rose slightly, and TUG was per-
formed. By 5 months the IOP was approaching the wash-
out pressure. She was placed back on Combigan. The IOP 

  Fig. 12.14    Comparison of 
intraocular pressure while on 
medication prior to washout to 
post-TUG treatment       

  Fig. 12.15    Unilateral glaucoma 
patient with return to medication 
and multiple treatments       
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dropped to 11.5 when now on medication after the TUG. 
She was again bothered by injection from the medication. 
The Combigan was stopped and a second TUG was per-
formed with an effect now off of medication lasting an 
additional 7 months. Whereas when originally seen on 
medication, the IOP was above 20, the IOP off medica-
tion after the second TUG was significantly better 
(Fig.  12.16 ).

   Subject #259 was the fi rst subject where a treatment was 
performed in each eye. He had previous SLT laser in 2006 
in each eye and then a repeat in the left eye in 2007. His 
IOP was 19 in each eye but gradually rose to 21 in 2010 
when TUG was considered. Both eyes were 21, and a coin 
fl ip determined the right eye was the fi rst eye treated. There 
was good effect in the treated eye with a moderate decrease 
noted in the non-treated eye. At 7 months after the treat-
ment, the non-treated eye intraocular pressure increased to 
21. Treatment to the left eye was performed. As the graph 
reveals 25 months after the treatment of the second eye, 
both eyes had a pressure of 11.75. He has never been on any 
pharmaceutical agent for glaucoma. A previous SLT treat-
ment has not been found to decrease the potential effect of 
the TUG treatment.  

    Updated System 

 The 45 lb of equipment consisting of the function generator, 
the power amplifi er, and handpiece has been reduced in size 
to 3″ by 5″ by 11″ and weight to 5 lb (not including the foot 
pedal). The unit is self tuning and quiet with internal checks 
for safety (Fig.  12.17 ).

       Conclusion 

 The use of ultrasound to treat glaucoma (TUG) has the poten-
tial for offering a novel way of treating IOP as an adjunct to 
medication or as initial therapy. It appears to be well tolerated 
and repeatable with a signifi cant effect on IOP. Further stud-
ies with a multicenter clinical protocol are planned for valida-
tion of this method of glaucoma treatment.      
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          Introduction 

 Microinvasive glaucoma surgeries (MIGS) represent a funda-
mental shift in glaucoma surgical philosophy. MIGS are sur-
geries that exploit existing physiologic outfl ow pathways and 
create minimal morbidity postoperatively in patients. The 
surgeon is required to interact correctly with small anatomic 
functional structures in a minimally destructive manner.    The 
pre-MIGS carry with them tremendous perioperative and 
postoperative morbidities. These morbidities vary from the 
severe, such as bleb-related endophthalmitis massive supra-
choroidal hemorrhage, and diffi cult to treat strabismus to the 
less severe but debilitating, such as acceleration of cataract 
formation, fi ltering bleb dysesthesia, delayed return of visual 
function, or worsening of visual acuity. The beginning of the 
MIGS era looks promising in terms of control of intraocular 
pressure (IOP) with rapid visual rehabilitation and minimal 
perioperative and postoperative liabilities for our patients. All 
of these devices will evolve over time but it is of greatest 
importance that there is a shifting in philosophy (Fig.  13.1 ).

   The restoration of function with minimal undesired 
effects is the goal of most surgeries. The fi rst two Glaukos 
devices target trabecular outfl ow (iStent and iStent inject 
(Fig.  13.2 ), Glaukos Corporation, Laguna Hills, CA) [ 1 – 9 ]. 
The third in the series targets uveoscleral outfl ow (iStent 
Supra, Fig.  13.3 ). Over 4000 iStents have been placed in over 
30 studies in the past 10 years [ 10 – 25 ].

        Glaukos iStent (Generation 1 (G1)) 

 The Glaukos iStent device (Fig.  13.3 ) received FDA approval 
in June 2012.    It is one of the smallest medical implants with 
a 1 mm body with an angular pointed tip and retention ridges 
that are arch-shaped and continue on to a tubular inlet device 
known affectionately as the “snorkel.” The inner and outer 
diameters of the snorkel are 120 and 180 μm and the device 
is coated with Durafl o heparin to allow for self-priming of 
the device. The heparin is not intended for any pharmaco-
logic purpose beyond priming. The body of the iStent is arch- 
shaped so that the slit-like canal of Schlemm can be stented 
open and the posterior wall containing the collector chan-
nels, tented maximally open. The device is made of medical 
grade titanium (6AL4V) and micro-machined to tolerances 
of less than 5 μm. The device comes in left and right eye 

      The iStent® MIGS Family: iStent®, 
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  Fig. 13.1    First human trabecular stent implant       
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 versions (Fig.  13.4 ). The angled tip of the device allows for 
easy penetration through the trabecular meshwork and there 
is a small relief bevel to take the tip off contact with the inner 
layer of the Schlemm’s canal.

   There are many functions of the trabecular meshwork and 
Schlemm’s canal that are not completely understood; how-
ever, one theory advanced by Murray Johnstone is that a 
pumping effect exists secondary to motion of the trabeculum 
induced by pressure changes from the cardiac cycle [ 26 ]. It 
is believed that preservation of the structural integrity of the 
meshwork and its dynamic abilities are important physiolo-
gies to be respected by surgical implants. Therefore, the 
Glaukos iStent was designed to be only 1 mm long and not to 
obviate any pumping mechanism that would occur with pres-
sure shifts during the cardiac cycle. There has been discus-
sion regarding circumferential fl ow of aqueous in Schlemm’s 
canal. It has been demonstrated that the cannulation of the 
canal with tubing connected to a hypodermic syringe and 
with the application of tremendous pressure can force fl uid 
circumferentially for large number of degrees. However, 
with physiologic pressures and the distribution of aqueous 
collector channels concentrated about the horizontal merid-
ian, circumferential fl ow is most likely limited to a few clock 
hours, especially in the quadrants about the 3 and 9 o’clock 
position in eyes. A fortunate occurrence of nature is that the 
largest number of aqueous veins is inferior and nasal [ 26 ], 
corresponding to the locations in which the iStent is most 
easily placed. In terms of fi ne-tuning the placement further, 
the work of Doug Johnson, and that of Hann and Fautsch [ 4 ] 
has shown us that pigmentation occurs in the trabecular 
meshwork in areas that are overlying aqueous collector 

  Fig. 13.2    Glaukos iStent 
(Generation 1) and iStent inject 
(Generation 2) implants       

  Fig. 13.3    Glaukos iStent Supra implant (Generation 3)       

  Fig. 13.4    Glaukos iStent in left 
and right eye versions       
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 channels. It is believed that this is an important marker for 
placement of the iStent and iStent inject devices. 

 Studies using a human anterior segment perfusion model 
have shown that the largest increase in outfl ow facility is 
with the placement of the fi rst device. A smaller yet signifi -
cant effect occurs with the placement of a second device. The 
placement of a third device offers only a small increase in 
outfl ow facility [ 1 ,  2 ]. When two stent implants are desired, 
the devices can be placed nasally and infranasally preferen-
tially through pigmented areas of the trabecular meshwork. 
The device is placed with an applicator (Fig.  13.5 ) which 
uses sliding 26 gauge stainless steel tubing over a smaller 
diameter laser slotted tube which holds the device via the 
snorkel (Fig.  13.6 ). It    was the intent that this applicator be 
able to reacquire any devices should the need occur. Devices 
are released after implantation by depressing a button on the 
top of the ergonomically designed applicator device.

        Implantation of the iStent 

 The implantation of the Glaukos iStent begins with gonios-
copy in the clinic. The patient should be examined preopera-
tively for the practicality of the proposed surgery. If good 
anatomic landmarks do not exist or if there are other prob-
lems such as peripheral anterior synechiae (PAS), then this 
device will be of somewhat lessened value and its implanta-
tion diffi cult or impractical. Numerous authors have 
described various landmarks for accuracy in gonioscopy. In 
clinical practice, one can look for the    parallelepiped of light 
obtained with a narrow high-intensity slit beam on gonios-
copy. The terminus of this is always Schwalbe’s line. 
Schwalbe’s line is the landmark most likely visible even in 
cases of angle closure or narrow angles. Below the terminus 
of the parallelepiped of light is the trabecular meshwork. 
This may or may not contain pigmentation and may or may 
not have hyperpigmented zones. A more favorable situation 
would be the easy demarcation of the trabecular meshwork 
and the existence of hyperpigmented implantation sites. 
Scleral spur is often thought as the most reliable landmark 
but may not be visible in closed angles. The combination of 
Schwalbe’s line and scleral spur can easily be identifi ed. 
Even in cases of angle closure in which the trabecular mesh-
work can be demonstrated with Forbes compression gonios-
copy, the iStent may be of use. In this situation, the angle 
would be opened and the iStent would be implanted after 
cataract surgery. The FDA approval and package labeling is 
for the iStent to be inserted after cataract removal and lens 
implantation. The implantation of this device theoretically 
could occur before cataract surgery. One fi rst reason to 
implant before cataract surgery is that there may be a tran-
sient decrease in transparency of the tissue overlying the 
cataract wound. This is the tissue that the surgeon must view 
the fi ltering angle through to implant the device, and if this 
suffers in optical quality, then the implantation will be more 
diffi cult. This would be more likely to occur with very dense 
nuclei and extended phaco times. It is very important to 
obtain the proper visualization to implant this device. If one 
thinks about the location of the trabecular meshwork relative 
to other structures, it is clear that the fi ltering angle must be 
viewed parallel to the iris plane and not parallel to the periph-
eral corneal plane. Viewing across the corneal plane will not 
allow for visualization of the angle structures and most likely 
will not allow for the proper approach to the trabecular 
meshwork that would allow implantation of the G1 or G2 
type devices. An important part of the visual access and visu-
alization of the fi ltering angle is the surgical gonioscope that 
was developed with Ocular Instruments, Inc. (Bellevue, WA; 
Fig.  13.7 ). The gonioscope is available with multiple itera-
tions of left handed (left hand held for right hand implanta-
tion), right handed (right hand held for left hand implantation), 
or universal model. The  differences in models are the angle 

  Fig. 13.5    Glaukos iStent applicator       

  Fig. 13.6    Glaukos iStent applicator shown holding the iStent by the 
snorkel       
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that the handle comes off relative to the viewing surface. The 
gonioscope is held in the nondominant hand with the opera-
tor’s hand resting alternately on either the patient’s cheek or 
forehead for stability. In addition to visualization, the gonio-
scope also holds the eye in position and allows some back 
resistance to eye tissue being pushed away from the operator 

during implantation and stabilization and/or further rotation 
of the eye. There are ridges on the metal surface holding the 
optics that also provide stabilization of the eye during 
implantation of these devices. 

The gonioscope is autoclavable and meets all modern 
ambulatory care center (ACC) standards. After the patient’s 
head is tilted away, the iStent is very carefully removed from 
the box sterile tray and visualized under the operating micro-
scope. The patient’s head is rotated away 30°–40° and the 
microscope tilted toward the surgeon (Fig.  13.8 ). In practice, 
any combination of tilting either the patient’s head or micro-
scope can be used to achieve the correct viewing plane based 
on compromises between surgeon and patient fl exibility. The 
gonioscope is placed on the eye to assess the level of visual-
ization achieved. If the surgeon is viewing slightly above the 
iris plane, all the angle structures will be visible. Once the 
correct viewing plane is achieved, the anterior chamber is 
fi lled with    viscoelastic (Fig.  13.9 ). The device then is 
advanced through the corneal wound to the pupillary margin 
(Fig.  13.10 ) and then the gonioscope placed back on the eye 
(Fig.  13.11 ) so that the device can be advanced into the fi lter-
ing angle under gonioscopic control (Fig.  13.12 ). This avoids 
any damage to iris or corneal endothelium. The device is 
implanted with the tip pointed inferiorly and comes in a left 
and right eye version. To improve ergonomics, some surgeons 
will implant a second iStent labeled from the opposite eye 
with the tip pointing superiorly. The angle of attack to the 
meshwork is important. This is not a fl at type attack, but it is 
a low angle of attack (10°–15°, Fig.  13.13 ). This is suffi cient 

  Fig. 13.7    Hill Gonioprism by Ocular Instruments in left hand and 
right hand versions. There is a large cut out for surgical access and a 
large viewing area with ridges on the bottom of the stainless steel ring 
for holding eyes stable       

  Fig. 13.8    Surgical set up 
showing correct orientation of 
microscope and patient for 
viewing along the iris plane       
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to engage the trabecular meshwork and pass the point of the 
device through the meshwork where it will most likely embed 
slightly in the posterior wall of Schlemm’s canal. When this 
occurs, a solid resistance is felt. At this point in time, the 
device absolutely should not be advanced because this could 
damage the posterior wall of Schlemm’s canal. Additionally, 
attempting advancement of the device after encountering 
resistance could cause the tip to abruptly release from the 
scleral wall and possibly damage the trabecular meshwork. 
After the initial penetration, the surgeon is advised to stop and 
lift slightly prior to further advancement of the device. This 
will align the body of the device with the lumen of Schlemm’s 
canal. This movement is very similar to placement of an intra-
venous catheter. After the tip penetration, lift, and slide move-
ments, the trabecular meshwork will be seen to cover the 
body of the device. When the snorkel meets the meshwork, 
the release button is pressed (Fig.  13.14 ). It is very important 

not to have the device under tension and to have a smooth 
release. After release, the heel of the device is still slightly 
above the trabecular meshwork and the entire body of the 
device should be tapped gently or pushed over to seat the heel 
of the device (Fig.  13.15 ). There will often be seen a refl ux of 
blood at this point in time or with removal of viscoelastic. 
This is expected as the Schlemm’s canal is essentially venous 
sinus and the presence of this blood demonstrates to the oper-
ator successful implantation into the correct space. It also 
should be noted that the hypotony transiently introduced with 
the main incision and placement of viscoelastic will allow for 
blood to refl ux into Schlemm’s canal, and in cases where pig-
mentation of the meshwork is minimal, this may give a sec-
ondary (and only) clue to the operator regarding the location 
of the trabecular meshwork. This is shown in Video  13.1 , 
courtesy of R. Hill, MD. The implantation of the iStent with 

  Fig. 13.9    Filling the anterior chamber with viscoelastic       

  Fig. 13.10    Advancing the implant through the corneal wound to the 
pupillary space       

  Fig. 13.11    Placing the gonioscope on the cornea and advancing the 
implant to the trabecular meshwork       

  Fig. 13.12    Setting up the correct angle of attack (10°–15°)       
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heavily pigmented meshwork is shown nicely in Video  13.2 , 
courtesy of I. Ahmed, MD. If the anterior chamber is over-
infl ated with viscoelastic, blood may be expressed out of 
Schlemm’s canal and the canal fl attened, making it more dif-
fi cult to identify landmarks and insert the device into a col-
lapsed canal. After the device is successfully implanted, the 
cataract surgery can occur after rotation of the patient’s head 
and operating microscope. Videos  13.1  and  13.2  nicely illus-
trate the sequence of penetrate, lift, and slide core motions for 
implantation of the iStent device. The entire incorporation 
into the cataract procedure is illustrated in the Glaukos teach-
ing video ( 13.3 ), courtesy of I. Ahmed, MD.

           The United States pivotal trial for FDA approval involved 
240 eyes randomized to receive one iStent during cataract 
surgery or cataract surgery alone. The primary effi cacy mea-
sure was unmedicated IOP ≤21 mmHg at 1 year. The study 
showed that 72 % of the treatment group versus 50 % of the 
control group ( p  < 0.001) achieved this goal [ 19 ]. The results 
of other multiyear trials have also been published as abstracts 
by Tobias Neuhann (ESCRS Annual Meeting, Free Paper, 
9/12/12), Jose Martinez-de-la-Casa (ESCRS Annual Meeting, 
Free Paper, 9/10/12), and Antonio M. Fea (ARVO Annual 
Meeting, Program 3731/Poster A197, May 8, 2012). In gen-
eral, one iStent is appropriate for early to moderate glaucoma, 
as IOP is generally lowered to the 16–18 mmHg range with 
decreased medication burden. In addition to these single 
iStent studies, the effects of one, two, and three stents 
implanted as the sole procedure and administered one postop-
erative prostaglandin (G. Auffarth, Annual Meeting ESCRS, 
free paper, September 9, 2012) have also been studied in eyes 
not well controlled on two medications preoperatively. Eyes 
with multiple iStents achieved lower IOP compared to one 
iStent. A study of two iStents implanted as the sole procedure 
is also available. In 28 patients with 12-month follow-up 
(David Chang, ESCRS Annual Meeting, September 10, 
2012), IOP dropped from a mean preoperative level of 
20.7 ± 2.1 mmHg on one medication to 13.6 ± 2.0 mmHg at 
12 months with 25 out of 28 patients on no medication. 
Similar fi ndings were published by Belovay et al [ 11 ]. in a 
study of 47 patients undergoing cataract surgery with the 
implantation of 2 or 3 iStents. At one year follow- up, the 
mean overall IOP was 14.3 with a 74 % decrease in medica-
tions [ 11 ]. Risks and adverse events encountered in study 
groups were comparable to cataract surgery alone.

       iStent Inject (Generation 2 (G2)) 

 The fi rst-generation iStent device is a very useful device but 
does require a high level of surgical expertise in its implanta-
tion. The iStent inject device is currently investigational in 

  Fig. 13.13    Penetrate, lift very slightly, and slide the implant into 
Schlemm’s canal       

  Fig. 13.14    Under minimal tension, release the implant       

  Fig. 13.15    Gently tap or push over the implant so the heel of the 
device drops into the canal       
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the United States but CE Marked for use in Europe. The G2 
applicator/injector facilitates device placement in terms of 
numbers of degrees of freedom that need to be controlled for 
successful implantation. The iStent inject device is an axial 
symmetric device also constructed of medical grade titanium 
(6AL4V). It is 0.4 mm high with an outside diameter that 
varies between 0.2 and 0.3 mm. The main inlet diameter is 
0.08 mm with 0.05 mm side fl ow lumens (Fig.  13.16a, b ). It 
is somewhat conical in its wound entry side and is designed 
to utilize a high speed over the trocar-type implantation. This 
eliminates the steps of lifting, sliding, and tapping necessary 
for a successful implantation of the original iStent. During 
implantation, the cone-shaped end is driven into and through 
the trabecular meshwork. The meshwork will be stretched up 
over this cone and the device will be retained at the midpor-
tion via a recessed area. A small disc-like surface with a cen-
tral canal will be seen postimplantation (Fig.  13.17 ). The 
aqueous inlet is along the central axis of this device and there 
are four exit points posteriorly located at an angle of 90° to 
the main channel. These    are additional exits from the central 
channel lumen which would most likely be occluded by the 
posterior wall of Schlemm’s canal. The device is inserted via 
applicator and driven at high speed. It is felt that a transient 
cavitation space is created, which allows for implantation of 
the head of the device and stretching of the trabecular mesh-
work over this head and the retention of the device through 
meshwork, which now grips the device around its waist. This 
device also preserves any pumping function of the mesh-
work. The implantation requires similar maneuvers initially 
to the G1 device in that the patient’s head is tilted away from 

the operator and the microscope is tilted toward the operator. 
After creation of the cataract wound, the gonioscope is 
placed on the eye to reconfi rm successful optical viewing 

ba

  Fig. 13.16    ( a ,  b ) Two view of the Glauckos iStent Inject (G2)       

  Fig. 13.17    Glaukos iStent inject with anterior chamber side facing       
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acquisition. The device is then advanced through the corneal 
wound to the pupil and the gonioscope applied to the surface 
of the eye. The device is then advanced into the angle, where 
the protruding tip of the guide wire is placed through the 
trabecular meshwork and the device placed on the surface of 
the trabecular meshwork with only light surface pressure. 
Depressing the release button then implants the device. 
Successful implantation will be confi rmed by visualizing 
only the terminal disc portion of the device on top of the 
trabecular meshwork (Video  13.4 ). The applicator is capable 
of delivering multiple devices in a sequential manner, so that 
the applicator need not be withdrawn from the eye and the 
gonioscopic view disrupted. The corneal entry of this sec-
ond-generation device is easier as the profi le is smaller and is 
axially symmetric. Results with the iStent inject are compa-
rable to the iStent.    In a multicenter prospective randomized, 
comparative control (3:1; active/control) clinical study of 
121 mild to moderate glaucoma patients taking 1–3 medica-
tions and having IOP ≤ 24 mmHg, patients underwent either 
two iStent inject implantations with cataract surgery or cata-
ract surgery alone. Forty-two patients have reached two years 
follow-up. Effi cacy endpoints were unmedicated IOP ≤ 18 
mmHg (trial 1) or unmedicated IOP ≤ 21 mmHg with ≥ 20% 
decrease in IOP. At one year 72 % (18/25) had IOP ≤ 18 
mmHg and IOP reduction ≥ 20% versus 24 % (4/17) of con-
trols. At two years 68 % of the treatment group and 24 % of 
the control group achieved these outcomes. The reported 
safety profi le was similar to cataract surgery alone (Carlos 
Buznego, ASCRS Annual Meeting, 2012, abstract 1238534).

       iStent Supra (Generation 3 (G3)) 

 The third-generation Glaukos device is the iStent Supra ® . 
This implant is designed to increase suprachoroidal outfl ow 
to lower IOP in cases where trabecular outfl ow is felt to be 

compromised or not suffi cient enough to achieve target pres-
sures. The iStent Supra device is currently investigational in 
the United States but CE Marked for use in Europe. The 
iStent Supra may be placed at the time of cataract surgery or 
as a freestanding surgery where approved for use. The device 
is made of Polyethersulfone (PES) for favorable bio-material 
interaction and minimal fi brosis. It is 4 mm long and curved 
to conform to the suprachoroidal space. It has a lumen diam-
eter, which varies from 0.16 to 0.17 mm. The outside diam-
eter varies from 0.3 to 0.4 mm in diameter with retention 
ridges on the surface of the device. The lumen is hollow to 
allow for transport of aqueous to the exit at the tip of the 
device (Fig.  13.18 ). In the placement of the device 
(Fig.  13.19 ), the cataract wound or wound appropriate for 
this implantation is created by fi rst making a side port inci-
sion fi lling the anterior chamber with viscoelastic and then 

  Fig. 13.18    Glaukos iStent Supra® with dimensions       

  Fig. 13.19    Drawing of Glaukos 
iStent Supra® after release from 
the trocar in site        
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making the main entry wound. The patient’s head is then 
tilted away slightly and the gonioscope applied to the eye to 
test the image acquisition. The visualization criteria for 
implantation of this device are not as critical as they are for 
the trabecular iStent devices. The entry site for implantation 
is not the trabecular meshwork, but is the uveal insertion site 
on the scleral spur. There are some advocates of suprachoroi-
dal implants that advise that a gonioscope is optional during 
the implantation of this device. However, the surgical entry 
site should be visualized to  prevent iris or corneal endothelial 
damage. After the creation of the wound and installation of 
viscoelastic and optical acquisition, the device inserter 
(Fig.  13.20 ) is advanced through the corneal wound. The 
device should be implanted to its appropriate depth and then 
released by sliding the button on the inserter button back-
ward (Fig.  13.21 ; Video  13.5 ). This device is essentially 
the creation of a controlled cyclodialysis cleft with a stent. 
The iStent Supra or G3 is CE marked in Europe and under-
going an investigational device exemption (IDE) clinical 
registration trial in the United States. It can be implanted in 
phakic or pseudophakic eyes as a freestanding procedure 
(Video  13.6 ) or combined with cataract surgery and is usu-
ally reserved for more advanced OAG or to enhance IOP 
control in combination with trabecular stents. In terms of 
published results, one study of iStent Supra implantation as 
the sole procedure in 40 patients with OAG not well con-
trolled on two medications (Eric Donnenfeld, ESCRS 
Annual Meeting, September 10, 2012) found that IOP 
dropped from a mean preoperative level of 20.8 ± 2.2 mmHg 
to 13.8 ± 3.62 mmHg at 12 months, and medications 
decreased from two to one. This compares favorably with 
trabeculectomy and aqueous drainage implants.

          Combination Therapy: iStent G1 
or G2 + iStent Supra G3 

 The philosophy of the Glaukos MIGS type devices are that 
these devices can be titratable to patients’ clinical situations 
and synergistic in effect by enhancing both uveoscleral out-
fl ow and trabecular outfl ow. There are analogous examples 
of synergism in medical therapy of this approach with the 
application of topical pharmaceuticals that increase outfl ow, 
either trabecular or uveoscleral, combined with drugs that 
decrease aqueous production. It was believed that this idea 
could be extended into a surgical application as well. This 
probably is best illustrated by one study in which 50 patients 
who had failed prior trabeculectomy on maximal medication 
therapy (refractory glaucoma) underwent implantation of 
two trabecular iStents, a single suprachoroidal iStent, and 
topical travoprost. At the time of this report, 6-month follow-
 up data was available for 30 patients. Preoperatively, mean 
medicated IOP was 22.9 mmHg (SD 3.4; range 18–36). 
Postoperatively, patients with 6-month follow-up data had a 
mean medicated IOP of 12.4 (SD 1.5) without reports of 
adverse events (Ike Ahmed and the MIGS Study Group, 
AGS Annual Meeting, 2013). The surgical results of the tra-
becular and suprachoroidal stents used in combination are 
remarkable and do compare well with trabeculectomy and 
aqueous drainage shunts in eyes that have failed trabeculec-
tomy (refractory cases). The advantage of placing two MIGS 
devices of different functionalities is also very attractive 
based on the synergism utilized between trabecular outfl ow 
and uveoscleral outfl ow, as well as the rapid visual rehabili-
tation of the patients.  

  Fig. 13.20    Glaukos iStent Supra® applicator       
  Fig. 13.21    Glaukos iStent Supra correctly placed       
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    Conclusions 

 The MIGS approach allows for tailoring of therapy during 
cataract surgery for a patient’s clinical stage of disease. 

 In high-risk ocular hypertensive and early to moderate 
glaucoma patients, trabecular outfl ow (iStent Gen 1 and 
iStent inject, Gen 2) can be targeted with one or more 
iStents. In general, the implantation of one stent lowers 
IOP to the 16–18 mmHg range with decreased medication 
burden. The use of multistenting can drop IOP below 
15 mmHg with decreased medical burden. 

 In moderate to more advanced disease, multiple tra-
becular iStents can be used, and suprachoroidal outfl ow 
may be enhanced by the primary or follow-up implanta-
tion of the iStent Supra, Gen 3. A single Gen 3 implant is 
capable of producing IOP below 15 mmHg and decreas-
ing medical burden. 

 In advanced or refractory cases, the possibility of syner-
gism utilizing trabecular stents in combination with supra-
choroidal outfl ow devices has been studied and shown to be 
effective, producing IOP results well below 15 mmHg. 

 At the time of this writing, December 2013, only the 
iStent Gen 1 is FDA approved for use in patients undergo-
ing cataract surgery in the United States. The iStent inject 
Gen 2 and iStent Supra, Gen 3 are currently in FDA NDA 
trials in the United States. The iStent Gen 1, iStent inject 
Gen 2, iStent Supra, Gen 3, are all CE marked for use in 
Europe. It is our hope that visual loss from bleb-related 
endophthalmitis will become of historical interest only 
and that MIGS continue to evolve and control glaucoma 
with a minimal creation of morbidity for our patients.      
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        Trabeculectomy, as initially described by Cairns in 1968, is 
still considered by many ocular surgeons as the gold stan-
dard of glaucoma surgery [ 1 ]. At around the same time, 
Molteno introduced the fi rst tube shunt [ 2 ], which was sub-
sequently followed by other glaucoma drainage devices 
including the Krupin and Ahmed valves and the Baerveldt 
drainage device [ 3 – 5 ]. These penetrating procedures achieve 
generous lowering of intraocular pressure (IOP) by way of 
nonphysiological passage from the anterior chamber (AC) to 
the subconjunctival space. However, their well- established 
effi cacy come at the cost of signifi cant risk of complications, 
including hypotony, bleb encapsulation and dysesthesia, 
overhanging or leaking bleb, blebitis, bleb fi brosis and fail-
ure, cataract formation or progression, and tube exposure or 
migration, as well as corneal decompensation [ 6 ,  7 ]. 

 In light of this, there was desire for surgical alternatives 
that would allow enhancement of physiologic aqueous out-
fl ow while maintaining higher safety profi les. Ab externo 
approaches to “externalize” Schlemm’s canal (SC) without 
full-thickness entry into the AC were initially described by 
Epstein and Krasnov in the 1960s [ 8 ,  9 ], but they only came 
into popularity in the 1990s in the form of non-penetrating 
procedures such as deep sclerectomy and viscocanalostomy 
[ 10 – 12 ]. 

 More recently, a variation of these techniques, known as 
canaloplasty, was developed [ 13 ]. In the setting of glaucoma, 
SC may collapse as a result of reduced fl ow, due to increased 

resistance in its inner wall and trabecular meshwork 
(TM) [ 14 ]. Subsequent elevation in IOP may further com-
press SC, resulting in a vicious cycle. The main goal of 
canaloplsty (CP) is to re- expand SC and restore its patency. 
It involves placement of a nonabsorbable suture through the 
entire circumference of SC using a microcatheter, and the 
suture is tied down to generate a centripetal force. Tension 
from the suture may generate a pilocarpine-like effect by 
putting the TM on stretch, thereby enhancing outfl ow into 
SC and the collector channels [ 15 ]. As part of the procedure, 
viscodilation of SC (which has been postulated to create 
microperforations in the TM) and creation of a scleral lake 
may also contribute to further lowering of IOP [ 16 ,  17 ]. This 
chapter aims to review the technique and effi cacy of CP. 

    Instrumentation and Technique 

 CP utilizes a microcatheter that is 45 mm long, with a 
rounded 250-μm diameter tip and 200-μm diameter shaft 
(iScience International Inc.). It is made of a fl exible polymer 
for atraumatic passage through SC and has a central wire that 
provides support and prevents kinking. On the proximal end 
of the microcatheter, one arm connects to a non-sterile laser-
based light source which emits a red blinking light. This light 
is transmitted by optical fi bers to the tip of the microcatheter, 
allowing visualization during passage in SC (Fig.  14.1 ). 
Another arm connects to a sterile screw-mechanism syringe, 
which allows controlled delivery of viscoelastic through a 
central lumen in the microcatheter to expand SC during 
passage.

   In most cases, CP can be performed safely under topical 
anesthesia, although peribulbar or retrobulbar anesthesia 
may also be used. A superior approach is ideal to allow for 
coverage of a bleb by the upper lid in case one is formed, and 
also for less discomfort postoperatively. If a traction suture is 
used to improve exposure, it should be placed a few clock 
hours away from the surgical site to avoid obstruction of 
view into the AC and/or distortion of perilimbal anatomy. 

      Canaloplasty 
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 A fornix-based peritomy is created using sharp-tipped 
Westcott scissors while leaving a small anterior skirt of con-
junctiva at the limbus (Fig.  14.2 ). Blunt dissection is directed 
posteriorly to allow the posterior edge of the peritomy to be 
suffi ciently relaxed for creation of scleral fl ap (Fig.  14.3 ). 
Location of ciliary veins should be considered when decid-
ing where to perform the dissection. One percent plain 
Xylocaine is injected under Tenon’s capsule to apply further 

local anesthesia (Fig.  14.4 ). Cautery should be performed 
lightly only as needed, and avoiding these veins and collec-
tor channels (Fig.  14.5 ).

      Given the high accuracy required to create the scleral 
fl aps, diamond blades can be helpful in making incisions 
and dissections. A 5 mm × 5 mm superfi cial scleral fl ap of 
parabolic shape (which in our experience provides good 
watertight closure) is outlined using a diamond trifacet 

  Fig. 14.1    iScience canaloplasty microcatheter with laser-based fi ber-optic light. Image courtesy of iScience Interventional Inc.       

  Fig. 14.2    Localized peritomy leaving a small anterior skirt of con-
junctiva at the limbus       

  Fig. 14.3    Blunt dissection posteriorly with Westcott scissors beneath 
Tenon’s capsule       

  Fig. 14.4    One percent plain Xylocaine is applied for further local 
anesthesia       

  Fig. 14.5    Light cautery is applied only as needed       
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blade (Fig.  14.6 ). The fl ap is then fashioned with a diamond 
crescent knife at about one-third scleral thickness (200–
300 μm) (Fig.  14.7 ), dissecting 1–2 mm into clear cornea 
(Fig.  14.8 ).

     Then under high magnifi cation, again using the diamond 
trifacet blade, a deep fl ap is outlined from 1 mm inside the 
posterior edge of the superfi cial fl ap (Fig.  14.9 ). This deep 
fl ap is also fashioned using the diamond crescent blade, but 
now at 90 % scleral thickness, leaving only about 100 μm of 
sclera covering the choroid (one may cut down into supra-
choroidal space just at the back end of the fl ap to allow better 
determination of the required depth) (Fig.  14.10 ). At the 
desired depth, you should see irregular scleral fi bers with an 
underlying purple hue coming from the choroid (Fig.  14.11 ). 
Sometimes a full-thickness dissection may inadvertently 
occur, in which case care must be taken to restart a new tis-
sue plane leaving behind a thin layer of scleral bed. If dissec-
tion is too deep, then one risks penetration into the choroid or 
even the vitreous; yet if it is too superfi cial (more often the 
case), when dissection reaches the limbus, one may pass 
right over SC into clear cornea without exposing the canal 
(where it becomes even more diffi cult to reestablish a new 
plane or fl ap). Creation of a good deep scleral fl ap exposing 

  Fig. 14.6    A diamond trifacet blade is used to outline a 5 mm × 5 mm 
parabolic scleral fl ap       

  Fig. 14.7    A diamond crescent blade is used to dissect at a depth of 
approximately one-third of the full scleral thickness to create the super-
fi cial scleral fl ap       

a

b

  Fig. 14.8    Dissection is carried forward ( a ) until it reaches the clear 
cornea ( b )       

  Fig. 14.9    A deep scleral fl ap is outlined using the diamond trifacet blade       

  Fig. 14.10    Suprachoroidal space is reached at the posterior edge of the 
deep scleral fl ap. This will facilitate identifi cation of the depth required 
for creation of the deep fl ap       
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SC is thus likely the most technically challenging step of CP. 
Identifi cation of proper anatomical landmarks is crucial, and 
this step must be performed under high magnifi cation. This 
is particularly true when dissection reaches the base of the 
fl ap at the limbus, where unintentional penetration into the 
AC can occur. If that is the case, which would be evident 
with a gush of aqueous coming from the AC, one can convert 
to a penetrating procedure (trabeculectomy).

     The deep fl ap is carried anterior enough when one sees 
scleral fi bers changing from random to organized circumfer-
ential arrangement parallel to the limbus. At this point the 
scleral spur is reached. One may then either slowly and care-
fully dissecting forward to unroof SC (Fig.  14.12 ) or simply 
use a pair of toothed forceps to lift the deep fl ap up to expose 

fi bers of the outer wall of SC at the base of the fl ap. Good 
exposure is confi rmed when one sees aqueous percolating 
through SC, or blood refl ux from cut ends of SC (Fig.  14.13 ).

    A paracentesis is then made through the clear cornea 
away from the surgical site (Fig.  14.14 ). This would allow 
IOP to drop gradually to almost single digits, and thus pre-
venting bulging of Descemet’s membrane and the inner wall 
of SC. One should ensure gradual entry and retraction of the 
blade while making the paracentesis, so as to avoid sudden 
decompression of the eye which would risk sudden shallow-
ing of the AC and/or intraoperative hemorrhage. This is par-
ticularly true if the reason of choosing CP (a non-penetrating 
procedure) instead of a penetrating procedure was because 
the eye is prone to such issues.

   The deep fl ap is advanced forward for another 1 mm into 
the clear cornea, where further advancement only requires 
little force as it gets into the plane between Descemet’s 
membrane and the corneal stroma. The trabeculo-Descemet’s 
window (TDW) is thereby fashioned. To allow better 
advancement and exposure of TDW, one may use the dia-
mond trifacet blade to gently create vertical relaxing inci-
sions into the clear cornea at the lateral edges of the fl ap 
(with the cutting edge of the blade facing you, thus reducing 
the chance of penetration into the AC) (Fig.  14.15 ).

a

b

  Fig. 14.11    The diamond crescent blade is used to fashion the deep 
scleral fl ap ( a ). At the desired depth, the thin remaining scleral bed has 
a light purple hue coming from the underlying choroid ( b )       

  Fig. 14.12    Careful dissection is performed to unroof Schlemm’s canal 
at the base of the scleral fl ap       

  Fig. 14.13    Once Schlemm’s canal is reached, slow percolation of 
aqueous and refl ux hemorrhage from the canal can be visualized       

  Fig. 14.14    A paracentesis is made with the diamond trifacet blade at 
least a couple of clock hours away from the surgical site. This will 
decompress the anterior chamber and prevent bulging of Descemet’s 
membrane at the base of the scleral fl ap       
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   One may use a pair of Mermoud forceps to delicately strip 
the inner wall of SC away to further increase aqueous percola-
tion (Fig.  14.16 ). Surgical sponges such as Weck-cel 
(Medtronic, Minneapolis, Minnesota) can be used to carefully 
push down on Schwalbe’s line and Descemet’s membrane to 
separate corneal stroma from TDW. However, any excessive 
downward pressure or sudden movement may easily perforate 
TDW and cause inadvertent penetration into the AC. Thus, we 
recommend moistening the tip of the Weck-cel prior to use, as 
it will reduce the rigidity of the tip when it is placed on the 
TDW, allowing a “soft touch.” Once a satisfactory TDW is cre-
ated, the trifacet diamond blade can be used to score the under-
side of the base of the deep scleral fl ap (Fig.  14.17 ). A pair of 
Vannas scissors is then used to excise the deep fl ap (Fig.  14.18 ), 
allowing formation of scleral lake in its place later on.

     The two cut ends of SC can now be intubated with a spe-
cial 150-μm diameter viscocanalostomy cannula (Grieshaber, 
Switzerland) (Fig.  14.19 ), through which a cohesive high vis-
cosity viscoelastic such as Healon GV (Advanced Medical 
Optics Inc., Santa Ana, California) is injected to widen the 
ends of SC for easier entry of the microcatheter. The iScience 
microcatheter can be secured to the drape with Steri-strips (3M, 
St. Paul, Minnesota). Using two non-toothed forceps, the cath-
eter is passed into one of the cut ends of SC and is advanced for 

360° until the tip emerges from the other cut end of the canal 
(Fig.  14.20 ). During passage, one must pay attention to any resis-
tance or false passage into the suprachoroidal space by observ-
ing the blinking red light at the leading tip of the microcatheter. 
If strong resistance or false passage is encountered, one should 
stop pushing further, retract, and reattempt with scleral depres-
sion at the site of resistance, or simply pull out and try passage in 
the opposite direction through the other cut end of SC.

  Fig. 14.15    Relaxing incisions are made with the diamond trifacet 
blade at the lateral edges of the base of the deep scleral fl ap. One has to 
be careful to avoid inadvertent penetration through Descemet’s mem-
brane and enter the anterior chamber       

  Fig. 14.16    Forceps may be used to gently strip away any overlying 
scleral fi bers and/or the walls of Schlemm’s canal       

  Fig. 14.17    The diamond trifacet blade is used to mark and score the 
base of the deep scleral fl ap (but not the superfi cial fl ap)       

  Fig. 14.18    Vannas scissors are used to excise the deep scleral fl ap. 
This will facilitate a space beneath the superfi cial fl ap after closure, act-
ing as the intrascleral lake       

  Fig. 14.19    The viscocanalostomy cannula is used to inject cohesive 
viscoelastic into the cut ends of Schlemm’s canal, thus dilating the entry 
site for the microcatheter       
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    Once the catheter has passed 360° and the tip emerges, a 
10-0 Prolene suture (polypropylene) with needles cut off is 
tied around the shaft of the device near its tip (by tying the 
two loose ends to the loop) (Fig.  14.21 ). The microcatheter is 
then withdrawn slowly in the reverse direction to which it 
was passed (Fig.  14.22 ); meanwhile viscoelastic is injected 
into SC using the screw mechanism by a surgical assistant. 
One must avoid injecting excessive viscoelastic which can 
cause Descemet’s detachment (approximately 1/8th turn of 
the screw for every 2 clock hours of passage is recom-
mended). Refl ux of blood into the AC can be expected during 
passage or withdrawal of catheter. Once the entire catheter is 
removed (Fig.  14.23 ), the 10-0 Prolene suture is released 
from the catheter tip using Westcott scissors. By now there 

a b

c d

  Fig. 14.20    The microcatheter is inserted into Schlemm’s canal using 
non-toothed forceps ( a ). A blinking red light can be visualized behind 
the sclera, indicating the leading tip of the catheter during passage 

( b ,  c ). The catheter is passed though Schlemm’s canal for its entire cir-
cumference, until the tip emerges from the other end of the canal ( d )       

  Fig. 14.21    A 10-0 Prolene suture is tied on itself to the tip of the 
microcatheter       

  Fig. 14.22    The microcatheter, now with the Prolene suture tied to its 
tip, is retracted through the entire circumference of Schlemm’s canal. 
Again the blinking red light indicates the location of the catheter’s tip       

  Fig. 14.23    The entire microcatheter is externalized, with the 10-0 
Prolene suture now remaining within the canal       
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should be 2 single 10-0 Prolene sutures in SC with 4 loose 
ends exposed. After confi rming the corresponding ends, each 
suture is tied to itself with a slip knot (Fig.  14.24 ) with a 
back-and-forth movement in SC known as “fl ossing.” Suture 
tension is adjusted such that one sees a small indentation of 
TDW by the suture, which should sit anteriorly in SC – this 
is confi rmed by pulling the knot posteriorly until it is barely 
able to reach the scleral spur (Fig.  14.25 ). More tension of 

the suture would result in more distention of SC, thus theo-
retically more IOP reduction (Fig.  14.26 ) [ 13 ]. Once satis-
factory suture tension is achieved, the knots are locked and 
trimmed with Vannas scissors (Fig.  14.27 ).

         Watertight closure of the superfi cial scleral fl ap is 
achieved with about fi ve 10-0 nylon sutures placed in simple 
interrupted fashion. A cohesive high viscosity viscoelastic, 
such as Healon GV, may be placed under the fl ap to maintain 
the scleral lake (Fig.  14.28 ). It has been suggested that visco-
elastics may limit fi brinogen migration [ 18 ], thereby mini-
mizing scar formation which may obliterate scleral lake over 
time. Aqueous will percolate through the TDW and accumu-
late in this “reservoir” before being absorbed by the epi-
scleral, scleral, and choroidal veins.

   Finally, the conjunctiva is closed in a watertight fashion 
using 10-0 or 9-0 Vicryl suture in a running horizontal mat-
tress fashion (Fig.  14.29 ) as in the case of trabeculectomy. 
The paracentesis and conjunctiva are checked for leaks with 
a Weck-cel.

      Adjunctive Measures or Alternative Techniques 

 If cataract surgery is planned as a combined procedure with 
CP, it should be performed fi rst. After cataract extraction and 
intraocular lens implantation, the AC should be adequately 
pressurized with viscoelastic to facilitate scleral fl ap dissec-
tion later. The viscoelastic should be removed after the exci-
sion of the deep fl ap with a 27 gauge cannula on a syringe 
with balanced saline solution (BSS) manually, rather than 
with automated irrigation-aspiration, in which case the irri-
gation part may raise the IOP abruptly causing the TDW to 
rupture. 

 Given that the most challenging step in CP is likely the 
creation of a good deep scleral fl ap without inadvertent entry 
into the AC, various alternative approaches to fashion the 
scleral fl ap have been described. For deep sclerectomy, 
Abdelrahman reported the use of a trabeculotome to intubate 
a segment of SC such that it can be well delineated prior to 

  Fig. 14.24    The corresponding ends of the Prolene sutures are tied with 
a slip knot that allows adjustment of tension       

  Fig. 14.25    The desired tension is reached when the knot can barely 
reach the scleral spur while the sutures are being pulled posteriorly. 
Slight indentation of the trabeculo-Descemet’s window by the suture 
knot can also be seen       

a b

  Fig. 14.26    Outfl ow facility can be seen as a function of suture tension ( a ,  b ) in an ex vivo model. 10, 15 and 20 mmHg correspond to designated 
levels of IOP. Data from iScience Interventional Inc.       
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its unroofi ng [ 19 ]. Others have described using excimer laser 
[ 20 ], erbium:yttrium-aluminum-garnet (Er:YAG) laser [ 21 ], 
CO 2  laser [ 22 ], and the Fugo blade (Medisurg Ltd., 
Norristown, Pennsylvania; unpublished data by authors). 

 Antimetabolites such as mitomycin C (MMC) is typically 
not used intraoperatively in CP as bleb formation is not a 
planned outcome. However, it has been reported as an 
adjunctive agent to prevent collapse of the intrascleral lake 
[ 23 ,  24 ]. MMC (in 0.25–0.30 mg/cc) can be applied in precut 
soaked sponges under the superfi cial scleral fl ap prior to cre-
ation of the deep fl ap. The conjunctiva is lifted with non- 
toothed forceps to avoid its contact with antimetabolites 
(Fig.  14.30 ), which may increase risk of wound leakage.

       Intraoperative Complications 

 Flap or conjunctiva-related complications (e.g., partial 
amputation of superfi cial fl ap, buttonhole of conjunctiva) can 
be managed similar to the case in trabeculectomy. Inadvertent 
perforation of the TDW is likely the most common intraop-
erative complication during CP. Occult    microperforations 
may result in trace localized leakage of aqueous with no AC 
depth compromise and thus may be left alone and potentially 

even be benefi cial to IOP lowering. On the other hand, mac-
roperforations evident with gush of aqueous coming out with 
concurrent AC shallowing would indicate that CP should be 
aborted and essentially be converted to a penetrating proce-
dure such as a trabeculectomy.   

    Postoperative Management 

 The early postoperative management of CP is quite similar to 
that of trabeculectomy. A topical antibiotic is used, and ste-
roid drops are administered with a frequent dosing regimen 
early on (e.g., every 2 h while awake) to minimize risk of 
scleral lake fi brosis. A miotic agent such as pilocarpine may 

a

b

  Fig. 14.27    Vannas scissors are used to trim the knots ( a ). Slight inden-
tation of the trabeculo-Descemet’s window can be seen due to tension 
from the suture ( b )       

a

c

b

  Fig. 14.28    Cohesive viscoelastic is applied beneath the scleral fl ap to 
maintain the space for the intrascleral lake ( a ,  c ). 10-0 nylon sutures 
were placed to close the fl ap ( b )       
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be prescribed at a low-dosing regimen for the fi rst month 
after surgery to prevent iris apposition or peripheral anterior 
synechiae formation against the TDW. However, one has to 
be careful of its use particularly in phakic patients as it may 
also move the lens-iris diaphragm forward. Though rela-
tively uncommon (see below), complications such as 
hyphema, hypotony, and choroidal effusion should be man-
aged as in the case of penetrating procedures. Descemet’s 
membrane detachment may occur as a complication from 
ophthalmic viscoelastic device (OVD) injection into SC. In 
most cases these can be monitored and would resolve spon-
taneously. However, if it is large enough to compromise 
vision, it can be drained with a small needle, or neodymium-
doped yttrium aluminum garnet (Nd:YAG) laser can be 

applied to open the descemetocele, with or without air desce-
metopexy [ 25 ,  26 ]. On the other hand, microhyphema on the 
fi rst postoperative day had been suggested as a potential 
positive prognostic factor [ 27 ]. In contrast to trabeculectomy, 
ocular massage is often not recommended as it may result in 
inadvertent rupture of the TDW. 

 Late rise in IOP is usually due to fi brosis of the micrope-
rforations at the TDW and/or fi brosis of the intrascleral lake 
and episclera. The fi rst approach if IOP rises above target 
would be laser goniopuncture (GPC), which is required in up 
to about 20 % of cases (Fig.  14.31 ) [ 28 – 30 ]. Even though 
this essentially converts CP into a penetrating procedure, 

a

c

b

  Fig. 14.29    10-0 Vicryl suture is placed in a running horizontal mat-
tress fashion to close the conjunctiva ( a – c )       

  Fig. 14.30    Sponge soaked with mitomycin C is placed under the 
scleral fl ap. The conjunctiva is lifted up with non-toothed forceps to 
avoid contact with antimetabolite       

  Fig. 14.31    Gonioscopic view of the angle after laser goniopuncture. A 
patent hole from the laser can be seen within the trabeculo-Descemet’s 
window       
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because it is done after some degree of fi brosis has already 
occurred in the absence of antimetabolite use, the risk of 
hypotony is lower. GPC is performed with a YAG laser set to 
free-running Q-switch mode. Starting low at an energy level 
of around 4 mJ (which can be titrated gradually up to approx-
imately 8 mJ as needed), about 4–8 shots are delivered to 
create 1–2 holes within the anterior part of the TDW under 
gonioscopic view. It can be done at any time after about 
2 weeks postoperatively and may be repeated as needed. 
Nonetheless, a prerequisite for the effectiveness of giant pap-
illary conjunctivitis (GPC), is that the TDW must be suffi -
ciently thin and anteriorly dissected (thus further highlighting 
the importance of accurate dissection during surgery).

   Despite the pulsed application of a miotic agent, some-
times the iris can adhere or incarcerate at the TDW early on 
postoperatively or after GPC (especially if the opening from 
GPC is too wide or placed too posteriorly), resulting in acute 
IOP rise. For this reason, patients should be followed closely 
in the fi rst few weeks after CP, as well as shortly after GPC. 
Iris adherence or incarceration can be managed fi rst with 
Nd:YAG laser synechialysis or argon laser iridoplasty. If the 
adhesion persists, a small needle (e.g., 27 or 30 gauge) can 
be inserted into the AC at the limbus to sweep the iris away 
from the TDW, with gonioscopic confi rmation of release of 
iris after the procedure. 

 If IOP remains high despite goniopuncture and in the 
absence of iris adhesions to the TDW, it would suggest that 
fi brosis may have occurred within the scleral lake. One may 
consider a needling procedure with a 27 or 30 gauge needle 
to lift or dissect under the scleral fl ap, which can be done in 
the presence of a subconjunctival antimetabolite such as 
MMC if bleb formation is desired. Any bleb- related compli-
cations should be managed as seen in trabeculectomy.  

    Literature Review 

 Major studies evaluating CP on its effi cacy and safety are 
summarized in Tables  14.1  and  14.2 . In general, CP demon-
strates better safety profi le when compared to traditional 
penetrating surgeries. This is because without a full- thickness 
sclerostomy, the semipermeable TDW provides some degree 
of resistance to aqueous outfl ow, which safeguards against 
large fl uctuation of IOP particularly in the early postopera-
tive period. Moreover, without a persistent patent ostium into 
the AC and without the need for an iridectomy, postoperative 
infl ammation, hyphema, and endophthalmitis are less likely. 
Bleb-related complications are also rare because of the fol-
lowing: (1) fl ap closure is tight in CP, resulting in lower 
 likelihood of bleb formation; (2) in most cases antimetabo-

lites are not used; and (3) if a bleb is formed, it tends to be 
more diffuse and low-lying rather than cystic and avascular, 
for the above reasons.

    Of note are the 3-year results from a prospective multi-
center international study reported by Lewis et al. in 2011, 
which provides the longest follow-up data with the largest 
number of CP subjects to date. In agreement with previous and 
subsequent studies [ 31 – 34 ], CP was shown to achieve a reduc-
tion of IOP from mid-twenties level (or at times higher) to 
around mid-teens while maintaining on 0–2 topical medica-
tions after surgery. Comparable effi cacy is seen when CP is 
combined with phacoemulsifi cation, though the cumulative 
failure rate is lower with the combined procedure. This may be 
due to the TM being put on more tension with removal of the 
crystalline lens in conjunction with placement of the suture in 
CP, thereby increasing outfl ow. Complications if present tend 
to occur early on (≤90 days), including hyphema, hypotony 
with AC shallowing, IOP spike, Descemet’s membrane 
detachment, suture extrusion through the TM, and hypotony. 
Late postoperative complications (>90 days) include cataract 
formation, high IOP despite surgery, and suture extrusion [ 29 ]. 
The incidence and severity of these adverse outcomes are gen-
erally lower when compared to those reported for trabeculec-
tomy and tube shunt [ 7 ,  35 ]. This study provides data 
supporting the long-term safety and effi cacy of CP; however, 
the staging of glaucoma was not specifi ed. 

 Adjunctive use of MMC had shown comparable levels of 
IOP reduction, though the incidence of postoperative hypot-
ony appear to be higher than previous non-MMC studies 
(Table  14.2 ) [ 24 ]. In a retrospective case series, Ayyala et al. 
examined the outcome of patients who underwent CP ( n  = 33) 
versus trabeculectomy ( n  = 46). There was no signifi cant dif-
ference in the percentage of IOP reduction and surgical fail-
ure rates between groups. More percentage of patients in the 
CP group required postoperative medications for IOP control 
than in the trabeculectomy group, though again the differ-
ence was not statistically signifi cant [ 36 ]. 

 In a recent study comparing the outcome of CP in one eye 
and viscocanalostomy in the opposite eye, both procedures 
had similar safety profi les, but CP achieved higher percent-
age of IOP reduction than VC at both 12- and 18-month time 
points [ 37 ]. 

 Given the evidence available to date, it is still debatable if 
CP can consistently achieve suffi ciently low IOP for patients 
with advanced stage of glaucoma who require more aggres-
sive IOP targets. Nonetheless, modest IOP reduction is 
attainable with CP, which is thus certainly a considerable 
surgical option for patients with mild to moderate level of 
glaucomatous damage (see below).  
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    Surgical Candidates 

 As supported by the available literature on the procedure, CP 
is indicated in patients with open-angle glaucoma who are 
also candidates for trabeculectomy or glaucoma drainage 
devices, but particularly in those with the following 
features:
    1.    When early surgical intervention is desired: 

 The use of multiple topical medications is associated 
with low grade conjunctival infl ammation and scarring, 
which can be a factor of failure for procedures where effi -
cacy depends on formation of a good bleb [ 38 ]. CP is less 
dependent on the state of the conjunctiva than these 
procedures. 

 Also, in conditions where large IOP fl uctuations are 
seen (e.g., pigment dispersion glaucoma, pseudoexfolia-
tive glaucoma), early surgery may be superior to medical 
therapy alone in limiting IOP fl uctuation [ 39 ,  40 ], which 
is a risk factor for glaucoma progression [ 41 ]. Therefore, 
in light of its safety profi le, CP can be a reasonable early 
surgery option prior to exhausting all medical options.   

   2.    High risk for intra- and/or postoperative morbidities: 
 In patients who have high risk for choroidal effusion 

(e.g., nanophthalmic eye) or suprachoroidal hemorrhage 
(e.g., those on systemic anticoagulation medications), 
even a brief duration of intra- or postoperative hypotony 
is certainly not desirable. With CP, as sudden decompres-
sion of the eye can be avoided intraoperatively, and out-
fl ow is somewhat restricted by a TDW instead of having 
an open ostium, it is a favorable option for these cases. 
Moreover, with less manipulation in the anterior segment 
and without the need to perform an iridectomy (both of 
which may incite infl ammation and hypotony from hypo-
secretion of aqueous) [ 42 ], CP may be more favored than 
trabeculectomy in uveitic cases. However, the scleral lake 
may be prone to fi brosis in these cases; thus, frequent ste-
roid use perioperatively would be crucial.   

   3.    Monocular patients: 
 Given their relatively higher safety profi le, CP should 

be considered in patients who require surgery in their 
only functioning eye. Also, because of their non- 
penetrating nature and less risk for bleb-related issues, 
CP patients would likely have faster visual recovery than 
those who have penetrating procedures [ 43 ].   

   4.    Younger patients: 
 With theoretically less risk for cataract formation than 

penetrating procedures, CP is advantageous for younger 
patients who are expected to still have years of signifi cant 
accommodative amplitudes ahead with their own natural 
crystalline lens.   

   5.    Contact lens users: 
 As no or very low blebs are present with CP, risk of 

blebitis is minimized.     

 CP is contraindicated if the TM is anatomically 
obstructed or damaged, such as in primary or secondary 
angle closure, peripheral anterior synechiae, or neovascular 
glaucoma, or if structural abnormality is present in the lim-
bal or perilimbal regions such as from previous trauma or 
surgery. For eyes with very thin sclera, creation of scleral 
fl aps would be challenging; thus, CP is less favored in these 
cases. The presence of normal angle anatomy is a prerequi-
site for the success of CP both intra- and postoperatively. 
Previous laser trabeculoplasty is not a contraindication and 
should not preclude the effect of non-penetrating proce-
dures such as CP [ 44 ].  

    Summary 

 Canaloplasty has shown to be a good (and potentially supe-
rior in selected cases) alternative to traditional penetrating 
surgeries for glaucoma. With the goal of improving the con-
ventional outfl ow pathway, the ab externo non-penetrating 
nature of CP allowed a better safety profi le than trabeculec-
tomy. Adjunctive measures such as antimetabolite use and 
laser goniopuncture allow augmented effi cacy in lowering 
IOP. CP can therefore be an effective option for patients with 
mild to moderate stage of glaucoma damage, with the benefi t 
of lower risks than penetrating procedures. On the other 
hand, CP does have a steep learning curve and can be techni-
cally challenging especially for the beginning glaucoma sur-
geon. For this reason, as well as cost issues, CP has yet to 
gain widespread adoption by glaucoma surgeons in North 
America. The high degree of surgical precision required for 
CP has however provided us with greater understanding of 
the outfl ow anatomy, which has added to the foundation for 
the development of other innovative glaucoma procedures. 
Further studies are required to investigate the long-term effi -
cacy, optimal suture tension, and prolonged effect of nonab-
sorbable suture in the canal in CP.     
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       The Hydrus micro-stent (Ivantis, Irvine CA) is a novel 
Schlemm’s canal microinvasive glaucoma surgery (MIGS) 
device designed to enhance aqueous outfl ow into Schlemm’s 
canal and into the distal outfl ow veins. Made of fl exible 
 nitinol, an elastic nickel-titanium alloy, the device is designed 
to conform to the arc of Schlemm’s canal (Fig.  15.1 ). The 
proximal end is designed to provide a bypass inlet into the 
canal, with the main body of the implant designed to act as 
an intracanalicular scaffold which dilates the canal nine 
times its cross-sectional area for a length of 8mm or 3 clock 
hours in the eye. It has a non-luminal design to provide 
unimpeded access of aqueous to the collector channels and 
aqueous veins along the back wall of the canal, and three 
windows face the inner wall to stretch and increase the effec-
tive fi ltration area. The Hydrus thus is designed to address 
the underlying pathology in open-angle glaucoma – increased 
resistance in the inner wall and collapse of Schlemm’s canal 
– by creating a bypass through the inner wall and stretching 
the inner wall as well as scaffolding open the canal and pre-
venting collapse (Figs.  15.2  and  15.3 ). The device is 
implanted using a handheld injector through a sub 2.0 mm 
clear cornea incision using a specially designed cannula to 
incise the inner wall to permit deployment of the device 
using a roller wheel (Fig.  15.4 ). Although the device may be 
implanted in any clock hour in the canal, it is most readily 
performed in the nasal quadrant using a temporal corneal 

incision. The device is currently an investigational device 
and an FDA pivotal trial is underway. There already have 
been a number of basic science and early clinical studies on 
the Hydrus device.

      The Hydrus Micro-stent 
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  Fig. 15.1    The Hydrus micro-stent consists of a curved implant with an 
inlet, three windows, and an open lumen designed to scaffold open 
Schlemm’s canal       

  Fig. 15.2    The Hydrus micro-stent with anterior chamber inlet provid-
ing direct aqueous access to the canal, and three windows to permit 
aqueous fl ow through the inner wall and scaffolded Schlemm’s canal 
into collector channels and aqueous veins       
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  Fig. 15.3    Postoperative 
gonioscopic photos of the Hydrus 
micro-stent in position       

a

c

e

d

b

  Fig. 15.4    Surgical technique. The beveled cannula is used to incise the inner wall ( a ). The Hydrus implant is advanced into Schlemm’s canal ( b , 
 c ). Once implanted, the inlet is visible in the anterior chamber angle ( d ). The three windows are visible in the canal ( e )       

 

 

S. Shareef et al.



173

      Biocompatibility of the device has been studied histo-
logically in both rabbit and nonhuman primates (Fig.  15.5 ) 
[ 1 ]. At 6 months, the device showed minimal infl ammation 
in implanted New Zealand rabbits. In an analysis 13 weeks 
after implantation in nonhuman primates, there was no evi-
dence of an infl ammatory, foreign body response or fi brosis 
around the device when placed in the canal region. Based on 
these fi ndings, the Hydrus micro-stent appears to be biocom-
patible in the eye.

   A cadaveric injury study was performed to assess the 
impact of placement of the Hydrus into the canal using scan-
ning electron microscopy (SEM) (Fig.  15.6 ) [ 2 ]. Using fresh 
human cadaveric anterior segments, SEM analysis showed 
patency of the canal, and collector channels were maintained 
with minimal alteration of normal Schlemm’s canal anatomy. 
The low profi le device appears to be inserted with minimal 
disruption of normal canal architecture.

   To assess fl ow rates of the device, a human anterior seg-
ment perfusion model was used using perfusion pressures of 
10, 20, 30, and 40 mmHg before and after the Hydrus 15 mm 
device was implanted into Schlemm’s canal, and compared to 
control sham procedure eyes [ 3 ]. The mean outfl ow facility 
with the Hydrus increased from a baseline of 0.19 ± 0.2 to 
0.39 ± 0.07 uL/min/mmHg ( p  < 0.01), a 105 % increase, versus 
no signifi cant change in sham procedure eyes, 0.20 ± 0.03 to 
0.23 ± 0.03 uL/min/mmHg (15 % increase). After the Hydrus 
was removed from the tissue, the outfl ow facility returned to 
baseline indicating the increase was primarily from the device. 

In a similar study using 24 paired human cadaveric anterior 
segments, the 8 mm Hydrus device was found to signifi cantly 
increase outfl ow facility from 0.33 ± 0.17 to 0.52 ± 0.19 uL/
min/mmHg ( p  < 0.001) versus sham procedure (0.39 ± 0.21 to 
0.38 ± 0.19 uL/min/mmHg ( p  = 0.82)) [ 4 ]. Using similar perfu-
sion models and fl uorescent microspheres, there was an 
increased amount of tracer fl ow into episcleral veins in 
implanted eyes versus controls [ 5 ]. Based on these studies, the 
Hydrus appears to substantially reduce the resistance and 
increase fl ow out of the conventional outfl ow system. 

 A prospective consecutive series of 29 patients with mild 
to moderate open-angle glaucoma who received the Hydrus 
implant in combination with cataract surgery was performed 
in Canada [ 6 ]. One-year results showed signifi cant mean 
IOP reduction from medicated IOP of 17.2 ± 4.2 mmHg on 
2.5 medications and washed out IOP of 26.5 ± 5.0 to 
16.5 ± 2.9 mmHg on 0.6 medications postoperatively 
(Fig.  15.7 ). There were no major adverse events.

   A prospective multicenter case series (Video  15.1 ) with 
1-year follow-up reported on the use of the Hydrus in either 
combined or solo procedures for open-angle glaucoma [ 7 ]. 
In the combined phaco and Hydrus cohort, mean IOP pre-
operatively was 21.3 ± 5.6 mmHg with mean medication 
use of 2.2. Twenty-four patients were washed out preopera-
tively and 12 months postoperatively, and were found to 
have a mean washed out reduction of IOP of 8.7 ± 4.3 mmHg 
(25.5–16.8 mmHg). The main adverse event was transient 
mild hyphema in 22 %, which resolved in all patients at 
1 week. In another cohort, 40 patients who underwent solo 
Hydrus implant only resulted in a 69 % medication reduc-
tion (mean of 1.4 reduced to 0.5 meds) and a median IOP 
reduction of 4.5 mmHg (21.6–17.7 mmHg) at 1 year [ 8 ]. 

a

b

  Fig. 15.5    ( a ) Histopathology section in nonhuman primate shows two 
segments of the Hydrus scaffold in white ( arrows ) with no evidence of 
chronic infl ammatory reaction in the outfl ow system or in adjacent tis-
sues. ( b ) At higher magnifi cation shows a segment of the Hydrus scaf-
fold in white with distortion to the TM but no chronic infl ammation       

  Fig. 15.6    Scanning electron microscopy of outer wall of Schlemm’s 
canal after implantation of Hydrus micro-stent showing minimal dis-
ruption of normal anatomy, patent collector channel ostia, and the pres-
ence of nuclear bulges in SC endothelium, a marker of cellular integrity 
was retained       
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Adverse events included transient hyphema found in 
17.3 % of patients, and peripheral anterior synechiae 
formed in 9.5 %. 

 The Hydrus implant, an ab interno micro-stent device 
designed to bypass the resistance and enhance fl ow through 
the inner wall of Schlemm’s canal, and scaffold a 3 clock- 
hour region of the canal to prevent collapse, is designed to 
enhance aqueous outfl ow to aqueous veins. Major pivotal 
randomized control trials are underway, comparing phaco-
emulsifi caiton and Hydrus versus phacoemulsifi cation alone. 
Based on early basic science and clinical studies, the 
Hydrus micro-stent has been shown to enhance outfl ow 
facility and reduce intraocular pressure when combined 
with phacoemulsifi cation or implanted on its own. These 
IOP reductions are achieved with minimal mild adverse 
events, achieving physiological IOP control with a mini-
mally invasive technique.     
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           Introduction 

 Trabeculectomy ab interno with the trabectome (Neomedix, 
Tustin, CA) was FDA approved in 2004 [ 1 ]. It was originally 
described as using electrocautery to ablate trabecular mesh-
work (TM), unroofi ng the nasal Schlemm’s canal over 
30–60°. A fi rst series of 37 patients was highly successful 
demonstrating a mean 42 % decrease in intraocular pressure 
(IOP) from a baseline of 28 mmHg after 1 year [ 1 ]. There 
were no cases of postoperative fl at anterior chambers, hypot-
ony, infection, wound leak, bleb formation, choroidal effu-
sion, or loss of two lines of Snellen visual acuity. 

 The introduction of ab interno trabeculectomy with the 
trabectome at a time when trabeculectomy was considered 
the gold standard evokes memories of when cataract sur-
geons started to realize the benefi ts of phacoemulsifi cation 
over extracapsular cataract extraction (ECCE). Trabectome 
surgery is similar to phacoemulsifi cation in that it requires 
advanced equipment, is standardized, uses a small incision, 
and is very safe. In contrast, both ECCE and trabeculectomy 
require only simple instruments, feature a large incision, 
cannot be standardized, and produce a wide range of out-
comes and complications, both early and late ones. 

 The aim of this chapter is to discuss the indications, to 
detail the techniques that the authors have adopted, and 
to review the results and complications of trabectome 
surgery.  

    Indications 

 Trabectome was fi rst described for use in glaucomas with an 
angle open by at least 20° or grade 2 on the Shaffer scale and 
an IOP level likely causing progression while on maximally 
tolerated medical therapy [ 1 ]. Exclusion criteria were angles 
with poor visibility of the trabecular meshwork and neovas-
cular glaucoma. In our experience with more than 500 tra-
bectome surgeries, we have found that a wide range of 
glaucoma types and stages can be operated on using a modi-
fi ed surgical technique described below. We fi nd that only 
active neovascular glaucoma, elevated episcleral venous 
pressure, moderately active uveitis, and angle dysgenesis 
represent true contraindications. The patient has to be able to 
rotate the neck by more than 30°, or a microscope is avail-
able with a large tilt angle to compensate for the limitation. 
The cornea must be suffi ciently free of opacities in the form 
of peripheral scars, deposits, vascular pannus, or arcus 
lipoides.  

    Surgical Technique 

 Glaucoma surgeons do not typically learn trabectome sur-
gery as their fi rst glaucoma surgery but often begin with 
drainage device implantations and trabeculectomies. As a 
result, it is not surprising that more delicate microsurgery of 
the angle initially seems overwhelming with its requirement 
for higher magnifi cation and excellent depth perception to 
strictly avoid structures that are only a few 100 μm apart 
from each other: distal to ablation, the outer wall of 
Schlemm’s canal with collector channel intakes, posteriorly 
the more vascularized scleral spur, iris and ciliary body, and 
anteriorly the corneal endothelium. 

 While the beginning surgeon becomes comfortable 
with the goniolens relatively quickly, a considerable learn-
ing curve follows before great results can be achieved. We 
fi nd that indications can be broadened, and lower target 
pressures, higher success rates, and earlier visual recovery 
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can be achieved when careful attention is paid to six key 
elements:
    1.    Excellent visualization using a xenon light microscope 

with large tilt capabilities   
   2.    No viscoelastic injection before or during ablation   
   3.    Creation of a corneal incision that is 2 mm anterior to the 

limbus and fl ared on the inside   
   4.    Avoidance of outward push applied during ablation   
   5.    Ablation of a long, near 180° ablation arc   
   6.    Swift tamponade of the unroofed canal with viscoelastic 

before and after cataract extraction     
 We will discuss these key elements in detail in the 

following. 

    Angle Visualization: Xenon Light 
and Large Tilt Angle 

 The impact of an outstanding microscope with excellent 
optics and blue-white illumination using xenon light (e.g., 
Zeiss Lumera, Carl Zeiss Meditec, Jena, Germany) cannot 
be overestimated to visualize the target of ablation, the lacy, 
delicate, 50-μm-thick trabecular meshwork. 

 Preoperative considerations pertaining to anesthesia are 
minimal. Adequate anesthesia can be achieved with intra-
cameral 1 % preservative-free lidocaine [ 1 ]. The surgeon sits 
temporally. For patients who will face signifi cant diffi culty 
rotating the neck, the microscope tilt can be increased. If the 

patient is unable to rotate the neck, then the superior axial 
core may be rotated by placing blankets underneath the half 
of the patient’s back and shoulder on the side closest to the 
surgeon. Preoperative pilocarpine is not necessary, and when 
trabectome surgery is combined with phacoemulsifi cation, 
routine dilation can be used. The intact lens of a young 
patient should be protected by preoperative pilocarpine or 
intracameral carbachol.  

    No Viscoelastic Prior to or During 
Trabectome Ablation 

 The paracentesis is fashioned as for phacoemulsifi cation. As 
is common practice for goniotomy for pediatric glaucoma, 
no viscoelastic should be used because it interferes with opti-
mal visualization from different optical densities and inter-
faces, traps ablation gas bubbles, and can bake into the tip 
during ablation.  

    Incision 2 mm Anterior to Limbus, 
Slight Flare of Innermost Aspect 

 The main incision is positioned at the standard clock hour 
position as for phacoemulsifi cation. The size is only 1.6 mm 
wide, and the incision should be made 2 mm anterior to the 
limbus and parallel to the iris (Fig.  16.1 ). The more anterior 

  Fig. 16.1    Main incision for trabectome surgery into the anterior cham-
ber fi lled with 1 % lidocaine solution. ( 1 ) Entry is made 2 mm anterior 
to limbus and parallel to the iris in the left and right photos. Line dia-
grams showing how to position the blade for internal enlargement to the 

left ( 2 ) and to the right ( 3 ), allowing for better trabectome range without 
striae can be achieved by nicking Descemet’s membrane and slightly 
fl aring the incision       
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incision and planar orientation – compared with a regular 
incision for phacoemulsifi cation – will greatly reduce striae 
during manipulation of the handpiece and prevent iris pro-
lapse. Following full entry, after only partially retracting the 
blade in the initial incision, a slight forward cut is made to 
the left and to the right, pointing toward the anticipated end 
of the ablation arc, fl aring the incision. Only the innermost 
25 % of the wound needs to be fl ared for the fi rst-generation 
handpiece. This prevents the metal irrigation sleeve from 
getting caught at the level of Descemet’s membrane and 
reduces corneal striae that can reduce visibility when the 
incision is torqued at the end of large ablation arcs. The rede-
signed second-generation tip has a sloped irrigation sleeve 
and allows for a much smoother insertion.

   The anterior chamber will not collapse as long as the ker-
atome is kept parallel to the incision plane and no viscoelas-
tic is needed for insertion. A small amount of fl uid egress can 
induce temporary hypotony. This will allow blood to refl ux 
into Schlemm’s canal and clearly outline the target structure 
(Fig.  16.2 ). Oftentimes the trabecular meshwork may not be 
pigmented or other pigmented structures are confusing. 
Misidentifi cation and ablation of the wrong structure by 
beginning surgeons is the primary reason for arterial bleed-
ing. Since the correct structure was not unroofed, the 
hyphema cannot exit the anterior chamber and the high per-
sistent IOP will ensue.

   Following the main incision, the patient’s head is rotated 
about 30° away from the surgeon, while the microscope 
headpiece is tilted approximately 45° toward the surgeon. A 
direct Swan-Jacobs gonioscopy lens with proper handedness 
(Ocular Instruments, Bellingham, Washington) is placed to 
assure an adequate view of the trabecular meshwork after 
adjusting zoom and focus. The trabectome handpiece is then 
inspected under the microscope to assure the integrity of the 
tip. Continuous irrigation should be activated on the foot 
pedal but without activating electroablation which can dam-
age the tip. 

 The irrigation bottle should be raised to near maximum 
height to deepen the angle and improve the view. The impact 
on visibility is manifold: surge is prevented, the iris root and 

peripheral iris are maximally displaced posteriorly resulting 
in an immediately apparent angle opening, and the cornea is 
forced into a stable spherical shape without striae. This also 
prevents refl ux from the collector channels, while any pig-
ment or bubbles are swiftly washed out through the main 
incision. The trabectome handpiece is inserted through the 
main wound. If the shoulder of the handpiece (19 gauge) 
cannot be inserted easily through the wound, a twisting 
motion with rotation along the long axis can be used as gen-
tle but increasing pressure is applied at the wound. If this is 
inadequate, the upper lip of the corneal wound can be grasped 
and pulled anteriorly with forceps to offer less resistance to 
insertion. The insertion should be done quickly to avoid 
excess aqueous egress and anterior chamber collapse. The 
handpiece tip should be advanced to the center of the pupil 
before the goniolens is placed back onto the cornea. With the 
modifi ed Swan-Jacobs lens, no coupling fl uid is needed other 
than balanced salt solution (BSS). The goniolens should only 
gently touch the cornea: if striae are noted (fi rst seen at the 
most superior aspect of the view), then too much downward 
pressure is being applied.  

    Identifying and Engaging Schlemm’s Canal, 
No Outward Pressure During Ablation 

 Without certain identifi cation of Schlemm’s canal, this pro-
cedure can produce either no IOP effect when ablation occurs 
in the cornea or create arterial bleeding with large hyphemas 
and dangerous postoperative IOP. If the TM is nonpig-
mented, then induction of hypotony by wound gape is an 
effective means to visualize the TM (Fig.  16.2 ). 

 Under gonioscopic view, the trabectome tip is moved 
toward the trabecular meshwork (TM). It is easier to initiate 
ablation at a point that is more toward the left than exactly at 
the opposite site of the chamber. This offers a better angle of 
engagement because the tip is now pointed toward, and not 
parallel to, the TM (Fig.  16.3 ).

   The TM is approached with the tip at a 45° angle aimed 
upward (Fig.  16.4 ), from just inferior to the TM at the scleral 

  Fig. 16.2    Schlemm’s canal (SC,  right ) can be easily identifi ed by gap-
ing the main incision to induce hypotony and blood refl ux from the 
collector channels. This is useful in nonpigmented TM but more gener-

ally to differentiate angle landmarks that may look similar (e.g., 
Sampaolesi’s line, TM, ciliary body band)       
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spur. The spur will keep the space open and resist collapse of 
Schlemm’s canal which occurs when the trabectome tip is 
held parallel and pushed outward when engagement is 
attempted directly across from the incision. Once the foot-
plate is behind the TM, a slight inward pull should be exerted 
to counteract the tendency to push outward. This tenting of 
the TM changes the visibility of the ablation tip and confi rms 
proper insertion. Ablation is started toward the surgeon’s 
nondominant hand.

   Ablation can be carried out starting at 0.8 mW and titrated 
up. Power should be decreased if visible blackening of the 
upper and lower edges of the TM occurs. This is possible 
although heat transfer through the footplate to the outer wall 
is only 1.2°C. As discussed, the bottle height should be at 

maximum. The trabectome foot pedal can be tapped (black 
ball switch) for continuous, gravity-fed irrigation, then 
depressed to position 1 for continuous, nonlinear aspiration 
and position 2 for continuous and constant ablation power. 
Aspiration has a maximum fl ow rate of 10 ml/min [ 2 ]. 

 During ablation, it is pertinent to avoid any outward 
 pressure, ideally preventing touching the outer wall entirely. 
The outer wall of Schlemm’s canal is lined with 50-μm orifi ces 
of the collector system that easily scar over when the lining 
endothelium is damaged (Fig.  16.5 ). Yet because beginning 
surgeons are focused on trying to enter Schlemm’s canal and 
engaging the TM, this mistake is extremely common leading to 
disappointing pressure results either early on or after several 
weeks as a response to endothelial damage.

  Fig. 16.3     Left : Sketch of trabectome, lens and eye.  Right : If entry of Schlemm’s canal opposite of the main incision is diffi cult, the tip should be 
moved toward the left to allow a more pointed encounter       

  Fig. 16.4    Entry of Schlemm’s canal with the trabectome is easiest directly anterior to the scleral spur in a 45° angle because the space is main-
tained by it. If the trabectome is held parallel to the trabecular meshwork, Schlemm’s canal collapses       

 

 

K. Kaplowitz and N.A. Loewen



179

       Achieve 180 °  of Ablation 

 Aiming to ablate 180° of trabecular meshwork increases the 
chance of obtaining successful access to viable collector 
channels. Contrary to common belief, aqueous fl ow is not 
circumferential (Fig.  16.6 ). Studies ranging from injecting 
intracameral tracer [ 5 ] to anterior segment optical coherence 
tomography (OCT) [ 6 ] have shown that aqueous outfl ow 
through Schlemm’s canal is segmental, increasing near col-
lector channels. For instance, Schlemm’s canal was shown to 
be 33 % wider nasally than temporally [ 7 ], and actual septae 
have been imaged in 2-μm resolution 3d micro-computer-
ized tomography scans [ 8 ]. Adequate ablation can be con-
fi rmed by the white appearance of the outer wall of 
Schlemm’s canal. The fi rst 60° can usually be ablated con-
tinuously without many adjustments. As visualization is 
turned to the remaining 30°, the goniolens is rotated in the 
same direction the ablation is occurring, and the eye is tilted 
closer to the endpoints to increase visibility (Fig.  16.7 ).

    Although the goal should be to ablate a full 90°, the fi nal 
10–15° cannot always be visualized for ablation. Once the 
full extent of visualization is reached, the tip is retracted 
from Schlemm’s canal by pulling inward. It is rotated with 
one hand and under continuous gonioscopic view, tip down, 
by a full 180° and reinserted into Schlemm’s canal where the 
original ablation was started. 

 The handpiece is rotated between the index fi nger, ring fi n-
ger, and thumb while the wrist is increasingly pronated during 
the ablation of the remaining 90° (Fig.  16.8 ). The metal sleeve 
of the trabectome can be rested fi rmly against the proximal, 
straight edge of the goniolens during the 180° rotation into 
the opposite direction. Visualization of the wall of Schlemm’s 
canal is confi rmed as ablation continues. It is advisable not to 
force the tip ahead but instead stop and retract the tip. This will 
unwrinkle the TM or retract the tip from the outer wall and col-
lector openings, and then ablation can be continued. After abla-
tion is complete, the handpiece is withdrawn completely from 
the TM. The handpiece can then be removed from the eye.

  Fig. 16.5    Location of collector 
channel orifi ces. Many intakes 
are close to the upper (anatomic 
anterior) and lower (anatomic 
posterior) portion of Schlemm’s 
canal, providing a possible 
explanation why removal of TM 
with the trabectome might be 
superior to goniotomy which 
merely incises the TM allowing 
the remaining lips to roll inward 
and occlude those       

  Fig. 16.6     Left : In vivo, Schlemm’s canal is often not contiguous and may have duplications (After Kagemann et al. [ 3 ];  asterisks : Schlemm’s 
canal,  yellow arrows : collector channels).  Right : ablation arc length correlates with fi nal IOP (After Sit et al. [ 4 ])       
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  Fig. 16.7    A modifi ed Swan-Jacob goniolens designed for trabectome 
surgery is placed on the cornea without compressing it. It is held paral-
lel to the iris and rotated into the direction of ablation. The eye can be 
tilted upward or downward by lifting the trabectome up in the incision 
to increase visibility of the superior and inferior chamber angle and 

maximize the ablation arc to achieve near 180°. Gonioscopic prism 
power and angle view at these ablation endpoints is increased by lifting 
the distal part of the lens off the cornea to fl oat in the pool of saline that 
forms during the procedure ( lower left  and  right )       

  Fig. 16.8    Hand position during trabectome surgery. The trabectome 
handpiece is held like with phacoemulsifi cation during insertion with 
the tip pointing toward the left ( middle ). As ablation continues toward 
the nondominant hand, the hand is increasingly supinated and more 
held like a pen ( left ). The handpiece is then rotated 180° under gonio-

scopic view and ablation continued toward the right while the hand is 
increasingly pronated ( right ;  inset : fi nger position from  below ). The tip 
is rolled between the thumb, index fi nger, and ring fi nger to keep it 
parallel to Schlemm’s canal       
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       Immediate Viscoelastic Tamponade 
of Ablated Canal, Chamber Pressurization 

 Once the ablation is complete, viscoelastic is injected directly 
along the ablation arc at the root of the iris. This will displace 
non-coagulated as well as coagulated blood and tamponade 
Schlemm’s canal and collector channels. We compared fi ve 
different viscoelastic substances for this purpose and recom-
mend a premixed viscoelastic with both cohesive and disper-
sive agents in one syringe (e.g., DiscoVisc, Alcon, Fort 
Worth, TX). The dispersive properties allow the viscoelastic 
to fl ow easily into the chamber angle including the orifi ces of 
the collector channels, while the cohesive properties allow to 
maintain the space and prevent displacement. The entire 
anterior chamber can be pressurized while the patient’s head 

is still rotated, or the head can be rotated back and the cham-
ber then fully fi lled and pressurized with the remaining vis-
coelastic. The patient and microscope are now rotated back 
until they are again perpendicular to the fl oor. 

 To continue with cataract surgery, a standard keratome is 
partially inserted planar to the iris into the main incision 
(Fig.  16.9 ), the tip is carefully advanced past the inner lip of 
Descemet’s membrane, and then the heel is moved all the 
way down against the conjunctiva before the keratome is 
carefully inserted further, aided by small rotating movements 
around the axis of the handle if necessary. This will create a 
partial tri-planar incision that has a slight inverted U-shape 
like a scleral tunnel in ECCE and provide self-sealing fea-
tures on the left and right aspects of the smaller, initial 
 trabectome keratome incision. To conclude the enlargement 

  Fig. 16.9    Enlargement of the 
main incision ( blue ) to prepare 
for cataract surgery; tri-planar 
wings ( green ) are fashioned that 
allow a single self- sealing 
incision. This requires that in step 
2 the heel of the keratome be 
almost fl ush on the conjunctiva 
while the keratome is gradually 
advanced with careful rotations. 
The  red arrow  in the drawing on 
the right represents the base of 
the keratome’s triangular blade       
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of the incision, the blade is now held parallel to the iris again 
and the keratome moved forward to complete the incision.

   Capsulorrhexis and the remaining phacoemulsifi cation 
steps are done in standard fashion. Just before lens insertion, 
viscoelastic is injected again to prepare the capsule for 
implantation, and a second viscoelastic crescent is injected 
directly along the root of the iris again with the goal to tam-
ponade and displace refl uxing blood. Following lens implan-
tation, viscoelastic can be partially removed and the incision 
is hydrated. We recommend retaining at least 30 % of visco-
elastic in the eye to create a positive pressure gradient from 
the anterior chamber to the outfl ow system. This will avoid 
postoperative hypotony and hyphema with better vision 
early on, and may also provide better early pressures by 
reducing the phacocytotic load on the remaining trabecular 
meshwork from red blood cells while minimizing blood clot-
ting along the unroofed canal. It is especially important to 
maintain postoperative IOP because evidence suggests that 
fl uctuations in IOP, even the brief hypotony induced follow-
ing a blink, can lead to fl ow from the ocular surface through 
the clear corneal incision and into the anterior chamber 
[ 9 ,  10 ]. OCT has shown full-thickness gaping of a clear cor-
neal wound when the IOP was at 5 mmHg [ 11 ]. The wound 
is hydrated but a suture is not needed and may in fact cause 
gaping hypotony and instant hyphema. Although the visco-
elastic mentioned above has a tendency to cause consider-
able postoperative hypertension after regular cataract surgery 
if not carefully removed, the unroofi ng of Schlemm’s canal 
in trabectome surgery will allow for improved evacuation 
similar to glaucoma drainage device surgery. 

 The patient is seen the following day, at 1 week, at 
1 month, and fi nally at 3 months. All glaucoma medications 
are discontinued the day of surgery. The postoperative regi-
men for the fi rst week consists of a fourth-generation fl uoro-
quinolone, prednisolone acetate 1 %, and pilocarpine 1 or 
2 %, all of which are started four times daily on the day of 
surgery. The fl uoroquinolone is continued for 7 days. The 
prednisolone is tapered weekly by one drop for a 4-week 
course. Pilocarpine is usually maintained at 4 times daily for 
about 4 weeks, then three times per day 4 more weeks. 
Flattening the iris out using pilocarpine is thought to reduce 
the chance of forming peripheral anterior synechiae [ 12 ]. If 
trabectome surgery is combined with phacoemulsifi cation, 
then a proper refraction cannot be obtained until pilocarpine 
is stopped.   

    Results 

 The steps described above are designed to maximize visi-
bility, facilitate identifi cation of the correct structure, max-
imize the area that gains access to the outfl ow system, and 
reduce or eliminate hyphema. Our own results with this 

evolved technique in 192 trabectome surgeries that 
 consisted of open-angle glaucomas and approximately one 
third of patients with uveitic, traumatic, angle-closure, or 
low- pressure glaucomas suggest that a 30 % IOP drop can 
be achieved from a relatively low preoperative IOP of 
20 ± 8 to 14 ± 4 mmHg at year 1. The incision technique 
described above produces predictable astigmatism as any 
standard  cataract incision which allows to implant toric 
lenses in the same session and deliver high quality of 
vision and satisfaction to glaucoma patients undergoing 
combined procedures. 

 The fi rst retrospective series of 37 patients by Minckler 
et al., which were stand-alone trabectome cases, demon-
strated a 42 % decrease in mean IOP, lowering the baseline 
IOP from 28 to 16 mmHg at 12 months. The series was later 
extended to 101 patients [ 1 ]. The larger series still demon-
strated a 40 % IOP decrease. Eleven of those patients had 
follow-up for 30 months, and that group sustained a 33 % 
mean IOP decrease. A further report revealed a mean IOP 
decrease of 42 % after 36 months, although only fi ve patients 
were still available at that time [ 13 ]. A series of 1,127 patients 
was composed of 738 patients who underwent stand-alone 
trabectome in addition to 366 cases combined with phaco-
emulsifi cation [ 14 ]. This study retrospectively followed 
patients for up to 5 years and defi ned failure as either fi nal 
IOP over 21 mmHg or demonstrating less than a 20 % 
decrease from baseline IOP and found a 55 % failure rate 
after 4 years. The published results of trabectome surgery are 
divided into stand-alone trabectome cases below in Table  16.1  
and combined trabectome-phacoemulsifi cation in Table  16.2 . 
There are no published randomized trials involving trabec-
tome. Longer follow-up is needed to elucidate the long-term 
success rates. The largest case series dating back to the fi rst 
trabectome cases had 1,878 trabectome cases (alone or with 
phacoemulsifi cation) recorded as of 2010 [ 20 ]. There was 
data on fi ve patients who had been evaluated a full 6 years 
after the procedure and still maintained a 38 % mean IOP 
decrease.

    Only a few studies have identifi ed risk factors for failure. 
Studies that stratifi ed their results by baseline IOP suggest 
that trabectome lowers the IOP signifi cantly more starting 
from a higher baseline IOP. In one study, when the baseline 
IOP was below 20 mmHg, the IOP reduction at 1 year was 
only 0.2 % versus a 28 % decrease when base-
line IOP was 20–25 mmHg, and a 45 % decrease when 
 baseline IOP was over 25 mmHg (absolute values were not 
reported, only percentages) [ 2 ]. A prospective study of 1,401 
cases came to similar conclusions [ 21 ]. From a baseline IOP 
below 17 mmHg, the decrease in IOP was only 7 % versus a 
33 % decrease from a baseline IOP between 23 and 29. One 
study reported on risk factor analysis and found that younger 
age and lower baseline IOP were signifi cant risk factors after 
multivariate analysis [ 16 ]. 
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 There was some concern that damage to the outfl ow path-
way by laser trabeculoplasty could lead to downstream scar-
ring which would lower the effi cacy of the trabectome 
procedure [ 22 ]. The issue was examined in a retrospective 
review of 1,345 trabectome patients, 493 of whom had previ-
ous laser trabeculoplasty (there was no differentiation 
between micropulse diode, Nd:YAG or argon laser). Despite 
starting from a very similar baseline IOP, there was actually 
a larger mean decrease in IOP at 36 months in the group who 
had previously undergone laser trabeculoplasty (39 % 
decrease versus 32 %), though the difference was not statisti-
cally signifi cant. There was also no statistically signifi cant 
difference in the complication rate between the two groups. 

 The various studies reporting on the success of the trabec-
tome procedure have used different defi nitions of success, 
from a multitude of absolute and relative change in IOP to 
just demonstrating a decrease in medication [ 2 ]. The wide 

range of defi nitions makes it diffi cult to compare the results. 
Using a less stringent defi nition of a decrease in medications 
(all patients in this group had a baseline IOP ≤21 mmHg) 
yielded a success rate just over 70 % at 18 months. There 
were four studies [ 14 – 16 ,  19 ] which reported a similar defi ni-
tion of failure being IOP >21 or demonstrating less than a 
20 % IOP decrease from baseline (see Table  16.3 ). For stand- 
alone trabectome cases, the failure rate using this defi nition 
ranged from 21 to 78 %. For cases combined with phaco-
emulsifi cation, the failure rate ranged from 5 to 45 %. The 
longest study to analyze failure rates reported on 1,415 
patients and followed them for as long as 6 years [ 23 ]. The 
main defi nition of failure used was needing any further glau-
coma surgery. The failure rate (given for all cases, stand 
alone and combined) with this defi nition was 10 % at 5 years. 
Using another less stringent defi nition of failure being IOP 
>21 and less than 20 % IOP decrease, the failure rate was 

   Table 16.1    Review of published results with trabectome-only cases   

 Authors  Type of study 
 Number 
of patients 

 Mean 
baseline IOP 

 Mean or fi nal % 
decrease IOP 

 Mean # decrease 
in medication  Length of study 

 Minckler et al. [ 1 ]  Prospective  37  28  40  0.9  13 months 
 Minckler et al. [ 1 ]  Prospective  101  28  40  Not reported  30 months 
 Minckler et al. [ 14 ]  Retrospective  738  26  35  1.1  5 years 
 Ting et al. (POAG patients only) [ 15 ]  Prospective  450  26  34  0.6  12 months 
 Ting et al. (PXG patients only) [ 15 ]  Prospective  67  29  44  0.9  12 months 
 Jea et al. [ 16 ]  Retrospective  115  28  41  1  30 months 
 Minckler et al. [ 17 ]  Retrospective  1,151  26  36  1.7  60 months 
 Mosaed et al. [ 18 ]  Retrospective  538  26  31  0.8  12 months 

   PDG  pigmentary dispersion glaucoma,  POAG  primary open-angle glaucoma,  PXG  pseudoexfoliation glaucoma  

   Table 16.2    Review of published results with combined phacoemulsifi cation and trabectome cases   

 Authors  Type of study 
 Number 
of patients 

 Mean 
baseline IOP 

 Mean or fi nal % 
decrease IOP 

 Mean # decrease 
in medication  Length of study 

 Minckler et al. [ 14 ]  Retrospective  366  20  20  1.2  5 years 
 Francis et al. [ 2 ]  Prospective  304  20  25  1.2  21 months 
 Francis and Winarko [ 19 ]  Prospective  89  22  27  1  12 months 
 Ting et al. (POAG patients only) [ 15 ]  Prospective  263  20  22  0.7  12 months 
 Ting et al. (PXG patients only) [ 15 ]  Prospective  45  22  35  0.9  12 months 
 Minckler et al. [ 14 ]  Retrospective  681  20  21  0.9  36 months 
 Mosaed et al. [ 18 ]  Retrospective  290  20  18  0.8  12 months 

   JRA  juvenile rheumatoid arthritis,  PDG  pigmentary dispersion glaucoma,  POAG  primary open-angle glaucoma,  PXG  pseudoexfoliation 
glaucoma  

   Table 16.3    Reported failure rate defi ned as IOP >21 or less than 20 % IOP decrease   

 Study 
 Length of 
time analyzed  Failure rate for trabectome only  Failure rate for combined phaco/trabectome 

 Minckler et al. [ 14 ]  4 years  45 % (only one value reported for both 
stand-alone and combined cases) 

 45 % (only one value reported for both 
stand-alone and combined cases) 

 Francis and Winarko [ 19 ]  1 year  Not studied  5 % 
 Ting et al. [ 15 ]  1 year  27 % for POAG, 21 % for PXG  9 % for POAG, 13 % for PXG 
 Jea et al. [ 16 ]  2 years  78 %  Not studied 

   POAG  primary open-angle glaucoma,  PXG  pseudoexfoliation glaucoma  
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about 5 % for combined cases (reported out to 3 years) and 
about 48 % for the stand-alone trabectome cases after 6 years.

   Since combined cataract surgery and trabectome has not 
been compared with trabectome as a stand-alone procedure 
in a randomized controlled fashion, it is not possible to con-
clude that cataract surgery added to trabectome surgery 
increases the success rate as outcomes might simply be a 
consequence of eyes with different disease status. However, 
it is possible that reduced incidence of peripheral anterior 
synechiae (PAS) does improve the success rate [ 24 ]. Cataract 
surgery might have an IOP-lowering effect from ultrasound- 
mediated trabeculoplasty of the remaining trabecular mesh-
work [ 25 ], but there was no regression of the success rate 
toward trabectome alone over time in a single-surgeon pro-
spective study [ 2 ]. The average IOP decrease after 2 years 
was 7 mmHg in the stand-alone trabectome group versus 
only 2 mmHg in the stand-alone phacoemulsifi cation group. 

    Surgical Failure 

 A study examining the timing of 100 failed trabectome proce-
dures [ 14 ] found that only 12 occurred by 2 weeks but 76 by 
6 months, and 95 by 18 months. This could suggest that the 
majority of failures will be seen by the 6-month visit. This was 
corroborated in a study on failed trabectome surgeries which 
went on to need a trabeculectomy [ 26 ]. The range of time to 
trabeculectomy was 3 days to 18 months, with an average of 
4.9 months. Possible reasons for failure to reach the target IOP 
following an apparently successful procedure may be inferred 
from a preclinical study of the trabectome handpiece on donor 
corneoscleral rims [ 27 ]. One specimen still had an intact TM 
after the procedure, and the authors suggest that the footplate 
never entered into Schlemm’s canal. Another specimen 
revealed damage only to the superfi cial TM, suggesting that 
although the footplate may have come into contact with the 
TM, it was not properly positioned entirely in Schlemm’s canal 
with the TM engaged between the footplate and the electrodes. 
At least two specimens did show successful ablation of TM, but 
the edges had re-approximated. Long-term studies are needed 
to evaluate the time course and rate of possible re-approxima-
tion of the ablated edges. One study reports on neodymium-
doped yttrium aluminum garnet (Nd:YAG) goniopuncture 
intervention for eight patients with post-trabectome IOP eleva-
tion 33 % above baseline [ 12 ]. Four of the eight patients had 
visible peripheral anterior synechiae (PAS) lysis during the 
laser, while the other four were seen to have cleft closure which 
was considered reopened upon blood refl ux into the AC. An 
average of 10.5 months following goniopuncture, the IOP had 
been lowered again to 21 % below baseline. The settings used 
were 0.2–0.6 mJ for 3–15 shots. Supporting the use of postop-
erative pilocarpine to reduce formation of synechiae, none of 
the patients in that study received any pilocarpine. 

 If trabectome surgery does not lower pressure suffi ciently, 
every conventional treatment can be attempted, including 

SLT, trabeculectomy ab externo, Express shunts, aqueous 
shunts, endocyclophotocoagulation,and external cyclopho-
tocoagulation [ 21 ]. Outcomes of subsequent glaucoma pro-
cedures involving the conjunctiva such as glaucoma drainage 
devices are not affected by trabectome that uses a clear cor-
neal incision. One study examined the effect of trabectome 
on subsequent trabeculectomy [ 26 ]. A retrospective review 
of 34 patients who failed trabectome surgery was compared 
to 42 patients who underwent primary trabeculectomy. 
Starting from a baseline IOP of 28 mmHg in the failed tra-
bectome group and 29 in the primary trabeculectomy group, 
the mean IOP was 11 in both groups after 24 months, with no 
statistically signifi cant difference in IOP between the two 
groups at any time point. Kaplan-Meier survival curve analy-
sis also confi rmed no statistically signifi cant difference in 
success rates, indicating that a failed trabectome does not 
increase the risk of failure of a subsequent trabeculectomy. 
There was also no statistically signifi cant difference in rates 
of complication between the two groups, with 6 % of the pri-
mary trabectome group and 7 % of the primary trabeculec-
tomy group going on to need further surgery. The benefi t of 
repeating trabectome, for instance, by operating across the 
nose and unroofi ng the temporal Schlemm’s canal, remains 
unclear at this time. Although it has certainly been reported 
[ 20 ], there is no subgroup analysis or any specifi c reports on 
the effi cacy.  

    Results with Various Subtypes of Glaucoma 

 Although many secondary open-angle glaucomas have been 
reported to be treated with trabectome, the results often do not 
detail subgroup success rates. Out of the 1,127 cases reviewed 
by Minckler, the second largest group (after POAG) was pseu-
doexfoliation with 109 cases [ 14 ]. Only one study analyzed 
glaucoma subtypes: the study by Ting et al. compared a group 
of patients with POAG to those with PXG [ 15 ]. With both 
stand-alone trabectome and trabectome- phacoemulsifi cation 
combined procedures, the PXG group started with a higher 
mean baseline IOP and showed a greater IOP decrease as 
compared to POAG. There was a 5 mmHg further decrease in 
IOP for PXG patients versus POAG patients with trabectome 
only and a 3 mmHg further decrease from the combined pro-
cedure. Other types of glaucoma reported to be treated with 
trabectome but without subgroup success rate analysis include: 
pigmentary, uveitic, steroid-induced, and chronic angle-clo-
sure glaucoma (that still offered a view of nasal TM with or 
without goniosynechialysis).  

    Complications 

 Table  16.4  summarizes the complications reported follow-
ing trabectome surgery. The most common complication is 
hyphema, occurring in up to 100 % of cases, depending on 
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the defi nition of hyphema versus microhyphema [ 16 ]. In 
our experience, visual acuities of 20/30 can be expected if 
the anterior chamber is properly pressurized and main-
tained as described above. Given that blood refl uxes into 
Schlemm’s canal when episcleral pressure exceeds IOP, 
and Schlemm’s canal is unroofed during this procedure, 
this can be an expected occurrence. There is only one pub-
lished case detailing surgical intervention for hyphema 
associated with an IOP spike [ 28 ]. The vast majority are 
cleared by 1 week. As described in the technique section 
above, using a crescent of viscoelastic to tamponade the 
unroofed area limits the extent of postoperative hyphema. 
It is especially important to  forewarn patients about this 
common occurrence.

   A case series of 12 patients who complained of transient 
decrease in vision between 2 and 31 months following tra-
bectome demonstrated a spontaneous rebleed associated 
with a mean IOP 12 mmHg higher than the preceding visit 
[ 28 ]. Six of them reported the episode occurring four or more 
times, and ten of them awoke with the blurring. Only three of 
them had a visible hyphema. Knape and Smith reported on a 
patient with an intraoperative hyphema during a trabeculec-
tomy done 11 months after a failed trabectome surgery [ 29 ]. 
When the sclerostomy was made, the authors noted refl ux 
bleeding from the nasal angle. This led the authors to suggest 
using viscoelastic and releasable sutures to avoid hypotony 
during second surgeries following a trabectome, a practice 
that we employ already during primary trabectome surgery 
for the same reason. In the study by Jea et al. comparing tra-
beculectomy after failed trabectome to primary trabeculec-
tomy, there was a higher incidence of postoperative hyphema 
in the group who had a previous trabectome surgery (20 % 
versus 7 %), but this difference was not statistically signifi -
cant ( p  = 0.1) [ 26 ]. 

 In one study, the second-most common complication was 
PAS, which was found in 24 % of patients [ 1 ]. Transient 
postoperative IOP spikes of at least 10 mmHg may be seen in 
4 [ 19 ]–10 % [ 15 ]. It occurred in 6 % of a series with 1,127 
cases [ 14 ]. One study examined the time course of these 
postoperative IOP spikes and found that while 9 % had an 
IOP spike over 10 mmHg on post-op day 1, only 2 % still had 
an IOP spike at post-op day 7 [ 2 ]. Liu et al. found that IOP 

spikes after post-op day 7 resolved after stopping or switch-
ing to a less potent steroid [ 30 ].  

    Comparison to Other Glaucoma Surgeries 

 One of the main benefi ts of performing trabectome is that 
there is no bleb formation with the perpetual increased risk 
of infection nor is there any hardware left in the eye to erode 
or become infected. The conjunctiva is spared in case further 
surgery is needed. The main disadvantage is that trabectome 
should not be relied upon when the target IOP is in the low 
teens. The success rate of trabectome performed alone how-
ever, without same session or prior phacoemulsifi cation, is 
lower. Even after failed trabeculectomy or tube shunt sur-
gery, trabectome surgery can have a success rate of 70 % at 
year one ( n  = 107, success defi nition = IOP less than 
21 mmHg and 20 % decrease and no need for another sur-
gery; Loewen et al., unpublished data). 

 Two studies compared the trabectome to trabeculectomy 
with mitomycin C but neither was randomized. The fi rst was 
a prospective study that showed at 1-year trabeculectomy 
lowered the IOP by 52 % versus a 30 % decrease following 
trabectome [ 19 ]. Using the stringent success criteria (like the 
Tube versus Trabeculectomy Study) [ 31 ] of fi nal IOP 
<21 mmHg and maintaining a 20 % IOP decrease while 
avoiding persistent hypotony and reoperation, the 12-month 
success rates were statistically similar at 95 % for trabectome 
and 83 % for trabeculectomy,  p  = 0.1. The second, retrospec-
tive study followed 217 patients for 2.5 years [ 16 ]. The fi nal 
IOP decrease was 41 % with stand-alone trabectome and 
62 % for trabeculectomy. Despite a 41 % mean decrease in 
IOP, the reported success rate of trabectome after 2 years 
ranged from 10 to 43 % versus 66–76 % with trabeculectomy, 
depending on which IOP cutoff was chosen. Excluding 
hyphema (none of which required treatment), the complica-
tion rate was only 4 % with trabectome versus 35 % with 
trabeculectomy. 

 As suggested by the American Academy of Ophthal-
mology report on Novel Glaucoma Procedures [ 32 ], trabec-
tome is meant to augment conventional outfl ow rather than 
offer an alternative route such as with an aqueous shunt. 
The report points out that at this time, the goal with mini-
mally invasive glaucoma surgery may be more to reduce the 
amount of glaucoma medications needed while maintaining 
a lower risk of devastating complications as compared to tra-
ditional, incisional glaucoma surgery. Given the improved 
side effect profi le (as in the study by Jea et al. with a 4 % 
complication rate with trabectome versus 35 % with trab-
eculectomy), trabectome may be offered earlier in the course 
of glaucomatous nerve damage. One of the goals of this 
minimally invasive glaucoma surgery is to avoid devastating 
complications. As of October 2012, there are no published 
cases of postoperative fl at anterior chambers, hypotony past 
1 month, wound leak, bleb formation, or choroidal effusion.   

   Table 16.4    Complications reported after trabectome   

 Hyphema 
 PAS 
 Corneal injury 
 Transient IOP spike 
 Cyclodialysis cleft [ 16 ] 
 Transient hypotony (it has not been reported past 30 days) 
 Iris injury 
 Lens injury 
 Aqueous misdirection [ 20 ] 
 Choroidal hemorrhage [ 20 ] 
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    Conclusion 

 Trabeculectomy ab interno with the trabectome is a 
mature surgery that was fi rst reported in 2004. By maxi-
mizing visibility, identifying and ablating the correct 
structures, enlarging the ablation, and reducing hyphema 
through generous use of viscoelastic, the range of indica-
tions can be extended and outcomes can be improved. 
The average IOP reduction is 30–40 %. Longer-term 
studies indicate a failure rate that may be favorable to 
trabeculectomy. It is a fast procedure that can easily be 
combined with phacoemulsifi cation, thus making it an 
excellent option to provide improved quality of life in 
glaucoma patients. No randomized controlled trials cur-
rently exist comparing trabectome surgery with trabecu-
lectomy or glaucoma drainage devices. IOP reductions in 
the low teens are uncommon. No long-term complica-
tions occur.     
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          History 

 At the University of Western Australia Lions Eye Institute, 
Professor Dao-Yi Yu conducted studies and research programs 
for 6 years to evaluate the feasibility of implanting a microfi stula 
in the eye for the treatment of open-angle glaucoma in animals. 

 A gelatin-based implant material was chosen with the 
initial idea to cross-link the material so that it would bio-
absorb in the eye over the course of a few months or years. 
There was an expectation that the disappearing gelatin tube 
would leave a cell-lined scleral channel behind that func-
tions a microfi stula, maintaining outfl ow. Very early, this 
approach was changed to use a permanently cross-linked 
version of the gelatin tube. Preclinical testing was performed 
to assess safety, feasibility, device performance, and func-
tionality using both bench testing and animal experiments. 
Several studies were done on animals (rabbits and primates) 
with hundreds of microfi stulas implanted (Yu DY, 2005, 
Biological microfi stula implantation for the surgical manage-
ment of glaucoma, unpublished data recorded). Cross- linked 
times and infl ammatory reaction were evaluated to achieve 
the best biocompatibility possible. First, an ab externo 
approach was evaluated, resulting in cell proliferation and 
scaring from the surgical trauma created to the conjunctiva. 
However, an ab interno approach showed excellent biocom-
patibility and functional drainage, with a longer persistence 
of drainage when compared to trabeculectomy in rabbits. In 
primates, a study demonstrated a similar biologic response to 
that which was observed in rabbits, with a  conjunctival bleb 
that formed immediately, a natural cell-lined channel formed 

in the sclera, and drainage vessels formed in the conjunctiva. 
The safety of this procedure was also demonstrated with no 
complications such as hypotony, endophthalmitis, fl at ante-
rior chamber, macular edema, choroidal detachment, or ero-
sion observed during the study. The safety and feasibility 
of the microfi stula implant for the treatment of open-angle 
glaucoma was successfully accomplished.  

    Scientifi c Rationale 

 Trabeculectomy and glaucoma drainage devices (GDD) are 
currently the most commonly used and established surgical 
procedures, but in both cases, complications are still a major 
problem [ 1 – 7 ]. 

 The inadequacy of safe surgical treatments for uncontrolled 
intraocular pressure (IOP) has led the search into new tech-
nologies that may surpass the effi cacy and safety of the cur-
rently considered gold standard surgical approaches 
(trabeculectomy and glaucoma drainage device (GDD)) with 
the goal to achieve lower complication rates. A variety of new 
techniques are emerging and have been referred to as mini-
mally invasive glaucoma surgery (MIGS). Most of these new 
technologies take advantage of an ab interno approach, which 
eliminates external manipulation of the eye and may be 
inserted into the same incision and at the same time as cataract 
surgery. These procedures are less invasive and much safer. 

 The superiority of external fi ltration surgery in terms of 
intraocular pressure lowering is unquestionable. All other 
drainage spaces (Schlemm’s canal and suprachoroidal) have 
a limitation since aqueous humor outfl ow critically depends 
in the venous system; therefore, most devices are unable to 
reduce IOP below the pressure of the distal outfl ow system 
when performed as a stand-alone procedure. 
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 From the subconjunctival space, the aqueous humor has 
numerous potential drainage pathways including diffusion 
through the conjunctiva, diffusion into the venous system of 
the sclera and conjunctiva, as well as potential lymphatic 
pathways [ 8 – 11 ]. 

 Taking the best of both worlds, proven outfl ow mecha-
nism of action in the subconjunctival space with a minimally 
invasive approach (MIME: Minimally Invasive Maximum 
Effi cacy), using all the learned lessons from preclinical and 
early clinical studies, AqueSys, Inc. developed the XEN Gel 
Stent. 

 The XEN Gel Stent is a hydrophilic tube composed of a 
porcine gelatin and cross-linked with glutaraldehyde to pro-
vide a more physiologic approach to the treatment of glau-
coma and avoid the limitation of other technologies. It 
decreases intraocular pressure by creating a permanent pat-
ent outfl ow pathway from the anterior chamber to the sub-
conjunctival space through which the aqueous humor can 
fl ow to numerous potential drainage pathways. 

 The implant is derived from collagen and made of gelatin. 
The material has an extensive track record for medical use in 
a variety of geographic regions including the European 
Union, USA, Japan, and Canada. The implant has been suc-
cessfully developed and used in two material versions: 
bovine derived or porcine derived. Both versions are cross- 
linked to become permanent gelatin implants. The XEN Gel 
Stent is made with gelatin that meets the compendial require-
ments of the European Pharmacopeia.    The biocompatibility 
properties of gelatin are well established as proven in early 
clinical trials, and a remarkable lack of foreign body reaction 
has been shown in the human eye. 

 Complete verifi cation and validation of all product speci-
fi cations, sterilization validation and biocompatibility testing 
to confi rm the safety and biocompatibility of the XEN Gel 
Stent has been performed. 

 Using the fact from initial animal studies that concluded 
that a scleral channel of 2–4 mm was optimal to create a 
bleb, a 6 mm length implant was created to be positioned 
with approximately 2.0 mm in the subconjunctival space, 
3 mm in the sclera, and 1.0 mm in the anterior chamber. 
During later stages of studies, it was observed that achieving 
these suggested placement dimension parameters was not 
critical as long as a 2–4 mm scleral channel was achieved, 
which made the surgical procedure very simple and forgiv-
ing (Yu DY, 2009, Surgical procedure for microfi stula tube 
implantation, unpublished data recorded). 

 The placement of the implant could be achieved through an 
ab externo or an ab interno procedure. The ab externo approach 
required the dissection and pullback of conjunctival and Tenon 
tissue to allow access to the sclera for implant placement. 
After implant placement, the conjunctival fl ap was sutured on 

a watertight fashion. Similar to the fi rst and last steps of a tra-
beculectomy, this ab externo approach requires a more trau-
matic and complex procedure than the ab interno approach, 
where the conjunctival space remains virtually untouched. 
AqueSys, Inc. early on decided to focus on perfecting the ab 
interno approach giving all the advantages of this technique, 
and since then, all animal studies and human patients have 
been so far treated with the ab interno method. 

 To reach the best IOP-lowering outcome possible, the 
laminar fl ow through the implant was calculated using the 
Hagen–Poiseuille equation (Fig.  17.1 ).

   From these calculations, three different versions of implants 
(Figs.  17.2  and  17.3 ) were designed to accommodate the 
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  Fig. 17.1    Hagen–Poiseuille equation       

XEN•45

XEN•63

XEN•140

  Fig. 17.2    Microscopic pictures (side view) of the three different 
implant versions (water column present at inner lumen)       

  Fig. 17.3    Microscopic picture from a transectional view of the three 
different implant versions       
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needs of different glaucoma stages.    The XEN•140 Stent has 
an inner diameter of ~140 μm. At that size and typical aque-
ous production rates of 2.5 μl/min, it does not provide any 
signifi cant outfl ow restriction. It is designed to rely on physi-
ologic outfl ow resistances only. XEN•63 with a smaller 
lumen of ~63 μm creates some outfl ow resistance in the 
order of 2–4 mmHg and is designed for patients with moder-
ate glaucoma, and the smallest inner lumen in XEN•45 with 
~45 μm provides around 6–8 mmHg fl ow  resistance and was 
created for patients with less advanced disease or OHT 
where very minimum risks should be taken at time of 
surgery.

    The MIME approach of the XEN Gel Stent was designed 
as a solution to provide several key advantages over conven-
tional and other new glaucoma technologies:
•    Minimum invasive procedure that reduces surgical risks 

to the patient and minimizes damage from the surgery  
•   Ab interno approach that eliminates incisions in the con-

junctiva and the need to perform a scleral fl ap, therefore 
reducing postoperative infl ammation and scarring  

•   Minimal damage to conjunctiva and tissues which allows 
multiple and repeatable implantations over the lifetime of 
the patient, if necessary  

•   Bypassing the trabecular meshwork, Schlemm’s canal, 
and the collector channels entirely, thus eliminating the 
risk of reducing the effi cacy of the implant due to any 
other outfl ow obstruction in the eye  

•   Low and diffuse outfl ow into intact tissue anatomy and 
intact drainage pathways in the conjunctiva, giving maxi-
mum effi cacy pressure reduction     

    Surgical Method 

 As mentioned before, a mayor difference from conventional 
glaucoma surgeries is the ab interno approach. As we all 
know, this approach is less invasive and preserves the integ-
rity of the patient’s conjunctiva which means that the patient’s 
natural drainage pathways are intact and the risks of fi brosis 
and scarring are reduced. 

 To achieve this ab interno with a minimally invasive 
approach, the injector system ends up in a small needle (25G 
or 27G depending on the implant used) which holds inside 
the gelatin implant. The inserter is designed to protect the 
XEN Gel Stent and to accurately place the implant into the 
correct anatomical location (Figs.  17.4a, b ).

   An overview of the main suggested surgical steps is as 
follows:
    1.    Standard ophthalmic care preoperative preparation.   
   2.    Intended landing zone in the superonasal quadrant of the 

conjunctiva is visualized and marked as shown in 

Fig.  17.5  (blue arrow showing 3 mm marks in the 
conjunctiva).

       3.    Corneal incisions (main and side port) are created.   
   4.    A preloaded/single-use injector is provided to the 

physician, which comes individually packaged and 
sterile.   

   5.    Enter main incision at peripheral cornea and direct the 
needle across the anterior chamber to the angle 
(Fig.  17.6 ).

       6.    Optional goniolens use for angle visualization. The 
entry zone in the angle is a broad and forgiving area 
(anywhere from the Schwalbe’s line to the Scleral spur), 
not a specifi c target which gives fl exibility to use gonios-
copy or not during the procedure.   

   7.    The needle is pushed to go through the sclera and into 
the subconjunctival space. As the needle bevel exits the 
sclera, an ideal 3 mm intrascleral channel is usually 
achieved (Fig.  17.7 ).

   With this approach, the needle bevel angle at the 
exit site is close to parallel to the conjunctiva tissue. This 
leads to the Tenon and conjunctiva layers above the nee-
dle bevel to be rather pushed up versus being engaged in 
a penetrating fashion. As a result of this, perforating the 
conjunctiva with the needle bevel when coming out of 
the sclera can be avoided.   

   8.    Once the needle is out at the subconjunctival space, 
direct visualization of the entire needle’s bevel through 
the surgical microscope is possible and confi rms correct 
location (Fig.  17.8 ).

a

b

  Fig. 17.4    ( a ) Animation image of XEN injector. ( b ) Picture of XEN 
injector       

 

17 XEN Gel Stent: The Solution Designed by AqueSys®



192

       9.    The XEN Gel Stent is then deployed by turning a wheel 
on the inserter (similar procedure to a two-hand IOL 
insertion) until the wheel has been fully turned (Fig.  17.9 ).

   During this step, the implant is being slowly 
deployed forward into position by the internal mecha-
nism, and the needle is being fully withdrawn into the 
sleeve of the injector.   

   10.    The procedure is then complete, and the surgeon simply 
removes this blunt sleeve from the patient’s eye. The 

implant immediately begins shunting fl uid from the ante-
rior chamber to the subconjunctival space (Fig.  17.10 ).

   During the implantation procedure, the implant 
hydrates and swells in place to become a soft non-
migrating drainage channel that is tissue conforming. 
The cross-linked gelatin material gives a fi xed inner 
diameter wall that does not change after swelling, allow-
ing more predictable IOP value and hypotony 
protection.     

  Fig. 17.6     Left side  shows a picture from the surgical microscope view.  Right side  shows an animation image (sagittal view) of needle passing 
across the anterior chamber       

  Fig. 17.5     Left side  shows a picture from the surgical microscope view.  Right side  shows an animation image       

 

 

V.I. Vera and C. Horvath



193

  Fig. 17.7     Left side  shows a picture from the surgical microscope view.  Right side  shows an animation image (sagittal view) of scleral tunnel being 
created by the needle       

  Fig. 17.8     Left      side  shows a picture from the surgical microscope view.  Right side  shows an animation image (sagittal view) of needle’s bevel 
exiting at subconjunctival space       

  Fig. 17.9     Left side  shows a picture from the surgical microscope view.  Middle  and  right side  images show an animation image (sagittal view) of 
XEN Gel Stent being deployed in position       
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 The mechanism of action is fundamentally consistent 
with other full-thickness surgical treatments for glaucoma, 
bypassing all potential outfl ow obstructions and mitigating 
several of the limitations of those technologies. The XEN 
Gel Stent maintains a patent outfl ow pathway between the 
anterior chamber and the subconjunctival space while the tis-
sues surrounding the implant heal naturally. By allowing the 
tissue to heal naturally around it, there is no need to create an 
iridotomy, and with the minimum amount of trauma, subse-
quent infl ammation and fi brosis is minimized and many of 
the complications associated with more invasive procedures 
such as trabeculectomy, and aqueous shunt implantation can 
be avoided. 

 Another advantage of this procedure is the very simple 
and easy to perform surgical technique that does not requires 
long training, extraordinary surgical skills, or long learning 
curves.  

    Drainage Path 

 The presence of subconjunctival fl uid upon implantation 
confi rms the connection between the anterior chamber and 
subconjunctival space. An initial medium or high bleb 
appearance could be present during immediate postoperative 
stages. During the fi rst week, this bleb gradually reduces in 
volume as drainage pathways form from the subconjunctival 
space to the various outfl ow channels (see Videos  17.1  and 
 17.2 ) [ 10 ]. 

 At later stages, due to the gentle and diffuse dispersion of 
aqueous humor into the non-dissected Tenon’s and subcon-
junctival space, the morphology of an established and function-
ing bleb differs from the blebs seen after traditional fi ltering 
surgeries (i.e., trabeculectomy with antifi brotic agents). 
Subconjunctival fl uid disperses over wide areas giving a low-
lying and diffuse appearance (Figs.  17.11 and 17.12 ).

  Fig. 17.10     Left side  shows a picture from the surgical microscope view.  Right side  shows an animation image (sagittal view) of fl uid present at 
subconjunctival space       

  Figs. 17.11 and 17.12    Slit lamp picture of XEN Gel Stent ( blue arrow ) at 12 months postoperative       
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   Previous studies have shown that anterior segment optical 
coherence tomography (AS-OCT) is able to objectively 
quantify bleb morphology after trabeculectomy [ 12 ]. Theelen 
et al. [ 13 ] demonstrated poor visualization of the sclera 
below the bleb calling it shading phenomenon and multi-
hyporefl ective layers within Tenon’s capsule described as 
striping phenomenon in successful blebs in the fi rst operative 
week using slit lamp- adapted OCT. Studies using imaging of 
blebs and histological results of fi ltering blebs showed that 
striping phenomenon represents collections of aqueous 
humor with loosely arranged subepithelial connective tissue 
[ 14 – 18 ]. Shading phenomenon seems to represent the 
absorption profi le of water that signifi cantly worsens tissue 
transparency and limits light backscatter of deeper struc-
tures. Early studies had been done using Visante AS-OCT 
images to analyze morphology and qualitative changes in the 
bleb structure after XEN implantation (Shoham–Hazon N, 
2012, Aquesys anterior segment optical coherence tomogra-
phy (OCT) (Visante), unpublished data recorded). 

 The early and late changes in the bleb morphology appear-
ance mentioned before were also present and documented dur-
ing the AS-OCT study. Presence of microcysts throughout the 
epithelium during initial postoperative stages (Fig.  17.13 ) adds 
further anatomic evidence to the fact that the aqueous humor 
moves transconjunctivally after fi ltration surgery [ 19 – 21 ].

   Gradually, several outfl ow p channels [ 10 ] take over the 
incoming fl uid, which makes a reduction in volume of the 
bleb appearance (Fig.  17.14 ). This morphology changes cor-
relate with AS-OCT images showing fewer subepithelial 
cysts and an initial thickening of the conjunctiva.

   These fi ndings might indicate that a more diffuse and con-
trolled manner of outfl ow through the XEN Gel Stent could 
produce lower-lying and diffuse appearance blebs compared 
to the blebs observed after traditional trabeculectomy or an 
ExPRESS device (Fig.  17.15 ).

   At later postoperative stages, in the majority of the eyes, a 
hyporefl ective space between the conjunctiva and the sclera 
indicated good fi ltration. In those cases, bleb appearances 
were low lying and diffuse, and good IOP control was also 
noted. Conjunctival thickening was also associated with 
reduction in IOP (Figs.  17.16 ,  17.17 , and  17.18 ).

     In the majority of cases, the implant has been shown to 
create a long-term, effective IOP lowering without the use of 
antimetabolites such as mitomycin C (MMC) at the time of 
surgery. In some cases, patients with high-risk factors, such 
as previous history of fi brosis (i.e., refractory cases), race, 
and age, a postoperative needling procedure using antime-
tabolites is suggested to improve the long-term performance 
of the gelatin implant. This ability to tune the implant per-
formance in the postoperative phase is another benefi t of the 

  Fig. 17.13    AS-OCT image 
(radial high resolution) of bleb at 
1 day postoperative after XEN 
implantation. Non-dissected 
conjunctiva shows presence of 
microcysts, stripping and shading 
phenomenon       

  Fig. 17.14    AS-OCT image 
(radial high resolution) of bleb at 
1 month postoperative. Intrableb 
cysts, few subepithelial cysts, and 
initial thickening of the 
conjunctiva       
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  Fig. 17.16    On the  left , an SL picture at 12 months postoperative OS showing low-lying and diffuse superonasal bleb. On the  right , an AS-OCT 
image (radial high resolution) of bleb with thickened and hyperrefl ective bleb wall       

  Fig. 17.17    On the  left , an SL picture at 12 months postoperative OD with low-lying and diffuse superonasal bleb. On the  right , an AS-OCT image 
(radial high resolution) of bleb with thick and hyperrefl ective wall bleb       

  Fig. 17.15    AS-OCT image 
(radial high resolution) of bleb at 
1 month after ExPRESS surgery       

  Fig. 17.18    On the  left , an SL picture at 12 months postoperative OD with low-lying and diffuse superonasal bleb. On the  right , an AS-OCT image 
(radial high resolution) hyperrefl ective wall bleb       
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XEN procedure. Early glaucoma patients without a long his-
tory of glaucoma drug usage showed remarkable low fi brosis 
rates and great long-term performances without any use of 
antimetabolites.  

    Clinical Results 

 International studies are being held with the purpose of 
establishing the safety and effectiveness of the Aquecentesis 
procedure in reducing IOP in patients with primary open-
angle glaucoma. In this multicentric, prospective, nonran-
domized, open-label study, 121 patients undergoing either 
primary or secondary surgery were followed for up to 
36 months, and their outcomes for mean IOP, IOP change, 
and reduction of medications were recorded. 

 Effectiveness was determined by comparing the baseline 
IOP and number of glaucoma medication taken with the 
postoperative values during a period of 36 months. Safety 
parameters were evaluated using IOP, frequency of patients 
with loss of visual acuity, and assessment of any adverse 
events. 

 The study enrollment and follow-up is still ongoing in 
Canada, Europe, Asia, Australia, and South America. Partial 
results were collected during product development and learn-
ing curve phases. Clinical ophthalmic examinations were 
performed at the preoperative visit and on postoperative day 
1, weeks 1 and 2, and months 3, 6, 9, 12, 18, and 24. The 
exams included applanation tonometry, anterior chamber 
OCT imaging, visual acuity, visual fi eld, and assessment of 
any complications. Effectiveness was evaluated by compar-
ing the baseline and postoperative IOPs and reduction in 
glaucomatous medications. 

 Mean preoperative IOP was 21.9 mmHg (±3.4) on 2.7 
medications (patients were not washed out prior to surgery). 
Mean postoperative IOPs were 15.5 mmHg (±4.4) on 1.0 
medication at 12 months, 14.6 mmHg (±3.4) on 1.5 medica-
tions at 24 months, and 13.9 mmHg (±4.0) on 0.4 medica-
tions at 36 months. The mean decrease in IOP (mmHg) from 
best medicated IOP was −6.4 mmHg (−28 % reduction) at 
12 months, –7.8 mmHg (−33 % reduction) at 24 months, and 

−7.5 mmHg (−34 % reduction) at 36 months. At 24 months, 
anti-glaucomatous medications were reduced by 49 % from 
the preoperative median of 3 (Fig.  17.19 ).

       Summary 

 The Aquecentesis procedure is a MIME procedure where a 
hollow 27GA or 25GA needle penetrates the sclera from an 
ab interno approach. A twist of the handle withdraws the 
needle as it deposits a trans-scleral aqueous drainage tube 
which connects the anterior chamber to the subconjunctival 
space. The XEN Gel Stent is manufactured from a soft, fl ex-
ible, permanent gelatin. XEN Gel Stent is an effective surgi-
cal approach for controlling intraocular pressure in early, 
moderate, advanced, or refractory patients who have primary 
open-angle glaucoma. The Aquecentesis procedure bypasses 
all of the trabecular and scleral resistance to create outfl ow, 
but unlike other full-thickness procedures, it provides suffi -
cient resistance fl ow through the tube to avoid fl at chambers 
or clinically signifi cant hypotony, and obviates the need to 
do any conjunctival dissection. This conjunctiva- sparing ab 
interno approach allows an additional benefi t where future 
XEN Gel Stents could be placed later on during the patient’s 
lifetime, giving the ophthalmologists a tool to adjust over the 
course of the patient’s disease to different target IOP needs 
(XEN•45, XEN•63, and XEN•140).      
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          Introduction 

 Since the introduction of trabeculectomy in 1968, the tech-
nique of glaucoma fi ltration surgery has evolved progres-
sively. Use of adjuvants such as mitomycin C (MMC), 
5-fl uorouracil, and β-radiation as well as non-penetrating 
approaches and small-incision trabeculectomy has attempted 
to improve the procedure’s outcomes and safety [ 1 ,  2 ]. 
Devices such as the Ex-Press mini glaucoma shunt (Alcon 
Laboratories, Fort Worth, TX) try to improve predictability 
of aqueous fl ow through the sclerostomy and thus control one 
factor that infl uences the resulting intraocular pressure (IOP). 

 The Ex-Press glaucoma fi ltration device is a small stain-
less steel, non-valved fl ow-restricting device. This shunt 
is implanted under a partial-thickness scleral fl ap to drain 
aqueous from the anterior chamber to the intrascleral and 
then subconjunctival spaces, to form a fi ltration bleb as 
seen in traditional trabeculectomy [ 3 ,  4 ]. The pilot Ex-Press 
model (R-50) has a 2.96-mm long tube, 2.5 mm of which 
is intraocular, with a 400-μm (27 gauge) external diameter 
and 50-μm internal diameter. There are two other commer-
cially available models which differ in length and lumen 
diameter. The R model has a beveled tip and a uniform back 
plate, but the T model’s tip is round and short with a split 
back plate [ 5 ]. Initially, two models (R and T) were pro-
duced; however, the T model has recently been replaced by 
the P model (Fig.  18.1 ). The P-50 and P-200 models are 
2.64 mm in length and have internal diameters of 50 and 

200 μm respectively [ 6 ]. The P models also have a beveled 
tip for controlled device insertion and a vertical channel in 
the faceplate posteriorly, to facilitate fl ow in this direction 
[ 7 ,  8 ]. Neither the manufacturer nor the literature has pro-
vided guidelines for the clinical use of the different models. 
All models have been shown to create a relatively constant 
resistance to fl ow, and the tube diameter is the only param-
eter to control fl uid drainage in vitro [ 6 ].

   The Ex-Press device is made of implantable stainless 
steel similar to that used in cardiac stenting and is consid-
ered non-ferromagnetic [ 9 ,  10 ]. The device features an 
outer disc- like fl ange to stabilize depth of implantation and 
a spur-like inner projection to prevent extrusion after 
implantation [ 10 ,  11 ]. The fl ange and spur are designed and 
angled to conform to the anatomy of the peri-limbal sclera 
to stabilize the device [ 10 ]. There are three holes in the 
device near the distal tip providing an alternate conduit for 
aqueous humor fl ow, should blood, fi brin, or the iris block 
the main orifi ce [ 12 ]. The Ex-Press glaucoma fi ltration 
device was fi rst described in 1998 in Israel and received the 
Food and Drug Administration approval in 2002. 
Approximately 75,000 devices have been implanted since 
that time [ 13 ].  
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    Biocompatibility 

 In 2003, Nyska et al. found no evidence of active infl amma-
tory reaction or tissue irritation at 3 and 6 months post-
Ex- Press implantation in 8 rabbit eyes [ 10 ]. They reported a 
fi brotic capsule of variable thickness (up to 0.04 mm) sur-
rounding the implants, devoid of infl ammatory cells. 
Granulomatous infl ammation and fi broblastic proliferation 
around foreign implants can be a major complication for 
glaucoma devices [ 14 ]. Aziz and colleagues described a his-
topathologic specimen of human ocular tissue surrounding 
an Ex-Press shunt [ 14 ]. They found minimal cellular reac-
tion surrounding the implant and a thin fi brocellular tissue 
present deep to the implant. There was no granulomatous 
nor cellular infl ammation identifi ed around a shunt that had 
been in situ for 2 years. This biocompatibility may relate to 
the minimal tissue manipulation and trauma during implan-
tation, as well as reduced cautery and absence of an iridec-
tomy [ 10 ].  

    Indications 

 The general indications for implantation of an Ex-Press 
glaucoma shunt are similar to those for standard trabeculec-
tomy and include failure to control IOP with maximal toler-
able medical and/or laser therapy, nonadherence to 
medication (fi nancial or physical restrictions), and intoler-
ance of medical therapy (reactive or allergic) [ 12 ]. The 
Ex-Press shunt can be placed either nasally or temporally as 
long as there are 2–3 clock hours of viable conjunctiva avail-
able. This renders Ex-Press implantation a possible alterna-
tive in cases of failed glaucoma surgery where there is a 
small, non-scarred area of the remaining conjunctiva 
[ 15 ,  16 ]. Lankaranian and coworkers reported an IOP of 
15 mmHg or lower 3 months after Ex-Press implantation in 
65.3 % of patients who had previously undergone unsuccess-
ful trabeculectomy [ 17 ]. 

 The device is approved for use in open-angle glaucoma 
in phakic, pseudophakic, or aphakic eyes [ 18 ]. The use of 
an Ex-Press device has also been described in uveitic, pig-
mentary, traumatic, and neovascular glaucoma if there is 
no  conjunctival scarring, infl ammation, or uncontrolled 
bleeding [ 16 ,  19 ,  20 ]. There is, however, a potential risk of 
postoperative hyphema in neovascular glaucoma which 
may occlude the stent [ 1 ]. Dahan and Carmichael reported 
the use of Ex-Press devices in neovascular glaucoma sec-
ondary both to retinal vein occlusion and proliferative dia-
betic retinopathy [ 21 ]. After good initial lowering of IOP, 
6 of the 12 cases failed owing to bleb fi brosis or uncon-
trolled rubeosis and 5 eyes had hyphema. Further reports 
of Ex-Press device use in chronic angle-closure and pseu-
doexfoliation glaucoma show good intermediate [ 17 ] 
(27 ± 13.2 months) and longer-term [ 22 ] (up to 5 years) 
success [ 1 ,  16 ,  19 ,  22 ]. Lankaranian and  colleagues showed 

that the Ex-Press shunt lowered IOP to 5–21 mmHg 
with no medications in 55.4 % (83.7 %, with medications) 
of patients with primary open-angle, angle- closure, or 
pseudoexfoliative glaucoma over a mean follow- up 
period of 27 ± 13.2 months [ 17 ]. A single case report in 
2007 described the effi cacy of the Ex-Press glaucoma 
implant in an 11-year-old male with Sturge-Weber 
 syndrome [ 23 ]. 

 The Ex-Press device has shown short-term effi cacy in the 
IOP reduction in vitrectomized eyes [ 24 ]. Ocular hyperten-
sion induced by pars plana vitrectomy is often resistant to 
medical therapy, and in cases where emulsifi ed silicone oil 
blocks the trabecular meshwork, fi ltering surgery is a valid 
strategy. Vetrugno and colleagues reported four vitrecto-
mized eyes with persistent ocular hypertension that follow-
ing Ex-Press shunt insertion had IOP lower than 18 mmHg 
with no severe adverse effects [ 24 ]. There are no larger series 
or follow-up longer than 6 months published on this indica-
tion for Ex-Press implantation. 

 Ex-Press mini glaucoma shunt implantation in post- 
penetrating keratoplasty glaucoma has been reported since 
2010 [ 25 ,  26 ]. In contrast to other glaucoma drainage 
devices, Ates and colleagues had relative success with the 
implantation of the Ex-Press device in patients with cor-
neal grafts [ 25 ]. They reported a 93.3 % rate of glaucoma 
control (IOP <21 mmHg with or without medications) 
with a mean follow-up of 12.2 months. During this period 
of follow-up, there were no graft failures in their 15 eyes, 
with no observed endothelial damage related to the 
Ex-Press shunt, compared with that seen with other 
implantable devices [ 25 ,  27 ]. A potential advantage of a 
rigid metal shunt, if positioned correctly, is that it may be 
less likely than a fl exible silicone tube to damage the 
endothelium.  

    Contraindications 

 In their discussion of Ex-Press shunt insertion, Sarkisian and 
colleagues discouraged implantation in patients with a nar-
row angle, owing to angle crowding and risks of endothelial 
and/or iris trauma [ 28 ]. In general, concurrent cataract 
extraction with Ex-Press insertion for IOP regulation has 
been recommended for cases of angle closure [ 12 ]. 
Congenital glaucoma and glaucoma associated with anterior 
segment dysgenesis (aniridia, Axenfeld-Rieger, or microph-
thalmia) are also relative contraindications for Ex-Press 
implantation. Such eyes often have thin sclera and altered 
angle anatomy, either of which may compromise successful 
and stable placement of an Ex-Press [ 29 ]. 

 Another relative contraindication for Ex-Press implanta-
tion might be the presence of an anterior chamber intraocular 
lens [ 18 ]. Such a lens may increase risk of corneal endothe-
lial damage should there be postsurgical hypotony with ante-
rior chamber collapse.  
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    Preoperative Considerations 

 At the preoperative review, the surgeon should determine the 
status and mobility of the conjunctiva and the health of the 
sclera in the anticipated surgical site, along with careful 
gonioscopy to determine angle depth and confi guration. 
Peripheral anterior synechiae should be excluded near the 
planned insertion site. Lenticular status determines any need 
for combined cataract and glaucoma surgery [ 12 ]. If safe to 
do so, discontinuation of blood “thinners” may reduce the 
risk of intraoperative hemorrhage.  

    Anesthesia 

 Choice of anesthetic used for intraocular surgery depends on 
the patient, surgeon, and anesthetist [ 12 ]. Ex-Press shunt 
insertion is similar to trabeculectomy and can usually be per-
formed under local or regional anesthesia (Video  18.1 ) 
[ 2 ,  7 ]. General anesthesia is required only in young, uncoop-
erative, or disorientated patients. 

 Peribulbar, retrobulbar, and sub-Tenon injections are com-
monly used [ 12 ,  30 ]. Subconjunctival or topical anesthetic has 
been successful in cooperative patients, using tetracaine, lido-
caine, or lignocaine jelly. Intracameral preservative-free lido-
caine 1 % can be combined with topical anesthetic. Although 
no difference in pain has been reported when topical anesthesia 
is compared with peribulbar, the inability of the former to pro-
vide akinesia may compromise anterior chamber stability [ 31 ].  

    Surgical Technique 

 As originally conceived, the Ex-Press device was placed sub-
conjunctivally [ 10 ]. This was associated with signifi cant inci-
dence of device erosion and overfi ltration; in late 2005, 
implantation was reported to be safer under a scleral fl ap 
[ 11 ,  32 ]. This closely resembles trabeculectomy, requiring a 
conjunctival fl ap, scleral trapdoor, antimetabolite augmenta-
tion if indicated, and meticulous conjunctival closure [ 16 ,  33 ]. 

 Optimal exposure of the surgical site can be attained with a 
corneal traction suture of 6/0–7/0 polyglactin or silk to infraduct 
the eye [ 12 ]. A standard fornix or limbal conjunctival incision in 
an upper quadrant allows access to the scleral bed, which is 
gently cauterized for hemostasis. The scleral fl ap can be shaped 
to the surgeon’s preference (square, rectangular, triangular, or 
trapezoidal), although shape is not as important as extension 
anteriorly to clear cornea. The fl ap should be at least 2.5 × 2.5 mm 
to cover the implant well by at least 1 mm around the plate [ 34 ]. 
Alternatively, a 5 × 5 mm limbus-based scleral fl ap of 50–60 % 
depth can be fashioned, with the dissection plane forward into 
clear cornea. At the surgeon’s discretion, an anti-fi brotic agent 
can be applied to the scleral fl ap and sub-Tenon’s tissue. The 
type, concentration, and exposure time of an anti-fi brotic agent 
will vary according to the patient’s individual needs. 

 A 26–27-gauge needle is used to create an ostium into the 
anterior chamber under the scleral fl ap. This incision should be 
placed in the center of the blue-grey transition zone between 
the sclera and cornea, approximately 1–2 mm from the surgical 
limbus to allow scleral reinforcement for the implanted device. 
The needle should be passed parallel to the iris plane and aimed 
at the center of the pupil. This avoids the device touching the 
iris or corneal endothelium in a normal depth anterior chamber. 
Any lateral movement as the needle perforates should be 
avoided to minimize the risk of aqueous leak around the 
implant [ 2 ]. A temporal limbal paracentesis facilitates ophthal-
mic visco-surgical insertion into the anterior chamber and/or 
the placement of an anterior chamber maintainer [ 33 ]. 

 The Ex-Press glaucoma shunt, mounted on its introducer 
(Fig.  18.2 ), is inserted tip fi rst, on its side, into the anterior 
chamber, radial to the limbus and parallel to the iris, through 
the perforation site. The shunt should be inserted all the way 
into the wound until the plate is fl ush with the scleral bed and 
then rotated through 90° so the plate lies fl ush with the scleral 
bed beneath the trapdoor (Fig.  18.3 ). The injector is depressed 
to retract the wire introducer, separate the inserter from the 

  Fig. 18.2    Ex-Press shunt mounted on wire introducer       

  Fig. 18.3    Appearance of Ex-Press plate fl ush with the scleral bed, 
under the trapdoor       
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shunt, leaving the shunt in situ [ 35 ]. The scleral fl ap is 
sutured securely with 10/0 nylon sutures to cover the fl ange 
on the Ex-Press device. As in a trabeculectomy, sutures are 
placed in the scleral fl ap according to the surgeon’s preferred 
technique. The conjunctiva is replaced and sutured to prevent 
wound edge leakage.

        Modifi cations to Surgical Technique 

 Some authors have modifi ed implantation techniques to 
enhance IOP reduction with the Ex-Press shunt. Mermoud 
described the use of a deep sclerectomy to simplify the dif-
fi cult dissection of Schlemm’s canal and trabeculo- 
Descemet’s membrane [ 36 ]. He found that by performing 
a partial posterior deep sclerectomy and inserting an 
Ex-Press implant into the anterior portion under the super-
fi cial scleral fl ap, there were fewer postoperative 
complications. 

 In 2010 in 27 eyes, Bissig and colleagues [ 19 ] described 
a 4 × 5 mm limbus-based superfi cial scleral fl ap of 300-μm 
thickness and then removal of a rectangle of deep sclera 
(4 × 2 × 0.5 mm) in the posterior part of the scleral bed 
behind Schlemm’s canal, taking care not to open it [ 19 ]. A 
21-gauge needle was used to enter the anterior chamber, 
through which an Ex-Press device of 200-μm lumen diam-
eter was inserted. At 40.1 ± 10.8 months post-combined 
Ex-Press implantation in modifi ed deep sclerectomy with 
phacoemulsifi cation, Gindroz et al. reported complete (IOP 
<18 mmHg without medication) and qualifi ed success rates 
(IOP <18 mmHg with medication) of 45.6 and 85.2 % 
respectively [ 37 ]. Modifi ed deep sclerectomy possibly cre-
ates new outfl ow pathways for aqueous drainage through the 
suprachoroidal space as well as intrasclerally and subcon-
junctivally. This technique may be less technically demand-
ing than the traditional non-penetrating procedure and may 
protect against device erosion, obstruction, or dislocation 
[ 19 ,  36 ,  37 ]. 

 An Ex-Press shunt can be implanted at the same time as 
phacoemulsifi cation surgery. Rivier and coworkers found a 
cumulative qualifi ed success rate (IOP 6–18 mmHg with 
or without medication) of 53.7 % at 48 months ( p  < 0.05) 
[ 35 ]. Kanner and colleagues examined a further 114 eyes 
treated with Ex-Press implant under a scleral fl ap com-
bined with phacoemulsifi cation [ 38 ]. Their fi ndings 
showed slightly worse long-term IOP control than trabecu-
lectomy alone [ 38 ]. Three years after surgery, the authors 
found a surgical success (IOP 5–21 mmHg) of 95.6 % 
(with or without medications), with the most common 
device-related complication reported as tube obstruction 
by infl ammatory matter.  

    Postoperative Management 

 Similar to trabeculectomy, postoperative topical treatment 
consists of frequent steroids and a prophylactic antibiotic. 
Most studies advocate these drops for at least 4 weeks, with 
or without tapering [ 24 ,  35 ,  39 ]. Cycloplegics can also be 
used for anterior chamber maintenance, especially in phakic 
eyes [ 7 ]. On the fi rst postoperative day, the IOP can vary 
widely. There have been reports of increased IOP at 
2–4 weeks postimplantation [ 3 ,  4 ,  33 ,  39 ]. This is usually 
self-limiting; however, interventions such as cessation of 
topical steroidal agents, suture lysis, suture release, or bleb 
needling can be performed as required. When an Ex-Press 
shunt bleb is needled, the anterior chamber cannot be entered 
and the needle should never be passed under the scleral fl ap 
radially as there is a risk of dislodging the shunt into the 
anterior chamber. Instead, the needle should be passed paral-
lel to the limbus to elevate the scleral fl ap, and tactile feed-
back permits navigation over the base of the device [ 40 ].  

    Outcomes 

 The success rates of Ex-Press implantation in studies of greater 
than 20 subjects have been summarized in Table  18.1 . The fi rst 
publication detailing the short-term results of the Ex-Press 
glaucoma shunt, implanted subconjunctivally, reported a mean 
IOP reduction of 36 % from baseline with a 67 % probability 
of maintaining an IOP of 16 mmHg without medication [ 47 ]. 
Dahan and Carmichael pioneered the subscleral placement of 
the Ex-Press shunt in 2005, reporting signifi cant reduction in 
IOP from 27.2 ± 7.1 mmHg preoperatively to 14.2 ± 4.2 mmHg 
after 24 months [ 11 ]. They found this technique of implanta-
tion to be safe with minimal side effects compared with previ-
ous reports of subconjunctival placement. Coupin and 
colleagues reported a short-term surgical success in 87 % of 
99 eyes with an Ex-Press shunt placed under a scleral fl ap 
[ 48 ]. A longer-term study (follow- up 25.7 ± 11.1 months) of 
subscleral shunt placement found surgical success (IOP 
5–21 mmHg) of 94.8 %, with a decrease in glaucoma medica-
tions from 3.7 ± 1.0 to 1.0 ± 1.4 at 42 months post-surgery [ 38 ].

   De Feo and colleagues used Kaplan-Meier calculations to 
describe the effi cacy of an Ex-Press device implanted under a 
scleral fl ap, reporting that the device maintained IOP <18 mmHg 
in 72.6 % of eyes and <15 mmHg in 47.9 % at 1 year, without 
medications [ 39 ]. Only 6 of 37 eyes (16.2 %) required glau-
coma medications, a better rate than that commonly reported 
for trabeculectomy [ 39 ]. Ex-Press shunt implantation may tran-
siently affect posterior corneal astigmatism, anterior chamber 
depth, and anterior chamber volume; however, these changes 
normalize by 3 months postoperatively [ 20 ]. 
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 Sugiyama and colleagues published the fi rst report on 
intermediate-term outcome of Ex-Press device implantation, 
compared with trabeculectomy in Japanese patients [ 4 ]. 
They found a low incidence of early postoperative complica-
tions: overall, there was no signifi cant difference between 
the two procedures, although they noted a tendency for fewer 
postoperative glaucoma medications in the Ex-Press group 
[ 4 ,  16 ,  43 ]. Salim and coworkers reported a comparative 
case series of 36 eyes of African-Americans and 43 eyes of 
white Americans with the Ex-Press shunt [ 46 ]. They found 
similar IOP-lowering effects and complications across the 
two groups and concluded that the insertion of the Ex-Press 
glaucoma fi ltration device, augmented by antimetabolite use, 
may be a better surgical option for African-American patients 
than traditional trabeculectomy. This conclusion was based 
on the potential advantages associated with Ex-Press inser-
tion, with reduced tissue removal, more predictable out-
comes related to consistent shunt lumen size, and controlled 
fl ow that may reduce postoperative complications and over-
all failure rates [ 46 ].  

    Comparative Outcomes 

 The fi rst direct comparison of Ex-Press shunt implantation 
with traditional trabeculectomy was published 5 years after 
the release of the device [ 16 ]. Maris and coworkers retro-
spectively compared 100 eyes over 10.8 months post-
glaucoma- fi ltering surgery. They found a similar reduction 
in IOP in both groups after 3 months with no signifi cant dif-
ference in the number of glaucoma medications between the 
groups nor overall success [ 16 ]. There was a signifi cant dif-
ference in the incidence of choroidal effusions, however, 
totaling 18 eyes in the trabeculectomy group versus 4 in the 
Ex-Press group [ 16 ]. A further retrospective comparison of 
the two procedures found that fi nal IOP measurements were 
slightly lower after trabeculectomy compared with Ex-Press, 
although there were no signifi cant differences over longer 
follow-up (28 ± 3.23 months) [ 3 ]. 

 Gallego-Pinazo and colleagues compared trabeculectomy 
with Ex-Press shunt implantation, with 20 eyes in each group 
[ 41 ]. While the mean IOP was signifi cantly higher in the 
50-μm Ex-Press group in the immediate postoperative 
period, complications were not signifi cantly different. De 
Jong and coauthors published a prospective randomized 
study of 80 eyes comparing the two procedures: the Ex-Press 
device produced better results than trabeculectomy in all 
effi cacy parameters, with superior IOP control maintained 
up to 12 months postoperatively with fewer fl uctuations 
[ 43 ]. These results were extended over 5 years; patients with 
Ex-Press devices continued to require less IOP medication 
and fewer surgical interventions over the follow-up period 
[ 22 ]. Ex-Press device insertion resulted in a more signifi cant 

IOP reduction over the fi rst 3 postoperative years; however, 
after 4–5 years, the IOP effect of trabeculectomy matched 
that of Ex-Press implantation [ 22 ]. 

 Marzette and coworkers retrospectively compared trab-
eculectomy and Ex-Press shunt implantation in 153 eyes: 
Ex-Press device use was at least as effective as standard tra-
beculectomy in the treatment of glaucoma [ 45 ]. Comparisons 
of IOP and complications were not signifi cantly different. 
The fi rst direct comparison of trabeculectomy and Ex-Press 
implantation in fellow eyes of the same 15 patients was pub-
lished in 2012 [ 33 ]. Trabeculectomy eyes had a higher rate of 
postoperative complications (33 %) than did Ex-Press 
implants (20 %); the latter also showed a higher qualifi ed 
success rate (hazard ratio 0.21, IOP 5–18 mmHg) after 30 
months of follow-up [ 33 ].  

    Complications 

    Technique Specifi c 

 The manufacturer recommends anterior chamber fi lling with 
ophthalmic viscoelastic after insertion of an Ex-Press shunt 
[ 13 ]. Overfi lling of the anterior chamber is the most common 
cause for early raised IOP. Dahan suggests that only one- 
third of the anterior chamber should be fi lled with ophthal-
mic viscoelastic when the R50 model is used and two-thirds 
for other models (P50/P200) [ 18 ]. The entire anterior cham-
ber should be fi lled, however, in eyes post-vitreoretinal sur-
gery, especially if they are aphakic [ 24 ]. In the case of IOP 
spike on the fi rst day postoperatively, the anterior chamber 
can be decompressed manually through the limbal 
paracentesis. 

 As with any glaucoma-fi ltering surgery, there is a risk of 
subconjunctival scar formation after implantation of an 
Ex-Press device. Stewart and colleagues described two cases 
of failed implantation due to fi brosis [ 49 ]. In both cases, the 
implant was not removed; instead, a trabeculectomy or inser-
tion of an alternative device was carried out with success. 
This complication can be minimized by the use of intraop-
erative MMC [ 30 ,  39 ]. In particular, MMC should be used in 
cases where fi ltration surgery has previously failed or in 
patients who have been treated long-term with maximal 
medical therapy [ 11 ,  39 ,  43 ]. 

 In addition to fi brotic changes, other complications that are 
associated with traditional fi ltration surgery can occur after 
Ex-Press shunt implantation. These include immediate post-
operative hypotony, shallow anterior chamber, hyphema, and 
choroidal effusions or detachment [ 45 ,  50 ]. They have been 
shown to occur at a lower rate in patients post-Ex-Press inser-
tion, likely due to the small drainage orifi ce and a more con-
trolled fl ow of aqueous humor [ 12 ]. Additionally, bleb- related 
complications such as bleb leaks, blebitis, endophthalmitis, 
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bleb encapsulation, and scarring (Fig.  18.4 ) are not avoided 
[ 12 ,  37 ]. In general, techniques used to treat and prevent these 
complications in trabeculectomy can be applied to glaucoma 
surgery with the Ex-Press device.

   Implant-iris touch can result from an insertion incision 
which is not parallel to the iris (Fig.  18.5 ). In phakic eyes, if 
there is a risk of iris trauma, repositioning may be necessary. 
In some cases, iris touch seen in the immediate postoperative 
period can resolve with subsequent deepening of the anterior 
chamber [ 43 ].

       Device Specifi c 

 The fi rst report of Ex-Press shunt dislocation was in 2005 
[ 51 ]. This followed blunt trauma to the eye: the shunt pro-
truded through the superior limbal sclera and conjunctiva. 

The authors were able to remove the device through a limbus- 
based conjunctival fl ap. The previous implantation of an 
Ex-Press shunt should therefore alert the clinician to confi rm 
normal device position after ocular trauma. 

 A small case series highlighted the association of conjunc-
tival erosion of an Ex-Press device and endophthalmitis, seen 
in one patient [ 49 ]. The manufacturer lists the prevalence of 
device exposure as 5.31 % for all devices and that of partial 
exposure as 0.88 % [ 13 ]. The prevalence of endophthalmitis is 
not listed in these guidelines. Several authors have suggested 
that spontaneous device erosion may also follow incorrect 
placement where the fl ange is not aligned completely fl at 
against the sclera [ 11 ,  52 ]. The incidence of conjunctival ero-
sion has signifi cantly decreased with the adoption of implan-
tation under a scleral fl ap, rather than beneath conjunctiva 
alone [ 11 ,  35 ]. Despite this, Ex-Press glaucoma device expo-
sure continues to be reported, and care should be taken to 
ensure that the scleral fl ap is of adequate thickness [ 52 ,  53 ]. 

 Anterior Ex-Press shunt dislocation has also been reported 
[ 54 ]. Teng and colleagues presented the fi rst case report of 
this phenomenon and attributed the dislocation to the use of 
a 25-gauge needle to perforate the anterior chamber beneath 
the scleral fl ap [ 54 ]. This opening was slightly wider than the 
suggested 26–27-gauge tunnel, which may have allowed 
device migration. In addition, early bleb manipulation was 
required postoperatively which may have contributed to the 
anterior dislocation. Saricaoglu and coworkers reported a 
further malpositioned Ex-Press device in 2008 [ 55 ]. They 
found severe fi brosis at the site of implantation, which they 
believe led to the anterior dislocation of the device 6 months 
postoperatively [ 55 ]. 

 Ex-Press tube obstruction can affect outcomes [ 5 ,  16 ,  35 , 
 38 ]. Rivier and colleagues noted an 11.4 % rate of tube 
obstruction over 18 months postimplantation (in 35 
eyes) [ 35 ]. A large consecutive case series of 345 implants 
published by Kanner in 2009 described Ex-Press luminal 
blockage as the most common adverse effect (1.74 % preva-
lence) [ 38 ]. Blockage was hypothesized to be caused by 
infl ammatory deposits or debris; it manifested as increased 
IOP and a fl at bleb which did not respond to laser suture 
lysis [ 38 ]. Kanner et al. used the neodymium:yttrium- 
aluminum-garnet (Nd:YAG) laser to clear material from the 
tip of the device in the anterior chamber [ 38 ]. This was suc-
cessful in all six cases and has been reported elsewhere with 
similar success [ 38 ,  56 ]. 

 Over time, an Ex-Press shunt may dislocate anteriorly 
into the corneal limbus causing device obstruction. This phe-
nomenon was reported by Vetrugno and colleagues in 2011, 
and they described a technique to reposition the device [ 57 ]. 
The initial scleral fl ap is reopened by removing the sutures 
and searching for the previous cleavage plane. The corneal 
tissue covering the fl ange is then dissected using Vannas 
scissors, with the shunt manipulated and repositioned using 

  Fig. 18.4    Failed Ex-Press shunt bleb due to conjunctival scarring       

  Fig. 18.5    Gonioscopic view of Ex-Press device with implant-iris 
touch       
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forceps. In this case, the fl ange was sutured to the scleral bed 
with polypropylene suture. Repositioning can restore device 
function and preserve adjacent conjunctiva for future surgery 
if required [ 57 ].   

    Removal of the Device 

 Stein and colleagues retrospectively reported eight eyes with 
exposed Ex-Press devices [ 53 ]. The average time to shunt 
exposure from time of implantation was 8.5 months (range 
3–16 months). The authors describe a technique for Ex-Press 
shunt removal. Care must be taken to release the sharp spur and 
remove it through the sclera to avoid damage to surrounding 
tissues. The external plate should fi rst be blunt dissected with a 
sharp blade. The device can then be rotated through 90° along 
its axis to facilitate removal. A trephine or 15° blade can be used 
to incise around the sclerostomy to create a narrow tract through 
which the miniature shunt can be removed, using anterior pres-
sure to dislodge the spur. A scleral patch graft is overlaid and 
sutured with 8–0 polygalactin [ 53 ]. Grafting is important to 
help avoid complications such as wound leakage, hypotony, 
infection, and epithelial downgrowth [ 53 ]. A pre-placed para-
centesis permits control of the anterior chamber volume. 

 If the Ex-Press device is placed too anteriorly, it may 
erode through the scleral fl ap over time or may angulate pos-
teriorly toward the iris root due to lack of tissue support 
[ 7 ,  58 ]. The removal of an anteriorly dislocated device was 
described by Saricaoglu and coworkers [ 55 ]. They incised 
the fi brous capsule at the site of implantation and were able 
to view the external plate. A Y-shaped manipulator was 
applied under ophthalmic visco-surgical device support 
through a side port to the anterior chamber. The implant was 
then pushed toward the spur. Ophthalmic visco-surgical 
device was applied under the spur portion, and, with pressure 
at the base of the incision, the Ex-Press implant was removed 
[ 55 ]. A nylon suture was used to close the incision, and a 
traditional trabeculectomy was carried out in adjacent sclera.  

    Ex-Press Shunt Imaging 

 Given the size and implantation location of the Ex-Press 
shunt, it can be diffi cult to visualize clinically. Verbraak and 
colleagues described the use of optical coherence tomogra-
phy (OCT) to help localization [ 59 ]. High-resolution anterior 
segment OCT was able to show the exact position of the 
device relative to the surrounding tissues in ex vivo porcine 
eyes. The authors suggest that this imaging modality could 
be used to identify parameters or structures contributing to 
device failure [ 59 ]. 

 With the increasing popularity of the Ex-Press device and 
thousands of implantations worldwide, there has been inter-
est in the magnetic properties of the implant during magnetic 

resonance imaging (MRI) [ 9 ,  42 ,  60 ]. The initial report of 
MRI testing of the Ex-Press device’s magnetic properties 
was commissioned by the original manufacturer (Optonol 
Ltd.); the device was suggested not to present an additional 
hazard or risk to a patient undergoing an MRI with a static 
3 T magnetic fi eld or less. Patients were advised to avoid 
MRI scanning for 2 weeks after device insertion. 

 De Feo and colleagues evaluated MRI images taken in 
patients with Ex-Press implants in situ [ 42 ]. Despite an absence 
of safety concerns, they did fi nd that imaging artifacts gener-
ated by the device could potentially compromise diagnostic 
evaluation, particularly of the optic nerves [ 42 ]. Geffen and 
coauthors demonstrated movement of the Ex-Press shunt under 
1.5 and 3.0 T conditions ex vivo [ 60 ]. These results were not 
demonstrated in vivo, where the devices showed no movement. 
Similarly, Seibold et al. found Ex-Press only minimal move-
ment in the 3.0 T MRI but extreme angular defl ection in the 
4.7 T environment [ 9 ]. They found no evidence of temperature 
changes or radiofrequency heating under any MRI environ-
ment. The literature suggests that the Ex-Press glaucoma drain-
age device can be considered MRI safe up to 3.0 T and is 
weakly ferromagnetic [ 9 ,  60 ]. There is concern that micro-
movements during the early postoperative period could induce 
infl ammation and may decrease the success of fi ltration sur-
gery; therefore, MRI should be avoided in this early period [ 9 ].  

    Ex-Press Use in Training 

 Several publications have addressed teaching Ex-Press shunt 
implantation, rather than trabeculectomy, to ophthalmology 
residents in training [ 40 ,  44 ,  61 ]. Possibly, the surgical effi -
cacy and low rate of complications seen in comparative stud-
ies of the Ex-Press shunt may be limited to insertion by 
experienced practitioners [ 44 ]. Although there is no evidence 
of superiority of the Ex-Press shunt over trabeculectomy, it 
has been argued that device implantation is less technically 
demanding which may favor implantation by a trainee or 
comprehensive ophthalmologist [ 61 ]. Seider and colleagues 
compared the outcomes of patients undergoing Ex-Press 
shunt and trabeculectomy surgery performed by supervised 
ophthalmology residents in their third year of training [ 44 ]. In 
the hands of these residents, Ex-Press shunt implantation and 
trabeculectomy procedures performed comparably in terms 
of postoperative IOP control and risk of complications. 

 For a new procedure to replace trabeculectomy in resi-
dency training, the newer procedure must have a signifi cant 
advantage in terms of success rates and/or reduction in 
complications [ 61 ]. If these features are equivocal, other 
considerations include a technically easier procedure, 
reduced surgical time, lower cost, or improved accessibility. 
While several authors have concluded that Ex-Press implan-
tation is less technically challenging, the evidence to date 
does not support routine Ex-Press use by trainees [ 40 ,  61 ].  
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    Summary 

 Glaucoma-fi ltering surgery with the Ex-Press device shows 
potential for safe and predictable control of IOP with a side 
effect profi le similar to that of trabeculectomy. Placed under 
a scleral fl ap, with or without concomitant phacoemulsifi ca-
tion, this shunt has been shown to be effective for the longer- 
term management of open-angle glaucoma. 

 To date, most studies that have reported the success and 
effi cacy of the Ex-Press shunt have been retrospective, either 
Ex-Press alone or combined with cataract surgery. Comparative 
studies are limited to only two prospective cohort studies and 
two prospective randomized trial comparing Ex-Press with 
trabeculectomy. Generally, the Ex-Press shunt at 1-year fol-
low-up has been shown to achieve an IOP of up to 21 mmHg 
for 73–100 % of eyes with or without medications. Given the 
signifi cant cost difference between Ex-Press implantation and 
standard trabeculectomy, surgeons need to weigh the per-
ceived benefi ts of the device against the cost [ 40 ]. 

 In conclusion, the Ex-Press glaucoma drainage device 
offers a modifi cation of the traditional trabeculectomy 
 technique. Most steps in the procedure are similar with the 
advantage of a more controlled sclerostomy and avoidance 
of a peripheral iridectomy. Postoperative management is 
similar to that of trabeculectomy; however theoretically the 
more controlled fl ow of aqueous through the shunt may pro-
vide more predictable IOP control in the immediate postop-
erative period. Longer-term IOP outcomes appear to be 
similar. The Ex-Press shunt involves initial extra cost of the 
device, and the cost-benefi t ratio of this technology has yet to 
be determined. Long-term complications of dislodgement 
and extrusion of the prosthesis, as well as the potential 
effects of MRI are also concerns. Long-term studies regard-
ing the safety and effi cacy of this device will elucidate the 
role of these shunts in glaucoma surgery. Evolution of the 
device design may lead to improved clinical outcomes.      
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           The Development of the Molteno Implant 

 The precipitating factor for the development of the implant 
was an observation by Molteno, some 45 years ago, who as 
a resident in ophthalmology was perturbed by the poor 
results of traditional glaucoma procedures, at that time full- 
thickness thermal sclerostomies (Scheie procedures), despite 
a meticulous surgical technique. Furthermore when compar-
ing the results in white and black patients, it was found that 
the black patients failed earlier and to a greater extent [ 1 ]. 
Epstein expressed a similar fi nding 9 years earlier, when he 
noted that in black patients “the results of drainage opera-
tions are strangled by the relatively rapid fi brosis that 
occurs.” Epstein further suggested that surgical trauma con-
demns the operation to failure. As a result of these observa-
tions, Epstein devised an operation whereby thin polyethylene 
tubing was inserted from the anterior chamber to the subcon-
junctival space by means of a trocar both eliminating a surgi-
cal procedure and possible fi brosis of the bleb. Drainage did 
occur in all the patients; however, the blebs all failed within 
a few months due to a fi brous cap seen over the subconjunc-
tival ends of the tubing. Epstein concluded that something in 
the aqueous had induced the fi brosis; the report by him in the 
literature was called “Fibrosing response to aqueous its rela-
tion to glaucoma” [ 2 ]. Epstein was correct in his assessment 
of his fi nding, but did not know what this substance was call-
ing it the “Epstein factor.” As will be discussed this factor(s) 
was destined to play a major role in the future effectiveness 
of glaucoma implants. Taking into account Epstein’s obser-
vation, Molteno began to search for a means whereby the 
longevity of the bleb could be facilitated. He concluded that 
this “might be achieved by the use of a plastic implant 
designed to fi t the scleral surface over a large area to prevent 

shrinkage of the bleb from fi brosis” [ 1 ].    A device that would 
dilute the “Epstein factor”, by spreading it over a large area, 
is a so-called “Bleb spreading device”.  

    Anterior Molteno Implants 

 The fi rst Molteno implant was adapted for human use after 
testing the implant in rabbit eyes [ 3 ]. 

 The fi rst Molteno implants were placed anteriorly 
beneath the upper eyelid. The implant was made of methyl 
methacrylate, from a mold. The implant consisted of a trans-
limbal tube with a length from 0.75 to 1 mm. The internal 
diameter was 0.75 mm. This tube was attached to a plate 
approximately circular in shape 8.5 mm long and wide. The 
anterior two thirds of the plate was facetted; thus the plate 
thickness varied from 0.15 mm anteriorly to 1 mm pos-
teriorly. The plate had two suture holes placed anteriorly 
(Fig.  19.1 ). The initial implant was used mainly in cases of 
buphthalmos that had failed conventional therapy, aphakic 
glaucoma, and uveitic glaucoma [ 4 ]. A few implants were 
placed into patients with primary open-angle glaucoma. 
With the use of the initial implant, Molteno noted a constant 
course characterized by:
     1.    A stage of hypotony, lasting 10 days.   
   2.    The hypertensive stage lasting 6–10 weeks.   
   3.    The stable stage in which the intraocular pressure remained 

steady or fell slowly. This began after 8–12 weeks.    
  The hypertensive stage coincided with the formation of a 

thick-walled hyperemic bleb. Thus the early implants pro-
duced bleb pathophysiology, which has continued in all the 
upgraded implants that have developed over the years. The 
unchanged factors over the years have been the tissue and 
the aqueous, and thus the “Epstein factor(s)” continues to 
play a major role in bleb function related to implant use. 

 Systemic steroids were used in some of these initial 
implants. Prednisone 30 mg was given daily beginning 1 week 
after operation and was maintained in gradually diminishing 
dosage until the eye was completely quiet after 6–12 weeks. 

      Molteno Developments in Traditional 
Outflow Implants 
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 Systemic steroids had a marked effect in every case giv-
ing a shorter hypertensive phase, thinner bleb, and stable 
intraocular pressure of between 10 and 23 mm. This observa-
tion of the use of anti-infl ammatory medication was to play a 
much more signifi cant role in the yet to be redesigned 
Molteno device. Complications of the initial implant included 
corneal dystrophy due to the tube as well as uveitis and dis-
comfort from the large anteriorly situated bleb. In older 
patients the implant was removed usually at 3 months, or 
later, when the bleb was well established, to avoid the com-
plications listed. Removal was not done in young patients as 
this resulted in a tendency for the bleb to fi brose. The initial 
implant had made headway in the treatment of refractory 
cases of glaucoma, and when the results obtained with the 
implant were compared to those of the Scheie procedure as 
an initial procedure, only a small difference in favor of the 
implant was noted. However, a marked difference in the suc-
cess obtained with the implant over the Scheie was seen in 
secondary glaucomas, previously failed glaucoma proce-
dures, and buphthalmic cases. The anterior implant was tech-
nically diffi cult to implant, had to be removed at a later date, 
and combined with the complications of corneal dystrophy, 
uveitis, and bleb dysesthesia encouraged Molteno to modify 
the implant. The availability of medical grade silicon and 
polypropylene allowed Molteno to develop the long-tube 
implant, which became the prototype of all the long-tube 
implants available today.  

    Long-Tube Implants 

 The long-tube implant was developed because more suitable 
materials, polypropylene and silicone, became available. 
This allowed the delivery system from plate to anterior 
chamber to become more fl exible, which in turn provided the 
opportunity to move the plate away from the limbal area to a 
more posterior location [ 5 ]. The long-tube implant plate now 
had a larger plate surface 13.5 mm, resulting in a larger bleb 
and more drainage. The polypropylene plate and the silicone 
delivery systems were easy to handle surgically and, more 
importantly, afforded the opportunity of placement in a 
quadrant of the eye where paralimbal surgery may not have 
been possible. Indeed this new design would stand the test of 
time and become the prototype for a new generation of long- 
tube implants. The development of the long-tube implant 
resulted in the introduction of a bleb different from those 
seen with standard glaucoma surgeries. The function of the 
tube was to deliver aqueous from the anterior chamber to the 
surface of the plate, situated away from the locations that had 
been prevalent with standard glaucoma procedures. The 
function of the plate was to initiate the presence of a bleb, 
generally as large or larger than the plate surface. This bleb 
would then regulate the fl ow of aqueous to the surrounding 
conjunctiva, and this in turn would be regulated by the fi nal 
permeability of the fi brovascular lining of the bleb wall. The 
implant thus now became simply a conduit for delivering 

  Fig. 19.1    Original single-plate 
Molteno implant, 1967       
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aqueous from the anterior chamber to the subconjunctival 
space, and the process of bleb formation, as well as surgical 
aspects related to the implant itself, would become the 
important aspects which would drive the search for mecha-
nisms to improve the function of these new glaucoma 
implants. Molteno predominantly, and other researchers to a 
lesser extent, would become involved in the further evolu-
tion of Molteno’s discovery. 

 Molteno made the observation that the bleb formed 
around the implant depended on the age of the patient and to 
some degree on the severity of the glaucoma, in particular 
to the level of the intraocular pressure immediately prior to 
inserting the implant [ 6 ]. Infants and elderly patients form 
thin-walled blebs, which function well. Older children and 
fi t young adults were found to produce a series of changes in 
the blebs after implant surgery, which often led to the forma-
tion of a fi brosed bleb. Based on these observations Molteno 
began extensive research on the pathophysiology of the blebs 
and discovered that the changes that accompany formation 
of a bleb over an implant can be named according to the 
intraocular pressure within the eye, at that particular stage of 
bleb formation [ 6 ]. 

 The initial stage of bleb formation is the hypotensive 
stage, lasting approximately 7–10 days, and is characterized 
by vascular congestion and edema of the tissues over the 
plate. This is followed by a period of steadily rising pressure, 
disappearance of the edema, and the formation of the bleb 
itself. About 4–6 weeks after implant insertion, the blood 
vessels over the bleb become congested, and the intraocular 
pressure rises to usher in the hypertensive phase. This phase 
lasts from 2 to 4 weeks after which time the bleb becomes 
less congested; the pressure falls until a stable plateau is 
reached about 3–6 months after implant insertion. This 
results in the stable stage, hopefully remaining for the rest of 
the patient’s life. 

 Two major problems associated with the use of the long- 
tube implants were immediate postoperative hypotony and 
the development of bleb fi brosis as mentioned in some 
patients. Methods for dealing with these two problems there-
fore required solutions.  

    Control of Hypotony in the Immediate 
Postoperative Period 

 In the beginning the single-plate implant was used without 
restricting fl ow to the surface of the plate. Shallow to fl at 
anterior chambers were the norm in the postoperative period. 
Homeostasis of aqueous fl ow usually took 10–14 days, after 
which, due to early capsule development over the plate, the 
anterior chamber began to reform. The earliest attempt at 
restricting aqueous fl ow was a modifi cation of the dissection 

of the conjunctiva in the area of the plate, consisting of 
decreasing the size of the dissection in the area of plate depo-
sition, by inserting a single    Weck-Cel sponge into the area to 
accomplish the dissection, rather than utilizing scissors 
to dissect a much larger space [ 7 ]. This technique did help to 
limit postoperative fl ow into the surrounding tissue, thereby 
decreasing the potential for shallow or fl at anterior chambers 
but was by no means ideal. 

 Molteno developed a two-stage procedure for use in 
those patients where medical control of intraocular pres-
sure was suffi cient to allow the eye to tolerate a delay of 5 
weeks prior to allowing aqueous to reach the plate surface 
[ 8 ].    This technique consisted of inserting the implant rather 
than connecting the tube to the anterior chamber, to place it 
beneath a rectus muscle but to connect it to the anterior 
chamber at a second operation 5–6 weeks later when a suf-
fi cient capsule had developed over the plate, thereby pre-
venting postoperative hypotony. This procedure, although 
effective, required two surgeries and was replaced by the 
“vicryl tie” procedure [ 9 ]. Herein the tube was constricted 
by placing a 5-0 vicryl suture tightly around the tube prior 
to inserting it into the anterior chamber at the time of 
implant insertion. This resulted in delaying aqueous access 
to the plate surface for 3–5 weeks, the usual time taken for 
dissolution of the suture, at which time a suffi cient capsule 
had developed over the plate, once again preventing exces-
sive hypotony. 

 The ability to control postoperative hypotony allowed 
Molteno to increase the drainage area by introducing a mul-
tiple plate system.    The concept being if one plate lowers 
pressure, then surely two or more plates will multiply the 
pressure-lowering effect. Molteno tried using as many as 
four plates, one in each eye quadrant, but found that one or 
two were suffi cient. The introduction of the double-plate 
implant would usher in a phase of glaucoma implant devel-
opment which would change the thinking related to glau-
coma implants, resulting in the development of different 
implants, a process that is still continuing, and revert to the 
all important pathophysiology of bleb formation and its 
importance [ 10 ].  

    The Infl uence of the Double-Plate Molteno 
Implant on Glaucoma Implant Research 
and Development 

 The double-plate implant consisted of two single plates 
joined together by a silicone tube. Aqueous would therefore 
pass from the surface of one plate to the other plate, and this 
fl ow could be restricted by placing a vicryl suture around the 
connecting tube, thereby restricting fl ow until a suffi cient 
capsule had formed over the second plate. A major problem 
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with the double-plate implant was the need to isolate the 
superior rectus muscle, allowing placement of the second 
plate beneath the muscle into the adjacent eye quadrant. This 
technique was that used by Molteno and by most surgeons 
using double-plate implants. This procedure was compli-
cated and time consuming. Placement over the muscle, 
which was much easier and just as effective, was suggested, 
but most surgeons continued to use the standard “under” the 
muscle technique. The fi rst Molteno implant was inserted 
into an eye in the USA by the author who was a resident with 
Molteno. Molteno mailed this implant to the author, with 
instructions on its use. The author subsequently mailed an 
implant to Baerveldt, also with instructions on its use. 
A study published by the doctors working with Baerveldt 
concluded that the two-plate implant was better in intraocu-
lar pressure control than the single plate, and therefore this 
implant became the implant of choice when glaucoma 
implants were chosen [ 11 ]. The surgical diffi culty of placing 
the second implant persisted. Baerveldt concluded that a 
single-plate implant, with at least the surface area of the dou-
ble plate or larger, would be more practical and could be 
placed into a single quadrant. Thus the Baerveldt implant 
came into being. The single-plate implant would subse-
quently become the future of all glaucoma implants, includ-
ing the Molteno implant. 

 The problem of hypotony with the introduction of larger 
single-plate implants became more important. Control of 

hypotony resulted in further developmental advances in 
design of implants as well as in surgical innovations. 

 Molteno developed the dual chamber implant, prior to the 
introduction of the Baerveldt implant [ 12 ,  13 ] (Fig.  19.2 ). 
This implant was available in both a single- and double-plate 
model.

   The dual chamber implant is placed with the anterior edge 
of its plate in line with the insertion of the rectus muscles. 
This allows Tenon’s capsule to be pulled tightly over the 
anterior situated chamber, which has a posterior pressure 
ridge. This pressure ridge when covered by Tenon’s capsule 
acts as a pressure-sensitive valve which regulates the fl ow of 
fl uid into the main bleb cavity. The intraocular pressure at 
which aqueous fl ows into the main chamber depends on the 
tension of the Tenon’s capsule over the anterior chamber as 
well as the swelling of covering tissue in the postoperative 
period. The pressure ridge needs to be of suffi cient height to 
produce this valve action. The swelling of the tissue decreases 
allowing a bleb to form over the anterior chamber, as a cap-
sule has developed enclosing the space. This prevents fl ow 
into the second chamber and prevents hypotony. As the intra-
ocular pressure increases, the aqueous will fl ow over the 
ridge into the main chamber maintaining a low intraocular 
pressure. The dual chamber implant will not function as a 
valve unless it is used as Molteno suggested, which is by 
pulling Tenon’s tightly over the ridge and suturing it to the 
muscle insertion. Without this technique the dual ridge 

  Fig. 19.2    Dual chamber Molteno3 implant       
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implant acts as a non-dual chamber device. The pressure at 
which aqueous fl ows across the pressure ridge depends on 
the turgor and elasticity of the overlying tissue. Molteno has 
found that irrespective of variation in tissue over the cham-
ber, that pressure during the fi rst postoperative week is main-
tained at 6–22 mmHg. 

 The advantage of the dual ridge valve is that it can clear 
itself rapidly after blockage by infl ammatory exudate or 
solid blood clot. Unfortunately the dual ridge implant had 
not been used as proposed by Molteno, resulting in the search 
for a different valve mechanism leading to the development 
of the Ahmed implant, with its pressure-sensitive valve. The 
Ahmed implant differed from the Molteno implants in that it 
was a single-quadrant larger single plate with a valve mecha-
nism [ 14 ]. Double-plate Ahmed implants were introduced at 
a later date. 

 The Baerveldt implant required a mechanism to prevent 
postoperative hypotony, as did all the Molteno implants 
including the dual chamber implant, the latter due to the fail-
ure in adopting the correct means of insertion of the implant. 
Use of intraluminal stents and tubal occlusion with circum-
ferential sutures became the usual means of hypotony control. 
The tying off of tubes required a mechanism to relieve post-
operative increases in pressure, prior to tube opening. 
Sherwood suggested making a relieving slit in the tube 
 anterior to the area of occlusion, allowing aqueous to escape 
into the tissue surrounding the tube, lowering the intraocular 
pressure [ 15 ] (Fig.  19.3 ). This slit needs to be made on the 
lateral side of the tube to prevent occlusion of the overlying 
patch material. As a result of the restriction of aqueous fl ow 
to the plate surface until pressure had normalized in the eye, 
it became apparent that the hypertensive phase, as described 
previously, became less marked and often did not occur at all. 
This phenomenon appeared to be due to a decrease in the 

release of proinfl ammatory substances to the plate surface, as 
will be explained later in the chapter. The discovery that dou-
ble plates had a better pressure-lowering potential than sin-
gle-plate implants, as pointed out earlier, led to the concept 
that bigger is better. This in turn resulted in the development 
of large single-plate implants, with different sizes available in 
the Molteno and Baerveldt groups. However with further 
studies relating to the effi cacy of size, it became apparent that 
beyond a size equivalent to the 300 mm Baerveldt, that addi-
tional pressure lowering was minimal if at all present [ 16 ]. 
The single-plate implants used most frequently at the present 
time include the single-plate Molteno3 implants 175 and 
230 mm 2 , the Baerveldt implant 250 and 350 mm 2 , and the 
Ahmed and Krupin implants both 184 mm 2 . A newer single-
plate Molteno implant, a modifi ed Molteno3, will be described 
later (Fig.  19.4 ). Very little additional pressure lowering is 
obtained with implants larger than 175 mm 2 . The introduction 
of the single-plate larger-size implants has made the surgical 
procedure easier, as well as freeing up an additional superior 
quadrant should an additional implant be required.

    The introduction of delayed release of aqueous to the plate 
surface was observed to result in a less intensive tissue reac-
tion over the plate, especially if the intraocular pressure was 
elevated. Molteno made the observation that the intensity of 
the infl ammation depended on the patient’s age and the inten-
sity of the glaucoma. The immediate release of aqueous onto 
the plate surface in the presence of high IOP resulted in a 
more fi brosed and less effi cient bleb. This reaction occurs as 
a result of the passage of proinfl ammatory cytokines present 
in glaucomatous aqueous. In infants and the elderly, without 
severe glaucoma, the tube opening is followed by low-normal 
IOP and 3–4 weeks later moderately elevated IOP. In severe 
glaucoma and young healthy patients, the pressure rises 
sooner and is higher with a more marked infl ammatory reac-
tion over the plate. Molteno found that in these patients, this 
reaction and the hypertensive phase could be modifi ed with 
the use of anti-fi brosis systemic medication.  

  Fig. 19.3    Aqueous bubble exiting anterior chamber via Sherwood slit 
in silicone tube         Fig. 19.4    Molteno3 with low ridge and anteriorly placed suture holes       
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    The Control of Postoperative Infl ammation 
and the Hypertensive Phase of the Bleb 

 Molteno found that the use of a systemic combination of 
drugs, comprising steroids, nonsteroidal anti- infl ammatories, 
and colchicine, given in combination, reduced postoperative 
infl ammation [ 6 ]. Furthermore the additional use of topically 
applied epinephrine and atropine had an additive effect. 
According to Molteno the medication should not be given 
prior to the fl ow of aqueous onto the plate surface as this will 
prevent the formation of a preformed bleb lining, resulting in 
increased hypotony after the tube opens. The use of Molteno’s 
anti-fi brosis drug regimen, albeit effective, has not been 
adopted universally. The reason for this is that the drugs need 
to be taken within 4–5 days after the operation and continued 
usually for a period of 6 weeks. There are multiple side 
effects related to their use, and often the patients need to be 
hospitalized in order to be monitored, an impractical situa-
tion in many countries. 

 Maintaining a low IOP after the tube opens will result in 
a more functional bleb. This can be achieved with the use of 
hypotensive medications used from the time of implant 
insertion for 12 weeks, a period that will include the hyper-
tensive phase. An alternative method has been introduced to 
treat the hypertensive phase, consisting of removing aqueous 
from the bleb, using a 30-gauge needle, a procedure that can 
be done in the offi ce and which can be repeated weekly or 
less frequently until the stable stage of the bleb is reached 
[ 17 ]. The use of this technique has resulted in the develop-
ment of thinner and more functional blebs. Aqueous removed 
from blebs during the hypertensive phase has been shown to 
contain cytokines, namely, TGFβ (transforming growth fac-
tor beta) and PGE2 (prostaglandin E2) [ 18 ]. Recent research 
has discovered additional cytokines in glaucomatous aque-
ous, the most consistent being interleukin-8 and monocyte 
chemotactic protein (MCP-1 and MCP-2), all of which are 
proinfl ammatory (current research to be published). 
Therefore tapping the bleb not only lowers the IOP but also 
at the same time removes these proinfl ammatory products 
resulting in less postoperative infl ammation and subse-
quently thinner and more functional blebs. 

 Clinical observation, relating to the effect of the hyperten-
sive phase of the bleb, has indicated that a hypertensive 
phase in which the pressure is very high and prolonged will 
result in a fi nal bleb with a thicker lining rendering it less 
effective. Another observation made is that the hypertensive 
phase is more marked if the aqueous is allowed to reach the 
plate surface at the time of surgery [ 19 ]. As previously stated, 
“glaucomatous aqueous” has been shown to contain proin-
fl ammatory cytokines, which will result in an early intense 
infl ammatory reaction over the plate producing an infl amed 
bleb wall, which in turn results in a more intense hyperten-
sive phase. Preventing aqueous from reaching the plate sur-
face, until the IOP has been lowered and thereby containing 

less cytokines, has proven to decrease the intensity of the 
infl ammatory reaction over the plate as well as a less intense 
hypertensive phase.  

    Development of Ancillary 
Methods for Bleb Fibrosis Control 

 The understanding of bleb physiology has resulted in the 
development of ancillary methods for bleb fi brosis control. 
The implant per se only really acts as a conduit for transport-
ing aqueous from the anterior chamber to the subconjuncti-
val space as has been previously mentioned. The main 
factors involved in bleb formation are the aqueous and the 
tissue over the plate. The initial aqueous is proinfl ammatory 
due to its contents of cytokines, and the tissue, most specifi -
cally Tenon’s capsule, contains the messenger RNA (mRNA) 
for tumor necrosis factor-beta (TGFβ), a proinfl ammatory 
cytokine [ 20 ]. Controlling aqueous fl ow to the plate and 
manipulating Tenon’s capsule or a combination of both was 
thought to offer promise in the control of bleb fi brosis. 

 Preventing aqueous from reaching the plate surface in 
non-valved implants is accomplished by tubal occlusion as 
has been described. Prior to this technique Molteno utilized 
a two-stage procedure to prevent aqueous fl ow to the plate. 
Following placement of the implant, the tube was not intro-
duced into the eye, but only done so 6 weeks later when a 
thin fi brous capsule had developed over the plate. This tech-
nique was associated with actively lowering the IOP as much 
as possible with medications, so that when the tube was 
fi nally introduced into the eye, the IOP was lower than the 
IOP at the original surgery, thereby lowering cytokine levels 
and thus the fi brotic potential of the aqueous. Because the 
two-stage procedure was originally designed to prevent post-
operative hypotony, with the advent of the vicryl tie method, 
this technique was abandoned by Molteno. However it also 
led to the development of the dual chamber implant. Although 
developed to control hypotony as previously explained, the 
dual chamber implant also prevented the fl ow of aqueous to 
the second chamber, and this occurred usually after the IOP 
had been lowered by its isolation in the anterior chamber and 
subsequent formation of a draining bleb over this chamber, 
before allowing fl ow to the main plate surface. This resulted 
in a different type of aqueous fl owing onto the plate, one 
with less cytokines, resulting in the formation of a thinner 
and more effi cient bleb. Molteno has demonstrated this 
occurrence with histology gleaned from a postmortem eye 
(Fig.  19.5 ).

   Removal of Tenon’s capsule has been described associ-
ated with standard glaucoma procedures with good results 
regarding improvement of bleb function [ 21 ]. The manipula-
tion of Tenon’s capsule with glaucoma implant surgery was 
introduced some 20 years ago. This method consists of the 
fashioning of a pocket between the conjunctiva and Tenon’s 
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capsule into which the implant was placed (Fig.  19.6 ). The 
technique has been described. The thought behind this pro-
cedure was twofold: fi rstly to decrease the thickness of the 

tissue forming the bleb capsule, comprised mainly of Tenon’s 
capsule, and secondly to remove a potent source for the pro-
infl ammatory cytokine TGFβ, whose mRNA has been shown 
to reside in Tenon’s capsule. Clinically this method has 
proven to be effective in refractory glaucoma case [ 22 ,  23 ]. 
The procedure was initially done with the original single- 
plate Molteno implant and subsequently with the larger 
Molteno3 implant which also has an anterior ridge forming a 
dual chamber. This ridge became a problem when used for 
supra-Tenon placement of the implant, as the thinning of the 
covering tissue led to erosions over the ridge necessitating 
removal of the implant. At the request of the author, Molteno 
agreed to lower the ridge and as an adjunct to this modifi ca-
tion also moved the suture holes anteriorly, resulting in the 
development of a modifi ed Molteno3 implant. Although spe-
cifi cally designed for supra-Tenon placement, the modifi ed 
Molteno3 has become popularized for use in standard 
implant procedures as well.

   The understanding of bleb physiology, as well as tech-
niques described to assist in decreasing bleb fi brosis, sug-
gests a template for managing bleb fi brosis which can be 
summarized in the following paragraphs. 

  Fig. 19.5    Histology of bleb over dual chamber Molteno implant, showing thick bleb reacting to initial cytokine aqueous over anterior plate 
chamber and thin bleb over plate when IOP is lower and cytokine content has decreased       

  Fig. 19.6    Pocket between Tenon’s capsule anteriorly and conjunctiva 
posteriorly for insertion of supra-Tenon implant       
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 Raised IOP results in the production of proinfl ammatory 
substances consisting predominantly of cytokines. Methods 
to prevent these cytokines from reaching the plate surface 
include the following:
    1.    Preventing aqueous from reaching plate surface until IOP 

has been lowered by medical therapy.   
   2.    If immediate IOP lowering cannot be accomplished, use 

systemic anti-fi brosis medical regime as soon as aqueous 
reaches plate surface.   

   3.    If fi brosis still occurs with the above methodology, the 
tissue may be manipulated by placing the implant into a 
supra-Tenon pocket.     
 The interaction between aqueous and the tissue has been 

further defi ned by the histological fi ndings of bleb develop-
ment, by Molteno, and the defi ning of the cytokine content of 
the aqueous and its relation to IOP, by other investigators 
[ 18 ,  24 ,  25 ]. The interaction between aqueous and the tissues 
has shown that there is a correlation between the hyperten-
sive phase of bleb physiology and the nature of the fi nal bleb 
function. Should the hypertensive phase be intense, not well 
controlled, and prolonged, the fi nal bleb is more likely to 
have a thick poorly functioning bleb wall. 

 The use of systemic anti-fi brosis medication will result in 
a more successful bleb. 

 The ability to control the IOP, prior to allowing aqueous 
access to the plate surface, results in an aqueous with a lower 
content of proinfl ammatory cytokines and a more successful 
bleb. A further observation has been that prolonged normal-
ization of the IOP in the postoperative period will enhance 
the success of the bleb. Elevation of IOP in the bleb has been 
shown to be associated with higher levels of proinfl amma-
tory cytokines, which in turn increases infl ammation in the 
bleb resulting in bleb wall fi brosis. 

 Molteno has explained bleb behavior of bleb tissue around 
implants. He suggests that in cases of severe glaucoma, there is 
impairment of blood supply, resulting in the production within 
the eye of “metabolites” which are shed into the aqueous. 
These “metabolites” have been identifi ed as proinfl ammatory 
cytokines, the main one being TFGβ. The cytokines cause 
marked infl ammation in the episcleral tissue overlying the 
implant plate. The levels of cytokines are proportional to the 
severity of the glaucoma, more specifi cally to the height of the 
IOP. Higher IOP results in increased cytokine levels [ 18 ]. This 
would account for the observations that control of IOP prior to 
allowing aqueous to reach the plate surface results in less 
fi brotic blebs, as does control of the hypertensive phase of bleb 
development. The infl ammatory response varies with individ-
ual patients; nonetheless there does appear to be a decrease of 
both the infl ammatory response and fi brous tissue deposition 
with increasing age, that is elderly patients, as well as with 
infants in the fi rst few years of life. The stable bleb that occurs 
with normalization of IOP shows a loss of fi broblasts with 

degeneration and fragmentation and disappearance of collagen 
fi brils, as reported by Teng Chi and Katzin [ 26 ]. These changes 
are largely confi ned to approximately the inner half of the bleb 
wall and may refl ect the fact that aqueous is being removed by 
a network of small vessels in the inner bleb wall. These changes 
may be occurring due to the loss of the effect of the cytokines 
in the aqueous. 

 Based on Molteno’s original implants, changes have 
evolved, leading to physical changes in implant design and 
the application of additional surgical techniques utilized in 
present-day glaucoma implants. 

 Many of the aspects relating to present-day long-tube 
glaucoma implants have evolved directly from the Molteno 
implant and have done so as a result of research both by 
Molteno, in particular his excellent research on bleb patho-
physiology, and by other investigators. A chronology of 
these advances lends insight into how medical devices 
change as a result of ongoing research once the initial seed 
has been planted. 

 Molteno utilized a lamellar scleral dissection to form a fl ap 
under which the silicone tube was placed prior to its insertion 
into the anterior chamber. The elimination of this technique, 
by the introduction of the full-thickness donor scleral patch, 
was the fi rst modifi cation of Molteno’s original surgical pro-
cedure for implant insertion [ 27 ]. The reason for the modifi -
cation was the fi nding that the suturing of the    fornix- based 
scleral fl ap resulted in pressure on the posterior end of the 
tube pushing the intraocular distal end close to the cornea. 
Furthermore as the original scleral fl ap was lamellar, it was 
thin and led at times to erosion of the tube. Based on these 
observations it made sense to try and cover the tube with full-
thickness sclera as this would allow the anterior part of the 
tube to follow the contour of the globe and therefore on inser-
tion into the eye actually be defl ected away from the cornea. 
The full-thickness sclera would also be less likely to erode. 
Molteno continued to use his lamellar technique, but at times 
would place a full scleral patch over the lamellar technique. 
Interestingly at the present time the use of the combined tech-
nique has been adopted by other surgeons and may be the best 
way to avoid later tube erosion. The subsequent use of differ-
ent materials to cover the tube has been introduced to include 
the dura [ 28 ], pericardium, artifi cial collagen, and cornea. 
A technique has been described for handling the tube without 
a lamellar scleral dissection, nor the use of a covering patch. 
This technique consists of the use of a long episcleral 
23-gauge needle track for introducing the tube into the eye 
[ 29 ]. The reason given for using this technique is that the tight 
fi t around the tube, by preventing lateral movements around 
the tube, decreases the supposed trauma which may be the 
reason for the erosion seen with the patch and lamellar dissec-
tion. Nonetheless erosion has also been reported associated 
with this track method of tube coverage. 
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 The problem of hypotony, as described, resulted in the 
development of the valved implant and the process of tubal 
occlusion by internal and external suture techniques. 

 The pressure ridge Molteno implant, although at present 
utilized in routine implant surgery, was to a large extent 
developed for use in neovascular glaucoma. Neovascular 
glaucoma commonly presents with very high IOP, requiring 
immediate pressure lowering. A “valve” of sorts needed to 
be developed. The subsidiary ridge of the pressure ridge 
implant acts as a pressure-sensitive valve limiting postopera-
tive hypotony, but only when inserted according to the 
method described by Molteno as previously indicated. 

 Although there is still limited use of double-plate 
implants today, the present trend is for the use of single-
plate implants. This has led to the development of larger-
size single-plate implants as seen in all of the implants in 
use today. Clinical studies regarding the effect of plate size 
has led to the change from double-plate to larger single-
plate use. These studies have shown that although larger-
sized plates do have a pressure- lowering advantage, this 
increase in plate size is not exponential, and the ideal plate 
size lies probably between 175 and 250 mm.    Experiments 
have shown that by increasing the internal radius of the 
bleb, the surface tension increases, Laplace’s law, causing 
bleb fi brosis and capsule thickening, thereby decreasing the 
effi ciency of the bleb [ 30 ]. Additionally the surgical advan-
tages of single-plate use, which include ease of insertion, 
and single-quadrant use have also contributed to the change 
from double-plate use.  

    The Changes in Glaucoma Implant Use 

 Molteno originally suggested a template for the use of 
Molteno implants, and this template affords a review of 
changes that have taken place in implant use. 

 The Molteno template concerns use of single- and 
double- plate implants. The decision as to which model to 
use was based on the area of bleb required for long-term 
control of IOP. This decision has largely been eliminated 
now by the introduction of large single-plate implants. 
However, the following concept elucidated by Molteno may 
still be in effect with very large models of single-plate 
implants. Molteno suggested that the ciliary body function 
was of importance in deciding single or double plates and 
therefore by inference, smaller or larger single-plate 
implants.    Where ciliary body function is impaired, the tem-
plate suggests use of a single plate as excessive drainage in 
these eyes, by double plates or very large single plates, 
could result in excessive hypotony. The following have been 
suggested as possible causes for decreased aqueous produc-
tion: older and frail patients, previous cyclodestructive 

 procedures, intraocular infl ammation, and advanced vascu-
lar disease. Clinical signs suggestive of poor aqueous pro-
duction include advanced glaucomatous changes in the 
absence of raised IOP, the presence of iris neovasculariza-
tion, and evidence of carotid stenosis. Much of this part of 
the template can be ignored today as even the smallest size 
single plate is usually suffi cient to obtain the necessary low-
ering of IOP, and if not, a second plate can be inserted into 
the unused quadrant of the eye. 

 The template suggested a two-stage procedure, where 
medical control was good enough to tolerate a delay of up to 
5 weeks, before drainage is established. This technique had 
the advantage of reducing the amount of fi brous tissue in the 
bleb wall. This also has been eliminated by the stent and 
vicryl occlusion method. However, the introduction of the 
valved implant negates the advantage obtained by utilizing 
this method of delayed bleb formation. The template sug-
gested the use of the pressure ridge implant for treating neo-
vascular glaucoma. The larger Molteno implants, apart from 
the newest modifi ed Molteno3, can still be used for this 
 purpose. For the treatment of neovascular glaucoma, 
a valved implant does have an advantage. Non-valved 
implants may be used, even in the presence of a dual cham-
ber, by ignoring the dual chamber and using an occlusive 
technique on the tube, with the addition of the relieving slit 
technique. 

 The template advocated by Molteno was specifi cally for 
the use of Molteno implants. With the subsequent introduc-
tion of different glaucoma implants, has the template 
remained the same, have there been changes, and what infl u-
ence has the template had on our current use of glaucoma 
implants today? The template for present-day glaucoma 
implants incorporates many of the features introduced by 
Molteno, with, perhaps, one very signifi cant change, that 
being the question of which implant is the most effi cient in 
reducing IOP. Comparative studies involving the three most 
commonly used implants, Molteno, Baerveldt, and Ahmed, 
in different computations and performed by independent 
investigators, as well as in multicenter, randomized clinical 
trials, have in general indicated that no implant demonstrates 
a marked superiority in IOP control. The original concept of 
plate size being important has largely been negated by the 
use of large single-plate implants, available in all three 
implants. 

 The use of the different implants depends mainly on fac-
tors that have to do with ease of surgical implantation, post-
operative management, and lack of complications, with the 
assumption that all lower the IOP similarly. However, stud-
ies comparing valved to non-valved implants have shown 
that the pressure-lowering ability of non-valved implants 
does have a better IOP-lowering ability in the long term, 
albeit minimal. 
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 The newer implants are all based on the original long- tube 
implant of Molteno. The modifi cations incorporated into the 
Ahmed and Baerveldt implants were done predominantly to 
facilitate surgical implantation.  

    Changes Incorporated to Facilitate 
Surgical Implantation 

 The introduction of a large single-plate Baerveldt implant, 
and later the large single-plate Ahmed implant, essentially 
improved on the diffi culty associated with inserting the 
double- plate implant requiring two-quadrant placement. 
Molteno has subsequently followed this change by intro-
ducing large single-plate Molteno implants. The placement 
of the anterior suture holes in the original small and subse-
quently larger Molteno3 implant was specifi cally situated 
in a posterior position, to facilitate the suturing of the 
implant adjacent to the insertions of the recti muscles, 
which placed the bulk of the implant plate at the equator. 
With the introduction of the dual ridge implant, the place-
ment of these suture holes became even more important, 
allowing Tenon’s capsule to be pulled tightly over the ridge, 
thereby isolating the anterior small chamber. This was 
accomplished by suturing Tenon’s to the muscle insertions. 
The diffi culty presented by these posterior suture hole 
placements resulted in many surgeons changing to either 
Baerveldt or Ahmed implants with their anterior suture 
hole placement. The recently introduced modifi ed Molteno3 
has anteriorly placed suture holes for the previously 
described reasons. Thus the placement of the suture holes 
in an anterior position, in all commonly used implants, has 
been a modifi cation that has signifi cantly improved the ease 
of insertion. 

 The original Molteno implant plates consist of polypro-
pylene, a hard and relatively infl exible material. The 
Baerveldt and some Ahmed implants are made of silicone, 
a slightly more fl exible and therefore easier material to han-
dle surgically. An additional modifi cation of the Baerveldt 
implant is the low profi le, again facilitating ease of insertion. 
Modifi ed Molteno3 implants now also are more fl exible, 
being thinner, more curved to follow the contour of the 
globe, and made of a different polypropylene. 

 The introduction of a valve system in the Ahmed implant 
resulted in the ability to avoid postoperative hypotony, 
a major problem previously confronted with implant use. 
Other methods for preventing postoperative hypotony have 
also been instituted as mentioned, consisting of tubal occlu-
sion and the use of the dual chamber Molteno implants in a 
manner described by Molteno. Although most of the modifi -
cations associated with further developments in long-tube 
implants have been advantageous, there also have been some 
deleterious effects.  

    Adverse Effects Associated with Long-Tube 
Glaucoma Implant Modifi cations 

 The utilization of the muscles for implantation of the 
Baerveldt implant, as well as the increase in size and thereby 
the height of the bleb, has been associated with diplopia [ 31 ]. 
Further modifi cation, being introduction of holes into the 
plate, was instituted to decrease this complication. The holes 
allowed the plate to be more fi rmly attached to the underly-
ing sclera by fi brous tissue growth through them, thus lower-
ing the plate profi le. 

 The use of a valved implant resulted in early access of 
“glaucomatous” aqueous to the plate surface, which resulted 
in a more severe hypertensive phase and consequently a 
more fi brosed and less effi cient bleb. 

 The introduction of an external material to cover the 
external portion of the silicone tube has not proven to be fail- 
safe in preventing erosion and tube exposure. The cure for 
these tubal exposures has proven to be challenging. Reverting 
to a combination of a lamellar scleral fl ap, in addition to a 
superimposed patch, may be an option to preventing tubal 
exposure. The nature of the silicone tubing has remained 
unchanged since the inception of long-tube implants, apart 
from the fi nal location within the eye. Tubes are now placed 
into the anterior chamber, the sulcus, retrolenticular in pseu-
dophakia, and the vitreous chamber, after total vitrectomy. 
The effect of anterior chamber tubes on endothelial health 
has been a concern, but no prospective, comparative study 
has been done to confi rm the deleterious effect of tubes on 
the endothelium. Localized endothelial tube touch may result 
in local corneal decompensation, but whether this will rou-
tinely produce diffuse corneal decompensation has not been 
determined.  

    What Is the Status of Glaucoma 
Implant Use at the Present Time? 

 Glaucoma implant use has increased exponentially since the 
introduction of the Molteno long-tube implant 40 years ago. 
A report on the use of various glaucoma surgeries specifi -
cally on Medicare patients in the USA indicated a 184 % 
increase in the number of tube-shunt procedures and a con-
current 43 % decrease in trabeculectomies performed 
between 1995 and 2004 [ 32 ]. Practice patterns in glaucoma 
surgery reported by the American Glaucoma Society, gleaned 
from a survey of its members, indicated that the selection of 
tube implants as the preferred surgical approach increased 
from 17.5 % in 1966 to 50.8 % in 2008 [ 33 ]. 

 Numerous studies reporting results obtained with the dif-
ferent implants either individually or comparatively are 
available. The majority of the studies are retrospective 
reports, involving individual implants. Characteristically 
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comparative reports have been done between two different 
types of implant, comparing the effect of size and the pres-
ence or absence of a valve [ 34 – 37 ]. There are also prospec-
tive studies comparing two different types of implant [ 38 ], 
but of these there is only one multicentral, randomized study 
that has been done [ 39 ]. This study compared Ahmed and 
Baerveldt implants. The conclusions derived from this study 
indicated that the pressure-lowering effect of the Baerveldt 
was minimally better. A prospective study comparing single- 
plate Ahmed implants to single-plate Molteno implants 
found that the Molteno group had a greater percentage drop 
in IOP from baseline at 2 years than did the Ahmed group. 

 In a literature review, Hong et al. reported that the overall 
success rate of    four individual long-tube implants, namely, 
Molteno, Krupin, Baerveldt, and Ahmed implants, averaged 
between 72 and 79 % [ 40 ]. A study comparing the effi cacy of 
single- and double-plate Molteno implants indicated that the 
double plate had a better IOP-lowering potential than the 
single plate. This report together with Molteno’s earlier 
observation suggested that the double-plate implant was 
more effi cient in lowering IOP. This observation was 
retracted by Molteno based on the results of a long-term later 
study, by him, which indicated that there was no statistical 
difference in pressure lowering between the original single- 
plate and double-plate Molteno implants [ 41 ]. Studies com-
paring double-plate Molteno implants to the single-plate 
larger implants, Ahmed and Baerveldt, have shown that the 
double-plate Molteno and the 350 mm 2 -Baerveldt implant 
had relatively similar reduction in IOP [ 36 ]. The double- 
plate Molteno implant produced a statistically lower IOP 
than the single-plate Ahmed implant [ 37 ]. The newer large- 
size single-plate Molteno implants have, as of yet, not been 
compared in a prospective or retrospective study to any of 
the other non-Molteno long-tube single-plate implants. 

 Based on the present reports available regarding pressure- 
lowering ability of the various implants, there appears to be no 
clear advantage ascribed to any of the available implants 
mainly used at the present time. Non-valved implants do, how-
ever, seem to have a minimal advantage in IOP lowering in the 
long term, as seen in direct comparative studies. The individ-
ual choices of implant use would appear to depend on the 
implant used during fellowship training, the ease of surgical 
implantation, and to a lesser extent the belief in possible fewer 
complications associated with the chosen implant. This obser-
vation would suggest that no single implant in the eyes of the 
surgeon has a more likely pressure-lowering ability than any 
other implant. The implants have therefore become predomi-
nantly conduits for the transportation of aqueous from the eye 
to the subconjunctival space. Results obtained with the indi-
vidual implant will therefore depend predominantly on the 
pathophysiology of bleb formation in the individual patient. 

 The factors mainly concerned in bleb physiology are the 
aqueous and the tissue reaction over the plate.  

    The Future Direction of Glaucoma Implants 

 In the last 40 years, glaucoma implants have progressed from 
paralimbal large infl exible implants to the present-day vari-
ety of single-plate long-tube implants. Changes over the 
years have involved mainly the plate portion of the implant, 
the tube remaining essentially as introduced originally. The 
size of the plate appears to have reached a size that is able to 
produce a standard pressure-reducing effect, with little 
advantage obtained by utilizing single plates any larger than 
175 mm 2 . Studies comparing the different plate materials 
available in the same variety of implant, namely, silicone and 
polypropylene, arrived at various conclusions. One study 
suggested improved intraocular pressure control with sili-
cone implants, whereas a second study suggested that the 
silicone implants were only more effective in the fi rst 3 
months after implantation, but the complication rate with the 
polypropylene implants was higher than the silicone group. 
A third study suggested better pressure lowering in the sili-
cone group and once again more complications with the 
polypropylene group [ 42 – 44 ]. The more fl exible silicone 
material did result in ease of implantation of the device. 
There are many grades of polypropylene, some more inert 
and more fl exible than others, and unless the grade of poly-
propylene is indicated, the comparative studies to silicone 
are fl awed. The thickness of the plate will also affect the fl ex-
ibility. The development of a more suitable material for the 
implant plate is an area for future research. 

 Future possible modifi cations relating to the silicone tube 
do appear to be necessary. The two main problems related to 
the tube are the methods available for covering the tube in its 
path from plate to anterior chamber. Erosions in the tissue 
covering the tube present one of the most common and frus-
trating problems seen in implant use. The present methods 
utilized for covering the tube have proven to be anything but 
fail-safe. Various tissues have been tried as coverings for the 
tube, with or without an associated lamellar scleral fl ap, but 
none has shown any marked superiority in preventing tube 
erosion. A possible solution to this problem may be to shorten 
the external exposure of the tube, as well as changing the 
direction of the tube to a more posterior situation, thus avoid-
ing pressure of the tube on the overlying covering tissue. 
Both of these modifi cations would be achieved by placing 
the tube into the vitreous, rather than the anterior chamber. 
This modifi cation would also eliminate the possible effect 
the tube has on the vitality of the corneal endothelium, 
another unwanted complication of glaucoma implant use. 
This modifi cation would necessitate a total vitrectomy, 
which has become a safer and simpler procedure with the 
introduction of small-bore needle vitrectomy. 

 The glaucoma implants are presently used mainly follow-
ing failure of previous glaucoma fi ltering procedures, as well 
as primarily in eyes with complicated glaucoma, such as 
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uveitic and neovascular glaucoma. A prospective study com-
paring tubes to trabeculectomy in patients with previous 
ocular surgery resulted in a higher success rate in IOP con-
trol in the tube group after 5 years of follow-up [ 45 ]. The 
study comparing trabeculectomy to tubes in patients without 
previous glaucoma surgery has not as yet published results. 
Individual reports comparing tubes and trabeculectomy have 
been published [ 46 ]. The results of these studies indicated 
that the cumulative probability of success was similar 
between the two treatment groups after 1 year follow-up. 
There may be a trend in the future to use tubes as the primary 
surgical procedure for all types of glaucoma requiring glau-
coma surgery. 

 The mechanism involved in bleb physiology remains the 
key for the future research relating to the improvement of 
results with glaucoma implant use. The choice of implant use 
at the present time depends primarily on the implant that the 
glaucoma specialist was using during fellowship training, 
and this trend is adhered to as the variety of implants avail-
able today, differ minimally from each other. 

 Many reports have appeared in the literature over the 
years discussing the pros and cons of the various long-tube 
implants available today. The reports all tend to focus on 
which implant is better, what changes in implant materials 
are needed, which is easiest to insert, and which has the least 
complications. The fi ndings are mostly inconclusive regard-
ing all of the parameters mentioned. What is consistent in 
most of the studies relating to long-tube glaucoma implants 
is that almost all the reports concentrate on the device.    Large, 
small, polypropylene, silicone, and surgical-related prob-
lems. As previously mentioned all devices in the end are sim-
ply conduits transporting fl uid from the anterior chamber to 
the chosen place, most commonly the subconjunctival space. 
The true mechanism which determines the IOP is the bleb, 
and this depends on the physiology of its formation and the 
chemical contents of the aqueous. The shunt itself plays only 
a small role in determining the effectivity of the bleb. The 
patient’s infl ammatory reaction, the nature of the tissue, and 
the aqueous contents will determine the effectivity of the 
bleb. Molteno has shown over the past 40 years that the bleb 
is a viable and changing structure. This is the reason that dif-
ferent results are obtained in different patients using the 
same devices very often by the same surgeon. Finally 
the choice of device more often than not has more to do with 
the ease of insertion, lack of complications, and  postoperative 
ease of care, which often has little to do with the fi nal out-
come of pressure control. 

 This suggests that in order to improve results in IOP low-
ering, research should be directed into the better understand-
ing of the mechanisms involved in bleb formation and 
methods that might be employed to improve bleb fi ltration.     
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          Introduction 

 Glaucoma drainage devices are helpful in the management 
of intractable glaucoma, which does not respond well to con-
ventional medical and surgical therapies. Surgeons also may 
choose to use glaucoma drainage devices for primary sur-
gery for glaucoma [ 1 ]. The Ahmed Glaucoma Valve is a 
glaucoma drainage device that has a fl ow-resistive valve 
mechanism [ 1 ]. This valve is helpful in minimizing postop-
erative hypotony and complications associated with hypot-
ony, including fl at anterior chamber, choroidal effusions, and 
suprachoroidal hemorrhage [ 2 ,  3 ]. 

 After Ahmed Glaucoma Valve implantation, patients may 
require adjunctive antiglaucoma medications for adequate 
control of intraocular pressure (IOP) [ 2 – 4 ]. With smaller 
glaucoma valve implants, such as the Molteno implant, 
increasing the device surface area may lead to lower mean 
IOP and fewer adjunctive glaucoma medications [ 5 ,  6 ]. 
However, additional surface area does not dramatically 
improve the results with larger implants, such as the Ahmed 
Valve and the Baerveldt implant [ 7 – 10 ]. In contrast with tra-
beculectomy, use of adjunctive mitomycin C does not appear 
to improve the results with the Ahmed Glaucoma Valve [ 11 ]. 

 In experimental studies, different glaucoma drainage 
implant plate materials may infl uence capsule formation and 
infl uence the results of glaucoma drainage implants [ 12 ,  13 ]. 
In clinical comparisons, different plate materials have been 
associated with signifi cant difference of mean postoperative 
intraocular pressure in some [ 14 – 16 ] but not in all studies [ 17 , 
 18 ]. In a randomized prospective trial, transient elevation of 
IOP during the early postoperative period, known as a “hyper-
tensive phase,” was less frequent after silicone plate compared 

with polypropylene plate Ahmed Glaucoma Valve implanta-
tion [ 14 ]. In addition to implant plate size and material, other 
variables infl uencing success of glaucoma drainage implant 
surgery have been identifi ed, including race, treatment with 
silicone oil endotamponade, and neovascular glaucoma [ 19 ]. 

 A silicone plate Ahmed Glaucoma Valve has demonstrated 
effi cacy and safety in clinical studies [ 14 – 18 ]. An Ahmed 
Glaucoma Valve plate constructed with porous material has 
been developed and is Food and Drug Administration (FDA) 
approved. This new plate material may offer advantages in 
reducing encapsulation of the implant, thereby potentially 
improving postoperative IOP control.  

    Device Description 

 The Ahmed Glaucoma Valve (New World Medical, Inc., 
Rancho Cucamonga, CA) Model FP7 has a silicone plate, 
which has 184 mm 2  surface area. The Model M4 (Fig.  20.1 ) 
has a porous polyethylene plate, which has 160 mm 2  surface 
area not including the surface area of the pores. The M4 plate 
length is 14 mm, the plate width is 10.5 mm, and the thick-
ness is 2 mm. Both the Model FP7 and Model M4 are Food 
and Drug Administration approved for implantation in 
humans with intractable glaucoma.

   The Model M4 plate is approximately the same size as the 
Model FP7 plate (191 and 160 mm 2  surface area, respec-
tively). However, the theoretical surface area of the M4 is 
much higher because of the porous nature of the material. 
The porous polyethylene material is a biocompatible allo-
plastic material, which is formed by a proprietary process 
(Porex Corporation, Fairburn, GA). The porous plate mate-
rial is high-density polyethylene with a long history of use in 
surgical implants (MEDPOR Biomaterial implants). The 
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pores allow collagen and mature blood vessels to grow into 
the material [ 20 ]. Tissue integration and vascular ingrowth 
into the pores improve resistance to infection, exposure, and 
extrusion [ 21 ,  22 ]. In the Model M4, average pore sizes are 
greater than 100 μm and pore volume is in the 50 % range, 
with an interconnecting open pore structure that allows for 
tissue ingrowth. 

 In experimental models, the Ahmed Glaucoma Valve with 
a surrounding porous membrane of expanded polytetrafl uo-
roethylene (ePTFE) has thinner and more vascular capsules 
compared with the unmodifi ed implant [ 23 ]. Implants with a 
ePTFE membrane showed higher resistance at low fl ow rates 
and lower resistance at high fl ow rates [ 24 ]. The porous poly-
ethylene used in the Model M4 Ahmed Glaucoma Valve is 
stiffer and less deformable compared with porous ePTFE, 
which provided better fl uid pressure distribution in the 
implant approved for human use.  

    Surgical Procedure 

 The surgical procedure is similar for the Model FP7 (silicone 
plate) and the Model M4 (porous plate) Ahmed Glaucoma 
Valves (Video  20.1 ). The implant should be examined and 
primed prior to implantation. Priming is accomplished by 
injecting balanced salt solution (BSS) through the drainage 
tube and valve, using a blunt cannula. Because the valve is 
encased in the porous material, streaming of BSS is not 
observed during priming. Flow is verifi ed by visualizing 
oozing of BSS through the porous material. 

 An incision is made at or near the limbus, through the 
conjunctiva and Tenon’s capsule. A pocket is formed at the 
superior quadrant between the medial and lateral rectus mus-
cles by blunt dissection of Tenon’s capsule from the epi-
sclera. The valve body is inserted into the pocket between 
the rectus muscles and sutured to the episclera. The leading 
edge of the device should be at least 8–10 mm from the lim-
bus. The “rough” surface of the Model M4 helps to hold the 
implant in position while anchoring the plate to the sclera. 

 The drainage tube is trimmed to permit 2–3 mm insertion 
of the tube into the anterior chamber. The tube is cut bevel up 
to an anterior angle of approximately 30° to facilitate insertion 
and avoid occlusion by the iris. A paracentesis is performed 
and the anterior chamber is entered at the limbus with a sharp 
23-gauge needle, parallel to the iris. The drainage tube is 
inserted approximately 2–3 mm into the anterior chamber, 
through the needle track and parallel to the iris. The leading 
edge of the device should be 8–10 mm from the limbus. 

 The exposed drainage tube is covered with a small piece 
of preserved donor cornea, sclera, or pericardium, which is 
sutured into place and the conjunctiva is closed. As an alter-
native, a partial-thickness limbal-based scleral fl ap may be 
made. The tube is inserted into the anterior chamber through 
a 23-gauge needle puncture made under the fl ap. 
Postoperatively, the patient is treated with topical corticoste-
roids and antibiotics, tapered over approximately 6 weeks. 
After surgery, patients are usually examined at 1 day, 1 week, 
3–4 weeks, and at regular 3–4-month intervals thereafter.  

    Clinical Results 

 In a retrospective comparative study [ 25 ], 40 eyes were 
implanted with the Model M4 implant with an average of 
1.4-year follow-up and compared with 38 eyes treated with 
the Model S2 (polypropylene plate) and 76 eyes treated with 
the Model FP7 (silicone plate). After treatment with the 
Model M4 implant, the mean IOP was reduced from 
27.0 ± 12.0 to 15.0 ± 4.0 mmHg at 1 year, which was not sta-
tistically signifi cantly different, compared with the groups 
treated with Models S2 and FP7. The cumulative probability 
of success was higher, but not statistically signifi cantly dif-
ferent in the M4 group (80 %) compared with the FP7 (70 %) 
and S2 (66 %) groups ( P  = 0.99). Blebs formed in the M4 
group were low profi le. In this small series, complications 
were similar among groups, although statistically signifi -
cantly lower mean IOP at 1–3 months in the M4 group sug-
gested less “hypertensive phase” in patients treated with the 
Model M4 implant. Further studies are needed to determine 
the long-term safety and effi cacy of the Ahmed Glaucoma 
Valve M4 implant.  

  Fig. 20.1    Ahmed Glaucoma Valve M4 (porous plate). The device has 
a porous polyethylene shell, which allows soft tissue growth into pores 
and integration with surrounding tissue (Photograph courtesy New 
World Medical, Inc., Rancho Cucamonga, California)       
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    Conclusion 

 The Ahmed Glaucoma Valve Model M4 has a porous 
plate, which allows integration of vascular tissue with the 
plate. Early clinical results suggest similar intraocular 
pressure control compared with other Ahmed Glaucoma 
Valve plates. Potential advantages include reduction of 
hypertensive phase and low-profi le bleb. It is anticipated 
that, if needed, explantation of the device would be more 
diffi cult compared with other Ahmed Glaucoma Valve 
plates. The long-term safety and effi cacy of this device 
are under evaluation at this time.     
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        The CyPass Micro-Stent is the fi rst suprachoroidal micro- stent 
developed by Transcend Medical. At the current time, it is an 
investigational device under FDA IDE studies in the USA. In 
the EU, the micro-stent is approved to use for intraocular pres-
sure (IOP) lowering in open-angle glaucoma under a CE mark. 

 The CyPass device is a fenestrated micro-stent which is 
implanted in the supraciliary space to provide a permanent 
conduit for uveoscleral outfl ow of aqueous from the anterior 
chamber. The stent is made of biocompatible, nonbiodegrad-
able polyimide material which has demonstrated minimal 
infl ammatory and fi brotic reaction in preclinical studies of 
rabbit implantations [ 1 ]. It is 6.35 mm in length and 510 μm 
in external diameter and is implanted through a 1.5 mm clear 
cornea incision. When the micro-stent is correctly inserted 
into the supraciliary space, the material stiffness, in conjunc-
tion with a series of retention rings at the proximal end, helps 
ensure the stability of the device in the angle and the supra-
ciliary space (Fig.  21.1 ). The micro-stent is designed to 
improve aqueous outfl ow through the uveoscleral pathway.

   Implantation technique is achieved in a blebless, mini-
mally invasive way through a clear cornea incision, spar-
ing the conjunctiva and the sclera. For implantation of the 
CyPass device, the anterior chamber is refi lled with a visco-
elastic agent of the surgeon’s choice to maintain the cham-
ber and expand the angle. Visualization is achieved with a 
surgical goniolens (Swan-Jacob, Hill or TVG lens) prior 
to and during implantation. The CyPass device is loaded 
onto a retractable guidewire of a specially designed applier. 
Under gonioscopy, the implant is inserted into the anterior 
chamber through a 1.5 mm paracentesis or the phacoemul-
sifi cation incision when done in combination with phaco. 

 Non- incisional dissection is initiated with the tip of the 
guidewire below the scleral spur at the interface of the cili-
ary body and the sclera. The guidewire is designed to bluntly 
disinsert the ciliary body and create passage into the supra-
ciliary space. The micro-stent is then implanted with all 
retention features engaged. The guidewire is retracted and 
the applier withdrawn from the eye. Viscoelastic agent is 
evacuated using irrigation and aspiration. 

 The CyPass Micro-Stent can be implanted in a gonio-
free technique as well (without the use of surgical intraop-
erative gonioscopy), as demonstrated by Ianchulev [ 2 ] and 
illustrated in Fig.  21.2 . A specially designed tactile 
gonioprobe is used to measure the depth of the angle from 
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  Fig. 21.1    CyPass Micro-Stent. ( a ) Confi guration and dimensions of 
the micro-stent. ( b ) Applicator tool, with retractable guidewire, for 
insertion of the micro-stent into the supraciliary space       
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the ciliary body insertion to the limbus at the site of 
implantation. A measurement scale on the probe and a cor-
responding one on the applier allow for high- precision 
implantation and micro-stent positioning without need for 
goniovisualization (Fig.  21.2a ). The tip and the curvature 
of the guidewire are also designed for a gonio-free 
approach as they allow the surgeon to fi nd the insertion 
landmark and to initiate blunt dissection along the supra-
ciliary plane by following the contour of the scleral wall 
without direct view of the scleral spur.

   OCT Visante or Ultrasound biomicroscopy (UBM) 
images can be used to confi rm the micro-stent position in 
the supraciliary space (Fig.  21.3 ). They allow visualization 
of postoperative morphological outcomes not visible by slit 
lamp or indirect ophthalmoscopy – not only the micro-stent 
position but the drainage area and the space surrounding or 
posterior to the stent. This is critical as proper positioning 
and implantation of any micro-stent are essential to drain-
age and function. Describing the fi ndings of OCT images 
after suprachoroidal micro-stent implantation and cor-
relating the morphological outcomes with IOP outcomes 
are novel and informative ways to further understand the 
effect of microinvasive glaucoma surgery (MIGS), specifi -
cally on the suprachoroidal space. The AS-OCT or UBM 
images can demonstrate areas of hypodensity surrounding 
the micro-stent, both posteriorly and circumferentially. 
These areas of hypodensity likely represent aqueous trav-
eling through and around the micro-stent and accumulat-
ing in the  suprachoroidal space. Posterior accumulation of 

a

b

  Fig. 21.2    Implantation of the CyPass Micro-Stent with gonio-free 
technique. ( a ) Positioning tool with measurement scale. ( b ) Implantation 
using the curved guidewire       

  Fig. 21.3    Visualization of CyPass Micro-Stent placement using anterior segment OCT imaging       
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fl uid is of  functional signifi cance as it may suggest fl uid 
fi ltration and aqueous lake formation which are essential 
for suprachoroidal absorption and outfl ow.

      Biologic Rationale for Suprachoroidal 
Stenting 

 There is a strong biologic rationale for increasing supra-
choroidal outfl ow as a means of lowering intraocular pres-
sure in glaucoma. The suprachoroidal space is a target for 
therapeutic intervention for a number of important reasons. 
Experimental evidence suggests there is a negative pressure 
gradient between the suprachoroidal space and the anterior 
chamber, which provides a driving force for aqueous out-
fl ow [ 3 ]. In some areas the pressure difference can exceed 
3–4 mmHg with a gradient which increases along the pos-
terior aspect of the suprachoroidal space. Secondly, clinical 
experience demonstrates that traumatic or iatrogenic cyclo-
dialysis is associated with signifi cant IOP lowering by cre-
ating additional non-trabecular outfl ow through the 
uveoscleral route [ 4 ]. The effect is often transient and 
diminishes once the cyclodialysis cleft closes. Thirdly, 
experience from glaucoma pharmacotherapy demonstrates 
that some of the most effective topical therapies for IOP 
reduction act primarily by increasing the uveoscleral out-
fl ow [ 5 ]. While it may be secondary to the trabecular out-
fl ow, the uveoscleral outfl ow may have a higher capacity 
for therapeutic effect on IOP. 

 Additional discussion on suprachoroidal and uveoscleral 
outfl ow as a therapeutic target is available in Chap.   3       .  

    Clinical Experience 

 Ianchulev et al. [ 6 ] fi rst reported on 81 glaucomatous (OAG) 
eyes that underwent cataract surgery (phacoemulsifi cation) 
followed by CyPass implantation. At 6 months after surgery, 
the mean IOP had decreased to 16 mmHg from a preopera-
tive mean value of 22.9 mmHg. The procedure was well tol-
erated, with postoperative complications of shallow anterior 
chamber and transient hyphema in one patient each. The fol-
lowing year, Craven et al. reported on safety outcomes of 
121 eyes that underwent phacoemulsifi cation and CyPass 
implantation [ 7 ]. The adverse events following the procedure 
were transient hyphema ( n  = 8), persistent infl ammation 
( n  = 1), branch retinal vein occlusion ( n  = 1), and diabetic 
macular edema exacerbation ( n  = 1). 

 More recent data presented at the 2012 European Society 
of Cataract and Refractive Surgeons Annual Meeting pro-
vide additional clinical experience with the micro-stent 
[ 8 ,  9 ]. The CyCLE OAG study (A Cypass open angle glau-
coma study) was conducted in 460 patients, over 83 % of 
whom had a diagnosis of open-angle glaucoma. Of the 460 
total patients, 222 patients were treated with CyPass alone 
and 238 received the CyPass procedure in combination with 
cataract removal. 

 Of the 222 patients treated with CyPass alone, 134 had 
uncontrolled IOP (Cohort 1; ≥21 mmHg; mean = 25.4 mmHg) 
and 88 had controlled IOP (Cohort 2; <21 mmHg; 
mean = 17.9 mmHg) preoperatively. Approximately half of the 
patients (50.2 %) had received prior glaucoma interventions, 
and 27.2 % had received prior trabeculectomy or tube shunt implan-
tation. Figure  21.4  shows the mean IOP and mean number of 

  Fig. 21.4    IOP results for Cohort 1 (uncontrolled IOP preoperatively) in the CyCLE OAG Study (From Garcia-Feijoou et al. [ 8 ]). Error bars = 1 SD       
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antiglaucoma medications for Cohort 1 at preoperative base-
line and at 3, 6, and 12 months after CyPass implantation. At 
12 months after surgery, Cohort 1 patients experienced a 26 % 
reduction from baseline IOP and a greater than 33 % reduction 
in the number of antiglaucoma medications required.

   Figure  21.5  shows the mean IOP and mean number of 
antiglaucoma medications for Cohort 2 at preoperative base-
line and at 3, 6, and 12 months after CyPass implantation. At 
12 months after surgery, IOP remained stable, but a 39 % 
reduction in antiglaucoma medications was achieved.

   The safety profi le of the CyPass micro-stent is consistent 
with what one would expect from a minimally invasive, clear-
cornea ab interno procedure. There were no occurrences of 
hypotony maculopathy, suprachoroidal hemorrhage, retinal 
detachment, iris atrophy, or endophthalmitis. Other adverse 
events included the need for additional surgical intervention 
(10.8 %), postoperative IOP increase (7.6 %), obstruction 
(3.6 %), transient infl ammation (1.8 %), anterior chamber 
shallowing (1.8 %), endothelial contact (1.8 %), transient 
hypotony (1.3 %), repositioning (0.4 %), explantation (0.4 %), 
and loss of BCVA (0.4 %) due to macular edema. 

 Of the 238 patients in the CyCLE study for whom CyPass 
implantation was combined with cataract removal surgery, 90 
had uncontrolled IOP (Cohort 1; ≥21 mmHg; mean = 
25.3 mmHg) and 148 had controlled IOP (Cohort 2; 
<21 mmHg; mean = 16.6 mmHg) preoperatively. Prior glau-
coma interventions had been performed in 11.3 % of the 
patients, and 27.2 % had received prior trabeculectomy or 
tube shunt implantation. Figure  21.6  shows the mean decrease 
from preoperative IOP achieved at 3, 6, and 12 months after 
surgery in Cohort 1. The IOP reduction was clear at month 3 
and remained stable at >33 % through month 12.

   Figure  21.7  shows the mean reduction in antiglaucoma 
medications required in patients with uncontrolled IOP 
(Cohort 1) at baseline through 12 months after surgery. At 12 
months, the number of medications required was decreased 
by 48 % in addition to the IOP reduction effect.

   Figure  21.8  shows the mean IOP at 3, 6, and 12 months 
after surgery in controlled patients (Cohort 2) where the 
 therapeutic objective of suprachoroidal micro-stenting was 
eliminating or reducing the number of IOP-lowering medica-
tions after a combined phaco-CyPass procedure. The mean 
IOP remained stable with patients under control on average 
through 12 months. However, as shown in Fig.  21.9 , the 
mean number of antiglaucoma medications required was 
dramatically reduced by ≥75 % compared with baseline at 
months 3, 6, and 12 after surgery.

  Fig. 21.5    IOP results for Cohort 2 (controlled IOP preoperatively) in the CyCLE OAG Study (From Garcia-Feijoo et al. [ 8 ]). Error bars = 1 SD       

  Fig. 21.6    Effect of CyPass implantation on IOP relative to preopera-
tive baseline in Cohort 1 (uncontrolled IOP) of patients who received 
CyPass in combination with cataract removal surgery (From Hoeh et al. 
[ 9 ]). Error bars = 1 SD       
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    Adverse events among the 238 patients treated with CyPass 
implantation in combination with cataract removal surgery, as 
with CyPass alone, were minimal – particularly in comparison 
to conventional glaucoma surgery (trabeculectomy or shunts). 

There were no occurrences of hypotony maculopathy, supra-
choroidal hemorrhage, retinal detachment, iris atrophy, or endo-
phthalmitis. Other adverse events included obstruction (5.0 %), 
need for additional surgical intervention (3.3 %), postoperative 
IOP increase (1.7 %), transient hyphema (0.8 %), endothelial 
contact (0.8 %), and loss of best corrected visual acuity (BCVA; 
0.4 %). In 0.4 % of patients the micro-stent had to be explanted 
or repositioned. 

 In summary, micro-stent implantation in the supraciliary 
space is a novel therapeutic approach which provides mini-
mally invasive access to the suprachoroidal space for enhanced 
non-trabecular outfl ow. The procedure can be done as a stand-
alone treatment in open-angle glaucoma patients or in combi-
nation with phaco surgery. Because of the clear- cornea, ab 
interno approach without interfering with the conjunctival and 
scleral tissue, this intervention is applicable earlier in the dis-
ease spectrum with mild-to-moderate glaucoma. Defi nitive 
clinical results are still pending, and the CyPass Micro-Stent is 
currently being evaluated in a large randomized controlled 
FDA trial of 505 patients which will provide Level I evidence 
of safety and effi cacy of this therapy.     
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          Introduction 

 Aqueous humor is produced in the posterior chamber of the 
eye by the ciliary body epithelium at a relatively constant rate 
of about 2.5 μl/min and fl ows into the anterior chamber, pass-
ing around the lens and through the pupillary opening in the 
iris. It is a complex mixture of electrolytes, organic solutes, 
growth factors, and other proteins that supply nutrients to the 
nonvascularized tissues of the anterior chamber (i.e., trabecular 
meshwork, lens, and corneal endothelium). Egress of aque-
ous humor from the anterior chamber occurs via two distinct 
pathways: conventional and uveoscleral. In the  primary (con-
ventional) outfl ow pathway, accounting for the majority of 
the aqueous outfl ow in normal individuals, aqueous humor 

passes through the trabecular meshwork, enters a space lined 
with endothelial cells (Schlemm’s canal), and drains into col-
lector channels and then into the aqueous veins. The uveo-
scleral outfl ow pathway, which may account for 10–60 % of 
total fl ow in the human eye [ 1 – 4 ], comprises the interstitium 
of the ciliary body, the suprachoroidal space, and, ultimately, 
the choroidal and scleral vasculature. Elevated intraocular 
pressure (IOP) typically results from increased resistance or 
compromise in either or both outfl ow pathway. 

 While research is investigating ways to protect the optic 
nerve and the vision from an elevated pressure, the only thera-
peutic approach currently available in glaucoma is to reduce the 
intraocular pressure. Glaucoma surgery is intended to reduce 
the IOP when the target IOP cannot be reached with maximal 
medical therapy or laser treatment. Due to complications with 
established surgical approaches such as trabeculectomy (early 
hypotony, blebitis, endophthalmitis, shallow anterior chamber, 
etc.) and closure by the body’s natural healing process, a variety 
of seton devices, including aqueous shunts, are in use or being 
evaluated as alternative surgical treatments for patients with 
glaucoma. Glaucoma drainage devices (GDDs) aim at creating 
an alternate aqueous pathway from the anterior chamber by 
channeling aqueous humor out of the eye, hence reducing IOP. 
Traditionally, GDDs have been developed to provide an artifi -
cial conduit (small tube) for aqueous humor to travel from the 
anterior chamber and spread across a subconjunctivally located 
plate to form a fi ltering bleb [ 5 ,  6 ]. Although this fi ltration is 
nonphysiologic, the traditional tube shunts can effectively 
reduce IOP. However, they share similar postoperative chal-
lenges with trabeculectomy including bleb leakage, overfi ltra-
tion, bleb dysesthesia, bleb encapsulation, and fi brosis. They 
also have their own unique set of postoperative risks, such as 
corneal endothelial cell death, ptosis, diplopia, tube migration, 
tube or plate exposure, and tube lumen occlusions. As a result, 
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many recent efforts have been directed towards new “blebless” 
procedures that do not rely on conjunctival placement and are 
less prone to these complications. 

 STARfl o TM  is a new glaucoma drainage device designed 
to provide a pathway for aqueous humor to travel from the 
anterior chamber into the suprachoroidal space, enhancing 
the natural uveoscleral outfl ow and eliminating the need for 
a fi ltering bleb. It is comprised entirely of Healionics’ propri-
etary silicone STAR® Biomaterial, a precision-pore structure 
that creates a permanent multi-porous wicking system and 
that enhances biointegration and reduces fi brosis [ 7 – 9 ].  

    Background 

 The shape of the STARfl o Glaucoma Implant is based on 
designs developed by Dr. Robert Nordquist in the 1990s [ 10 ,  11 ]. 
Originally based on cellulosic membrane, the material com-
position of the seton has evolved towards the use of a more 
advanced biomimetic structure and a more robust biocom-
patible material – the silicone STAR® Biomaterial manufac-
tured by Healionics Corporation. 

    Cellplant Device 

 The use of setons to permanently lower IOP has been attempted 
for many decades. The fi rst seton made of horsehair was 
implanted in 1906 to drain fl uid out of the anterior chamber 
[ 12 ]. Since then, devices made from numerous other materials 
including silk thread, nylon, hydrogels, collagen, gold, plati-
num, silicones, and polythene have been described in the litera-
ture [ 13 ,  14 ]. Over time, these devices have varied widely in 
size, material composition, and design. In the 1990s, a novel 
approach was created by Drs. Robert Nordquist and Bing Li to 
overcome shortcomings that limit conventional aqueous tube 
shunts, such as foreign body reactions, infl ammation, tube 
obstruction, and infection. Nordquist and Li described the mate-
rial, the design, and the surgical protocol for a novel method of 
lowering the IOP [ 10 ,  11 ,  15 ,  16 ]. The material should exhibit 
certain characteristics for seton use:
•    Biocompatible to avoid foreign body reaction, infl amma-

tion, and capsule formation  
•   Highly resistant to cellular attachment and invasion  
•   Nonabsorbable and stable at body temperature  
•   Pliable so as to fi t the contours of the eye  
•   Soft enough to avoid scleral erosion, corneal irritation, 

inducement of undesirable changes in eye curvature, or 
damage to adjacent vasculature and tissue, but resilient 
enough to maintain shape and thickness  

•   Strong enough to keep the surgical fi stula open permanently  
•   Porous so as to naturally regulates the fl ow of aqueous humor 

through the seton by mimicking the trabecular meshwork    

 The multi-porous structure should also exhibit an inherent 
controlled resistance to fl ow fi rst to prevent postoperative 
hypotony and second to regulate the rate of aqueous humor 
outfl ow proportional to the intraocular pressure. The mate-
rial should also inhibit closure at the surgical site without 
producing infl ammation, obstruction, or infection. 

 In the initial iteration, the seton devices were formed as 
thin fl exible sheets with bottle-shaped profi les (Fig.  22.1 ). 
The proximal end (“head”) extended into the anterior 
 chamber and reduced to a narrow neck area passed through 
a limbal opening at the iridocorneal angle. The neck shape 
regulated the fl ow and securely held the seton in position. 
The distal end (“body”) was rectangular shaped and 
entirely placed under a conventional 50 % thickness 
scleral fl ap. Typically, these setons were designed approx-
imately 8–10 mm long with a width of 4–6 mm and a 
thickness of 50 μm. Some versions further included 
grooved drainage channels to facilitate increased ocular 
fl uid fl ow from the anterior chamber, curved proximal 
ends to conform with the curvature of the anterior cham-
ber, and suture holes in the body to secure the implant to 
the sclera.

   The resultant “CELLplant” device (Fig.  22.2 ) was a fi lter-
ing implant of similar shape to the fi rst model shown on the 
left in Fig.  22.1  and made from the cellulosic membrane 
material widely used for hemodialysis fi ltering [ 10 ,  11 ]. This 
material exhibited many of the needed characteristics.

   Toxicity, safety, and effi cacy of the CELLplant device 
were successfully demonstrated in rabbits [ 10 ,  11 ]. In a fi rst 
short study, the average IOP dropped from 22.0 to 14.3 mmHg 
in the eyes treated with the CELLplant device, whereas the 
control eyes treated with a normal fi ltering surgery had an 
average IOP of 20.2 mmHg after 70 days ( p -value of 0.001). 
A 1-year study showed similar results with an average IOP 
reduction more than 30 % at the end of the experiment 
(Fig.  22.3 ). None of the rabbits developed corneal decom-
pensation, conjunctival erosion, or uveitis as a result of the 

  Fig. 22.1    Norquist’s designs for seton use [ 11 ,  15 ]. Seton is comprised 
of a head, a neck, and a body portions. Further versions of the seton 
included grooved drainage channels, curved edges and proximal end, 
and suture holes       
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implants. Scanning electron microscopy of the angle struc-
tures showed no evidence of corneal endothelial damage, iris 
atrophy, necrosis, or hypertrophy although there was iris 
touch. In all experimental eyes, except for one due to malpo-
sition of the implant, a functional fi ltering bleb was 

 maintained, and the fi stulas remained well open. Similar IOP 
results were also obtained in a cat with glaucomatous eyes.

   Based on the promising preliminary animal studies devoid 
of complications, a human clinical trial was conducted in the 
Republic of China in 1994–1995 by Dr. Li [ 10 ,  11 ,  17 ]. 
Twenty-three patients, exhibiting uncontrolled glaucoma of 
various type (neovascular, open angle, closed angle, trau-
matic) averaging over 60 mmHg of IOP and with previous 
failure to respond to conventional medical treatment, under-
went fi ltration surgery with the CELLplant seton. The aver-
age IOP was 12 mmHg by the third-day postoperative, and 
all remained below 18 mmHg through 180 days. During the 
24-month follow-up of the study (13 cases), no postoperative 
hypotony; complications including hyphema, uveitis, or 
infection; or fl at chambers were observed, and the devices 
still functioned at the end of the study. 

 The    feasibility of the surgical procedure and the promis-
ing results of the CELLplant device in signifi cantly and sus-
tainably dropping the IOP have been reported in both animal 
and human trials; further bench testing and an animal study 
on rabbits were conducted in response to the then newly 
issued (1998) US FDA Guidelines for Aqueous Shunts 
510(k) (later issued as ANSI Z80.27-2001 Aqueous Shunts 
for Glaucoma Application) with the aim of commercializing 
the CELLplant device. Although IOP results correlated with 
those earlier observed (see Fig.  22.3 ), this animal study 
revealed certain issues of long-term fi brosis and mechanical 
fragmenting of the cellulosic material [ 18 ,  19 ]. The use of a 
more robust, long-term stable material was therefore 
required to overcome the drawbacks of the cellulose and to 
provide a future for Norquist’s design. This material was 
found in the STAR® Biomaterial, invented at the University 
of Washington in 2003.  

  Fig. 22.2    Image of a hydrated CELLplant device. Once hydrated, 
CELLplant thickness was about 75 μm.  White scale bar  represents 
3 mm (Used with permission of Dr. Robert Nordquist)       

  Fig. 22.3    One-year IOP 
follow-up in rabbits. For each 
animal (12 rabbits in total), one 
eye was implanted with 
CELLplant (experimental eye – 
 black line ) and the contralateral 
eye was used as control (open 
markers,  red line )       
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    STAR Material 

 Healionics’ proprietary STAR® Biomaterial is a porous tis-
sue engineering scaffold designed to promote healing of tis-
sue around implanted medical devices with less scarring, 
improved vascularity, and a more stable long-term tissue- 
biomaterial interface. 

    A Precision-Pore Structure 
 STAR® Biomaterial contains a precisely controlled pore 
geometry made with a sphere-templating process developed 
at the University of Washington by Andrew Marshall and 
Buddy Ratner. Healionics has exclusively licensed patents 
from the University of Washington covering porous biomate-
rials with the optimized pore size for promoting vascular 
ingrowth and the sphere-templating methods for making 
them [ 7 – 9 ]. 

 The sphere-templating process yields a pore structure 
with interconnected uniformly sized spherical pores. Since 
the size of the necks formed during the sintering step is care-
fully controlled, the size of the interconnections, or “throats,” 
between the pores of the templated biomaterial is also pre-
cisely controlled. Figure  22.4  shows a scanning electron 
microscopy (SEM) image of the sphere-templated STAR® 
pore structure, with uniform dimensions of the pores and 
pore throats indicated. The ordered arrangement of the pores 
is an outcome of the fabrication method but is not believed 
essential to biological function so long as overall porosity 
and interconnection is maintained.

   The pore size and structure of the STAR® Biomaterial are 
optimized for several biological effects that contribute the 
functionality of the STARfl o TM  Glaucoma Implant. These 
effects include maximized recruitment of macrophage cells 

into the pores, the subsequent vascularization of the implant 
with high capillary density, and the minimization of fi brotic 
scarring in the peri-implant tissues.  

    Maximized Macrophage Concentration 
 Macrophages are known to play a key role in the body’s 
response to the tissue injury created upon implantation of a 
foreign biomaterial; these cells arrive at the tissue- 
biomaterial interface and attach to any exposed biomaterial 
surface area. 

 Pore structure of the STAR® Biomaterial is optimized so 
as to attract a maximized concentration of host macrophages 
into the pore structure. This is achieved by maximizing the 
surface area per unit volume available for macrophage 
attachment. As shown in Fig.  22.5 , the so-called bioavailable 
surface area in the sphere-templated materials exhibits a 
sharp peak at the pore size of ~25 μm – the smallest pore size 
that allows macrophages to enter the spherical pores via the 
circular pore throats. Figure  22.6  demonstrates the sharp 
spike in macrophage concentration at 35 μm pore size, hence 
defi ning a “sweet spot” pore range between 25 and 35 μm 
represented by STAR® Biomaterial [ 21 ].

    Beside the pore size, tight control of the pore throat diam-
eter is also a critical parameter. On one hand, this dimension 
is on the same size scale as the macrophage cells (a human 
macrophage is 10–20 μm in diameter) [ 22 ]. To facilitate cel-
lular infi ltration, pore throats must therefore be at least 
~10 μm in diameter. On the other hand, the throat-pore size 

  Fig. 22.4    SEM image of STAR® Biomaterial surface showing uniform 
dimensions of the pores and pore throats.  White scale bar  represents 50 μm       

  Fig. 22.5    Calculated bioavailable surface area for sphere-templated 
biomaterials as a function of the pore diameter. Note: calculations 
assume 40 % throat-pore size ratio, porosity of 65 %, 7.5 throats per 
pore, and 10-μm minimum throat size for cellular access [ 20 ]       
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ratio is constrained by practical considerations of the sphere- 
templated geometry: if the pore throat size is increased much 
beyond ~40 % of the spherical pore diameter, the neighbor-
ing pore throats within each pore would nearly overlap, and 
mechanical strength of the templated porous structure may 
fall off precipitously.  

    Maximized Vascularization 
 The STAR pore dimensions also encourage vascularization of 
the porous biomaterial with a robust capillary network. 
Figure  22.7  demonstrates that maximum blood vessel density 
occurs in the same “sweet spot” pore range of 25–35 μm and 
that the increased vascular density is observed not only within 
the pores but also in the capsule tissue immediately adjacent to 
the outer boundary of the porous implant [ 21 ]. The vascular-
izing effect mirroring the pore size dependent trend observed 
with macrophages suggests that the macrophages within the 
pores promote angiogenesis via the release of proangiogenic 
factors. The neovascularization effects of implanted porous 
biomaterials had been observed previously by other research-
ers [ 23 ,  24 ]. The precise dimensional control of the STAR® 
sphere-templating method allowed the optimum pore size for 
maximizing density of vascular ingrowth to be determined 
with greater accuracy. Since the method ensures all pores and 

  Fig. 22.6    Tissue sections of sphere-templated scaffolds with a series of controlled pore sizes implanted subcutaneously in mice for 4 weeks, 
stained with F4/80 macrophage marker. The 35-μm pore size (STAR® Biomaterial) is infi ltrated with the largest number of F4/80 positive cells       

  Fig. 22.7    In the “sweet spot” pore range around ~30 μm, the density 
of blood vessels is maximized both inside the implant and in the adja-
cent tissue within 50 μm of the implant. Vessels counted from sections 
of 4-week subcutaneous mouse implants stained with MECA-32 endo-
thelial cell marker       
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pore throats in the structure are optimized in size, the localized 
proangiogenic effect is more pronounced.

   The biointegration of STAR® Biomaterial was compared 
to expanded polytetrafl uoroethylene (ePTFE) with 60-μm 
internodal distance – a porous biomaterial of similar pore 
size that has been investigated for glaucoma implants [ 25 ]. It 
was found that the STAR material induced a more smoothly 
integrated interface. As shown in Fig.  22.8 , infl ammatory 
cells accumulate in high concentration in the capsule tissue 
bordering the ePTFE implant, while the interface between 
the STAR® Biomaterial and the surrounding capsule tissue 
features a smooth transition in cellular density across the 
capsule-biomaterial boundary. Also, Fig.  22.9  shows that the 
endothelial cell concentration within the pores of STAR® 
Biomaterial was signifi cantly greater than for ePTFE, indi-
cating signifi cantly increased intrapore neovascularization. 
The enhanced vascularizing effect compared to other porous 

biomaterials provided inspiration for the “STAR” acronym 
for sphere-templated angiogenic regeneration.

    It has been hypothesized that the increased neovascular-
ization associated with STAR Biomaterial could be attrib-
uted in part to a shift in macrophage polarity triggered when 
the spatially confi ned macrophages within the pore structure 
are directed by geometric cues towards a proangiogenic phe-
notype [ 27 ].  

    Anti-fi brotic Properties 
 Severalfold reductions in foreign body capsule thickness com-
pared to nonporous controls have been observed for STAR 
Biomaterial in a variety of small and large animal models [ 21 , 
 27 ,  28 ]. In Fig.  22.10 , implant made from STAR® Biomaterial 
elicits remarkably thinner and looser foreign body capsule 
compared to nonporous control of same size and shape in a 
porcine subcutaneous implant model [ 28 ].

  Fig. 22.8    Comparison of cellular integration at tissue-biomaterial 
interface for expanded polytetrafl uoroethylene (ePTFE) (panels  a  and 
 b ) and STAR® Biomaterial (panels  c  and  d ). Tissue sections from scaf-
folds implanted subcutaneously in mice for 2 weeks, stained with 
MECA-32 brown endothelial marker (panels  a  and  c ) and with DAPI 

infl ammatory cell nuclei marker (panel  b  and  d ). STAR material exhib-
its a more integrated interface with cells equally dispersed in scaffold 
and adjacent tissue while infl ammatory cells accumulate and concen-
trate in adjacent capsule tissue around ePTFE implant (Used with per-
mission of the authors and excerpted from [ 26 ])       
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   Although the mechanism for the reduction of peri-implant 
fi brosis is not fully understood, a plausible explanation is 
based on the idea that the vascularized tissue-biomaterial 
interface disrupts collagen lattice contraction. This “lattice 
slack” hypothesis is supported by a study where the capsule- 
reducing effects of STAR® Biomaterial were amplifi ed by 
combining macrotopographic features and optimized micro-
porosity in complementary confi gurations [ 28 ]. In that study, 
the absence of a myofi broblast layer in the capsule suggested 
a stress-relaxed condition with minimal fi brotic scar. 

 STAR Biomaterial’s high resistance to fi brotic scarring 
represents a tremendous advantage for the STARfl o device 
over other types of GDDs where fi brosis is a recurring prob-
lem in the sustainability of IOP-lowering effi cacy.    

    STARfl o Glaucoma Implant 

 Of similar shape to the CELLplant device, the STARfl o TM  
Glaucoma Implant is entirely made from silicone STAR® 
Biomaterial. Besides meeting the specifi c physical charac-
teristics defi ned by Nordquist, this biomaterial exhibits 

advantageous inherent properties for a glaucoma drainage 
device:
•    The angiogenic properties are exploited by positioning 

the implant body in contact with the choroid, forming a 
well-integrated drain for the aqueous fl ow diffusing from 
the anterior chamber and minimizing the formation of a 
fi ltering bleb and its associated complication.  

•   The biomaterial’s ability to reduce the thickness and den-
sity of the peri-implant fi brous capsule layer that forms 
during the course of the foreign body response may ben-
efi t longer-term pressure-lowering performance of the 
implant.    

    Material and Design 

 The STARfl o device design is based on the previously men-
tioned patents. To overcome drawbacks associated with the 
cellulosic material of the CELLplant (e.g., long-term fi brosis 
and mechanical fragmentation), the STARfl o device is made 
entirely from a long-term, implant silicone material (Nusil 
Technologies LLC, Carpinteria, USA) formed into the STAR 

  Fig. 22.9    Comparison of level of vascularization within STAR® 
Biomaterial and expanded polytetrafl uoroethylene (ePTFE). Tissue sec-
tions from scaffolds implanted subcutaneously in mice for 2 weeks, 

stained with MECA-32 brown endothelial marker. STAR scaffold (panel 
 a ) shows much higher level of neovascularization than ePTFE (panel  b ) 
(Used with permission of the authors and excerpted from [ 26 ])       
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structure. Silicones exhibit superior mechanical properties, 
durability, and reduced infl ammation in ophthalmic implants 
[ 29 ]. The device is made as a single continuous sheet of 
porous silicone STAR scaffold free from seams, joints, coat-
ings, metal, or degradable substances. Pore size and throat 
size within the material are uniformly 27 and 9 μm, respec-
tively, through the entire volume of the device (Fig.  22.11 ) 
and comprised within the “sweet spot” pore range. The device 
has the same length and width, and general shape as the 
CELLplant predecessor, but a nominal thickness of 300 μm. 
In use, most of the body sits in the suprachoroidal space.

   The structure and pore dimensions of the STAR material 
forming the STARfl o closely mimic those of the trabecular 
meshwork and the ~10-μm-sized natural drain openings into 
Schlemm’s canal, making the head section mimic the normal 
drainage path.  

    Intended Use and Implant Location 

 The STARfl o device is indicated for open-angle glaucoma. 
Implantation can be made in any location around the circum-
ference of the globe providing that the rectus muscles are 

avoided. For ease of access and technical performance of the 
surgery, upper quadrants are the most commonly chosen 
location (1–2 o’clock (OS) or 10–11 o’clock (OD)). 

 Since the implant is entirely made from very soft porous 
silicone, the head area may be folded for ease of insertion to 
the anterior chamber via a small incision, just suffi cient to 
retain the device neck. The anterior portion of the body then 
rests under a tight scleral fl ap while the posterior portion of 
the body is placed between the sclera and choroid (Fig.  22.12 ). 
This confi guration provides a controlled fl uid path for aque-
ous humor to drain from the anterior chamber to the supra-
choroidal space of the eye. The implant bypasses the 
obstructed normal outfl ow passages and reduces the IOP 
without the need of a fi ltering conjunctival bleb prone to 
numerous complications. It also may spare patients wound 
healing issues associated with fi ltering surgery.

       Surgical Procedure 

 The device is designed to be surgically placed in an  ab externo  
fashion, under local retro- or parabulbar anesthesia. Because 
of its anti-fi brotic properties, STARfl o implantation does not 

  Fig. 22.10    H&E-stained tissue sections from 6-week subcutaneous 
porcine implants.  Blue bands  denote capsule thickness. The average 
thickness of capsules surrounding nonporous control implants (panel  a ) 

was nearly 4-fold greater than capsules surrounding STAR implants 
with 27-μm pore size (panel  b ).  Black scale bar  represents 200 μm       
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require the use of anti-fi brotic agents such as mitomycin C 
(MMC) or 5-fl uorouracil (5-FU). The surgical implantation 
procedure recommended by iSTAR Medical is animated in 
Video  22.1 , although the choice of anesthesia and method or 
technique to implant the drainage device is upon surgeon 
discretion. 

 A fornix-based conjunctival peritomy is fi rst created, fol-
lowed by a superfi cial, rectangular scleral fl ap (50 % thick, 
8 mm wide, 3 mm long) as depicted in Fig.  22.13a . The second 
layer of sclera is then cautiously incised to reveal the choroid 
tissue, parallel to the limbus and leaving a scleral bridge of 
1–2 mm (Fig.  22.13b ). A 3-mm-wide incision is performed to 
reach the anterior chamber through the trabecular meshwork 
and allows STARfl o head to be introduced (Fig.  22.13c ). 
A subscleral pocket is then created by separating the sclera 
from the choroid using a blunt spatula. The posterior aspect of 
the implant is gently guided into the suprachoroidal space 
(Fig.  22.13d ). One corner of the STARfl o head is then inserted 
into the anterior chamber through the previously created entry 

at the level of the scleral spur, followed by the other corner 
(Fig.  22.13e ). When correctly placed, the implant neck is cen-
tered in the 3 mm incision and lays fl at on the sclera without 
folds. The implant head is parallel to the iris to avoid incar-
ceration or shunt-to- cornea touch and endothelial trauma. The 
scleral incision is then closed in a watertight fashion to avoid 
bleb formation. Finally, conjunctiva is sutured watertight. At 
all times, it is recommended to keep the implant moist using 
viscoelastic or sterile saline solution as a dry implant might 
compromise device performances. The use of non-toothed, 
blunt forceps is also recommended as well as avoidance of 
grasping the implant body.

       Technical Characteristics 

 STAR® Biomaterial has a controlled and predictable resis-
tance to fl uid fl ow. The measured fl ow resistivity of the 
27-μm-pore-sized STAR material is 0.08 mmHg/(μl/min). 

  Fig. 22.11    SEM of the STARfl o device entirely made of STAR® Biomaterial       
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For the specifi c shape of the STARfl o device, modeling pro-
vides an estimated in vitro fl ow resistance of 0.4 mmHg/(μl/
min) for aqueous transfer into the head section, through the 
neck and then dispersion from the body. This value is compa-
rable to in vitro values for the well-established devices with 
tube connection between the anterior chamber and subcon-
junctivally located drainage plates. Under in vitro conditions, 
the device can convey 2.5 μl/min, equivalent to the normal 
aqueous infl ow rate, with a pressure drop of 1 mmHg. In vivo, 
the natural differential in pressure between the anterior cham-
ber and the suprachoroidal space permits the aqueous humor 
to drain through the STARfl o device. STARfl o does not rely 
on a subconjunctival bleb for IOP control, a well-known 
source of postoperative complications. However, formation 
of a small and transient bleb may be observed immediately 
after implantation, creating balancing back pressure to fl ow 
from the anterior chamber. Over time, as material integration 
with the choroid and sclera proceeds, it is hypothesized that 

infi ltration of the STARfl o pores by capillaries from the cho-
roidal vasculature network provides enhanced fl uid contact 
for stable fl uid absorption from the eye.   

    Animal Study 

 Pre-market STARfl o studies have been conducted on rabbits 
to assess safety in eye tissues and on dogs to assess perfor-
mance in lowering IOP. At that time, implantation procedure 
recommended to create a full limbal-based scleral fl ap of the 
size of the implant body (8 mm in length by 6 mm in width) 
and to place the seton on the exposed choroid, followed by 
suturing the large scleral fl ap. Since then, STARfl o surgery 
has evolved towards a trabeculectomy-like approach mainly 
to reduce risks of hyphema, choroidal prolapse, and choroi-
dal hemorrhage. 

    Rabbit Study 

 A sponsored 6-month preclinical study was conducted on 
rabbits by NAMSA (Northwood, USA) to evaluate the ocu-
lar irritation and toxicity potential of the STARfl o. The pro-
tocol, entitled “Ocular Irritation Study of STARfl o 
Glaucoma Implant Following Implantation in the Anterior 
Chamber of the Rabbit Eye,” followed the US FDA 
Guidelines for Aqueous Shunts 510(k) clearance. This 
study closely duplicated the rabbit study performed with 
the CELLplant device but with the substitution of the 
STARfl o device [ 30 ]. 

 In total, 14 non-glaucomatous rabbits were implanted 
with the STARfl o Glaucoma Implant in one eye. For ease of 
surgery, the body of the device was positioned mid-scleral 
depth. Based on the results of ocular examinations, no ocular 
irritation or toxicity was associated with the implantation of 
the STARfl o device. 

 Histology images at both 12 and 26 weeks showed a pro-
gression in tissue integration along the length of the implant 
from the anterior chamber to the intrasclerally placed poste-
rior portion. In Fig.  22.14 , the extent of the STARfl o device 
from the anterior chamber (on the left) into sclera (on the 
right) is clearly observed. In enlargement Fig.  22.14a , pores 
of the device in the anterior chamber are acellular and open 
to fl ow. In limbus area (enlargement Fig.  22.14b ), STARfl o 
integration with adjacent tissue is observed without the for-
mation of a fi brous capsule. The pores appear to contain 
fi broblasts. In the anterior scleral area    (enlargement 
Fig.  22.14c ), further away from the anterior chamber, some 
vascularized capsule is formed and pores are highly vascu-
larized; macrophages surrounding the capillary structures 
are shown in high magnifi cation in Fig.  22.15  [ 31 ]. In the 

  Fig. 22.12    Illustration of the anatomical placement of the STARfl o 
device. The head of the implant is inserted in the anterior chamber, the 
anterior portion of the body rests under a scleral fl ap, and the posterior 
portion of the body is placed within the suprachoroidal space       
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posterior scleral area (enlargement Fig.  22.14d ), pores are 
also highly vascularized and populated with macrophages.

    Histology images at 6 months also showed that a robust 
capillary network persists within the pores long term. These 
capillaries within the pores and within the capsule tissue 
immediately adjacent to the implant appear to provide the 
transport surface area for drainage of the aqueous fl uid. 

 Those observations are similar to previous results on the 
STAR® Biomaterial implanted in other tissue areas and dem-
onstrate that the STARfl o device exhibits excellent biointe-
gration properties with minimal fi brotic tissue interface 
formation [ 27 ]. The device exerts minimal stress on sur-
rounding tissue and conforms to the anatomic shape of the 
eye due to its spongy, fl exible, and soft structure, hence 
removing potential irritation and promoting fast healing of 
the incisions with minimum foreign body reaction.  

    Canine Study: The ClarifEYE 

 In collaboration with Dr. Craig Woods, CEO of TR 
BioSurgical, LLC (Chandler, Arizona), the STARfl o device 
was initially introduced in 2008 for canine glaucoma veteri-
nary use under the trade name ClarifEYE. 

 In a pilot study, glaucomatous dogs experiencing severe 
pain and unresponsive to maximum drug doses were 
implanted with ClarifEYE. Follow-up on two eyes over a 
13-month period demonstrated that an IOP maintained 
between 10 and 20 mmHg after 1-year implantation (base-
line IOP of 61.3 mmHg) and that needed medication could 
be decreased by 50 % [ 32 ]. The implant was observed to be 
well tolerated with minimal tissue reaction. To date, 
ClarifEYE has been implanted in more than 30 dogs of vari-
ous breeds with glaucomatous eyes.   

  Fig. 22.13    Key sequences of the STARfl o surgical procedure recom-
mended by iSTAR Medical SA. A half-thickness scleral fl ap (8 mm 
wide, 3 mm long) is performed (panel  a ) followed by a posterior full-
thickness scleral incision (panel  b ). A 3-mm-wide entry is created into 

the anterior chamber (panel  c ). Body implant is guided into the supra-
choroidal space (panel  d ) while the head of the implant is inserted into 
the anterior chamber (panel  e )       
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    Human Clinical Study 

 A prospective, multicenter, feasibility trial was conducted 
to evaluate the safety and performance of the STARfl o TM  
Glaucoma Implant in patients with open-angle glaucoma. 

This study started in June 2011 and will close after 
12-month follow-up. The study took place in three clinical 
sites in Belgium. 

    Study Protocol 

 The aim of the study was to evaluate the safety of the 
STARfl o Glaucoma Implant (i.e., implantation feasibility, 
incidence of device and procedure-related complications, 
and unanticipated adverse device effects) and its perfor-
mance (i.e., reduction in IOP from preoperative baseline and 
reduction in number of glaucoma medications from 
 preoperative baseline). The study protocol was approved by 
the respective ethics committees of the clinical sites. All 
patients signed an informed consent form to participate in 
the study. 

 The inclusion criteria for the clinical study were the fol-
lowing: (1) age of 18 years or older; (2) one or both eyes 
diagnosed with open-angle glaucoma or pseudoexfoliation 
glaucoma; (3) ability and willingness to return for up to 
12 months of scheduled visits; (4) a documented IOP 
>21 mmHg in the study eye on medical therapy at two visits 
at least 48 h apart, within 2 months prior to study entry and 
at day of implantation; and (5) concurrent treatment with 

  Fig. 22.14    Histology    image and its enlargements taken 12 weeks after 
STARfl o implantation within the sclera, H&E stain. In the anterior 
chamber, pores are acellular and open to fl ow (panel  a ). In limbus area, 
STARfl o integration with adjacent tissue is observed without the 

 formation of fi brous capsule (panel  b ). In the anterior sceral area, pores 
are highly vascularized (panel  c ). In the posterior scleral area, pores are 
also highly vascularized and populated with macrophages (panel  d )       

  Fig. 22.15    Capillary network in STAR pores at 6 months for intra-
scleral implant in rabbit, with vascular endothelial cells ( EC ) surround-
ing red blood cell ( RBC ) and macrophages ( M  ) lining the pore walls; 
H&E stain [ 31 ]       
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ocular hypotensive medications in the study eye or prescription 
of anti-infl ammatory and acetazolamide approximately 
3 weeks before the surgery till 2 days before the surgery. 

 The exclusion criteria were (1) diagnosis of traumatic, 
uveitic, or active neovascular glaucoma; (2) previous surgery 
with any aqueous shunt device in the same eye quadrant; (3) 
clinically signifi cant corneal disease (e.g., corneal dystro-
phy); (4) any previous ophthalmic surgery in the same eye 
quadrant other than trabeculectomy, trabeculoplasty, and 
cataract surgery within 3 months prior to study entry; (5) 
anterior chamber anatomic confi guration of high risk for 
development of angle-closure glaucoma; (6) laser trabeculo-
plasty within 3 months prior to study; (7) active proliferative/
infl ammatory retinopathy; (8) clinically signifi cant intraocu-
lar infl ammation or infection within 6 months prior to study; 
(9) uveitis within previous 6 months before the surgery; (10) 
evidence of crystalline lens subluxation or luxation; (11) evi-
dence of vitreous loss in the anterior chamber; (12) uncon-
trolled systemic disease (e.g., diabetes, hypertension); (13) 
pregnancy; (14) participation in any study involving an 
investigational drug or device within the past 3 months; and 
(15) intolerance or hypersensitivity to topical anesthetics, 
mydriatics, or components of the device.  

    Patient Follow-Up 

 Four patients (four eyes) with end-stage, medically uncon-
trolled IOP/refractory glaucoma were enrolled in this clinical 
study. Results for 6-month follow-up were collected to date. 

    First Patient 
 In 2011, a 43-year-old male consulted because of severe pain 
in the almost nonfunctional right eye and headache since 
3 months. The patient was known with high intraocular pres-
sure in the right eye (48 mmHg) for which he was treated with 
Cosopt and Travatan since 3 years. He was using a combina-
tion therapy – paracetamol and codeine – for his headaches 
nearly twice a week. In 1978, he had a limbal perforation 
resulting in a low visual acuity (+1 LogMAR) probably due to 
irregular astigmatism, followed by cataract extraction in 1988. 
His IOP began to rise in 2005. His visual acuity in his right eye 
was very low (>+1 LogMAR   ). Biomicroscopy showed a 
Binkhorst pupillary fi xated IOL with iridectomy at 11 o’clock 
without any signs of infl ammation. Fundoscopy showed an 
optic disc excavation of 0.9 and normal maculae. On gonios-
copy, the angle was wide open. Glaucoma in the right eye 
might be related to low- grade subclinical chronic infl amma-
tion. The left eye was normal with an IOP of 17 mmHg. 

 Patient was implanted with STARfl o in his right eye under 
retrobulbar anesthesia. Intraocular pressure in the implanted 
eye and medications prescribed during the study follow-up 
are listed in Table  22.1 . Postoperative observations during 
this period were the following:

•     Severe eye/headache pain resolved on the fi rst-week post-
operative visit, but mild headache without eye pain started 
3 months after the surgery.  

•   Mild infl ammatory postoperative reaction in the anterior 
chamber resolved within 1 month.  

•   Moderate conjunctival vascularization at the implant site.  
•   Mild conjunctival edema resolved within 3 months.  
•   No changes in the fundus during the follow-up.  
•   No signs of choroidal hemorrhage or retinal detachment.  
•   Visual acuity remained unchanged from baseline.  
•   Small subconjunctival bleb started to encapsulate at the 

fi rst-month postoperative examination (Fig.  22.16 ) but 
disappeared at the 3-month visit.
      At the 4.5-month visit, the patient was suffering from 

mild headache and photophobia, probably not related to the 
STARfl o device, but the IOP rise (42 mmHg on the right eye 

   Table 22.1    IOP and medications for the fi rst patient during the study 
follow-up   

 Visit  IOP (mmHg)  Medications 

 Surgery  48  Atropine 
 Antibiotic and steroids 

 Day 1  2  Topical combination therapy of 
antibiotics/steroids 

 Week 1  5  Atropine 
 Month 1  29 
 Month 2  29 
 Month 3  38  Atropine was stopped spontaneously 

3 weeks before the visit 
 Antibiotics/steroids combination was 
continued 
 Cosopt was started 

 Month 4.5  42  Cyclophotocoagulation (270°) → study 
discontinuation 

  Fig. 22.16    Slit lamp image of the fi rst patient taken 1 month postop-
eratively. The head of the STARfl o is visible in the anterior chamber at 
the 1 o’clock position, not touching the iris or cornea       
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with Cosopt). The biomicroscopical scores remained 
unchanged. To reduce the IOP, a cyclophotocoagulation was 
performed (sparing the superonasal quadrant). At this point, 
the patient was discontinued from the study due to a lack of 
suffi cient effi cacy of the STARfl o Glaucoma Device. After 
10 days, a control visit showed an IOP of 10 mmHg in the 
right eye which slowly increased to 28 mmHg without 
pressure- lowering medication. Eleven months after the 
implantation, the STARfl o device was removed because of 
persistent photophobia since the cyclodestruction, periocular 
pain, and conjunctival injection at the superonasal and infe-
rior quadrants. The explant surgery went smoothly without 
any adverse event or complications. After a few days of 
hypotony, the IOP was again 24 mmHg 1 month after the 
explantation. Pain disappeared for a few months but relapsed 
afterwards. Photophobia was less, but not resolved. Six 
months after the removal of the implant, some anterior cham-
ber infl ammatory cells were seen for the fi rst time, being a 
sign of chronic ocular infl ammation. Probably a subclinical 
infl ammation might have been the cause of the IOP rise from 
the start. 

 After this fi rst implantation of STARfl o in human, the 
surgical procedure was slightly adjusted based on surgeon’s 
recommendation. The width of the superfi cial scleral fl ap 
and of the second layer of the sclera was assessed as too 
small (6 mm) for an easy implantation and for a watertight 
closure and was therefore increased to 7–8 mm for next 
surgeries.  

    Second Patient 
 A 56-year-old male consulted in 2011 because of severe eye 
pain. Cataract surgery was performed 3 years ago. Patient 
was diagnosed with primary wide open-angle glaucoma in 
the left eye since 4 years and was treated with Cosopt and 
Travatan. His right eye was normal. The visual acuity of the 
left eye was only light perception, and the IOP was 32 mmHg. 
The biomicroscopy showed a moderate conjunctival redness, 
a severe corneal edema with no infl ammatory reaction in the 
anterior chamber. Fundoscopy showed a severe excavated 
optic nerve in the left eye. The patient was implanted with 
STARfl o under general anesthesia. Key sequences of the 
implantation are available on Video  22.2 . 

 IOP in the implanted eye and medications prescribed 
during the study follow-up are listed in Table  22.2 . 
Postoperative observations during this period were the 
following:
•     Ocular pain and pain sensation around the eye globe 

 disappeared within 1 month postoperatively.  
•   Some diffuse conjunctival fl uid was observed the day 

after the surgery.  
•   Severe, preoperative corneal edema decreased progres-

sively and resolved on the 6-month postoperative visit.  
•   Moderate cells and trace of fl are in the anterior chamber 

without signs of infl ammation resolved within 2 months.  

•   Small choroidal detachment was observed superiorly in 
the fundus, probably related to the surgical procedure, 
and resolved within 2 weeks.  

•   Diffuse bleb resolved within the fi rst month after surgery.  
•   Visual acuity remained light perception.  
•   Preoperative cystoid macula edema decreased from grade 

3 (severe) to grade 1 (mild) 2 months after the surgery.    
 Six months after the surgery, the overall situation 

remained satisfactory.  

    Third Patient 
 A 79-year-old female consulted in 2011 for an uncontrolled 
IOP in the left eye. The ophthalmological antecedents were 
congenital nystagmus and cataract surgery in both eyes. The 
patient was treated for primary open-angle glaucoma  since 
1994 in both eyes. Preoperatively, the eye pressure was 
17 mmHg in the right eye and 29 mmHg in the left eye under 
Xalatan and Azopt. The visual acuity was only light percep-
tion in the left eye. Biomicroscopical exam revealed a mild 
corneal edema and a moderate corneal staining. The patient 
had abnormal macula and excavated optic nerve. 

 The patient underwent an operation with STARfl o implant 
in 2011 in the left eye. The surgery was performed under 
general anesthesia. Intraocular pressure in the implanted eye 
and medications prescribed during the study follow-up are 
listed in Table  22.3 . Postoperative observations during this 
period were the following:

   Table 22.2    IOP and medications for the second patient during the 
study follow-up   

 Visit  IOP (mmHg)  Medications 

 Surgery  32  Paracetamol 
 Antibiotic 

 Day 1  2  Nonsteroidal anti-infl ammatory drug 
(NSAID) 
 Tropicamide 
 Combination drops of antibiotics/steroids 
 Antibiotic 

 Week 1  6  Paracetamol 
 Tropicamide 
 Combination drops of antibiotics/steroids 
 NSAID 

 Week 2  26  Acetazolamide 250 mg was added 
because of signs of topical drug toxicity 
 Antibiotic delivered in a single dose 
 Steroid delivered in a single dose 

 Month 1  22  Steroid 
 Antibiotic 
 Acetazolamide 250 mg 

 Month 2  23  Steroids 
 NSAID 
 Antibiotic 
 Acetazolamide 250 mg 

 Month 3  19  Acetazolamide 250 mg 
 Month 6  20 

S. Pourjavan et al.



249

•     Calm anterior chamber.  
•   Ocular pain and discomfort, probably due to the surgery, 

resolved in 2 weeks.  
•   Mild conjunctival edema resolved within 2 week.  
•   Moderate conjunctival redness resolved within 1 month.  
•   Small bleb resolved within 1 month.  
•   No differences in the fundus from baseline.  
•   Small choroidal detachment was observed superonasally 

in the left fundus, probably due to the surgical procedure, 
and resolved within the fi rst month.  

•   Visual acuity remained light perception although hand 
movement perception was reported on 1-month visit.    
 Six months after the surgery, the overall situation 

remained satisfactory.  

    Fourth Patient 
 A 83-year-old male patient from Morocco presented in 2011 
because of progressive decrease of the vision especially in 
the left eye over 2 years. His ophthalmological history was 
blank. His visual acuity was + 0.12 LogMAR in the right eye 
and nearly +2 LogMAR in the left eye with his hyperopic 
correction. Slit lamp examination showed cataract in both 
eyes. The anterior chambers were slightly smaller than nor-
mal. Signs of exfoliation syndrome were observed on both 
lenses. The IOPs were 24 mmHg in the right eye and 
37 mmHg in the left eye. Gonioscopy examination showed in 
both eyes a narrow angle in all the quadrants with a marked 
Sampaolesi’s line. There were no visible posterior synechia 
in dynamic gonioscopy. In fundi after dilatation, a normal 
optic disc was observed with an excavation of 0.3 and normal 

rim in the right eye and a total excavation of the left optic 
nerve, C/D 0.9+ with an overall loss of rim. A peripheral 
iridotomy (PI) was performed as fi rst treatment, and prosta-
glandins (PG) were prescribed. The IOP remained high 
despite of PI and PG treatment. A combination therapy 
Cosopt was added to PG. In 2011, the IOP was 23.5 mmHg 
in the right eye and 39 mmHg in the left eye. 

 A combined operation, phacoemulsifi cation cataract sur-
gery fi rst, followed by STARfl o implantation, was performed 
on the left eye. Intraocular pressure in the implanted eye and 
medications prescribed during the study follow-up are listed 
in Table  22.4 . Postoperative observations during this period 
were the following:
•     Severe corneal edema and erosion, mainly caused by a 

complex cataract surgery, were resolved after 1 week.  
•   Small bleb resolved within 1 month.  
•   Merely due to the lack of compliance and the annulation 

of the third postoperative appointment by the patient, the 
following symptoms were observed 4.5 months after the 
surgery:
 –    Signs of severe infl ammatory reaction in the anterior 

chamber of the left eye resolved under intensive topi-
cal steroid drops.  

 –   Fibrin formation in front of the intraocular lens and on 
the STARfl o head resolved on the 6-month postopera-
tive visit.  

 –   Signs of synechia between the temporal angle of the 
STARfl o head and the endothelium, still present on the 
6-month visit but without disturbing the vision.     

•   Visual acuity slightly improved from +2.0 LogMAR to 
+1.2 LogMAR with postoperative correction.    
 On the 6-month postoperative control, the patient had 

neither complains nor pain even touching the site of 
operation.   

   Table 22.3    IOP and medications for the third patient during the study 
follow-up   

 Visit  IOP (mmHg)  Medications 

 Surgery  29  Antibiotic 
 Steroids 
 NSAID 

 Day 1  10  NSAID 
 Week 1  6  Cycloplegic drops 

 Acetazolamide 250 mg is added because 
of peripheral choroidal detachment. 
Because of the conjunctival redness, 
an oral treatment was preferred to 
antihypertensive drops 
 NSAID 

 Month 1  28  Xalatan 
 Acetazolamide 250 mg (oral treatment) 
is preferred to eye drops because of the 
redness and conjunctival toxicity 
 Combination drops of antibiotics/steroids 

 Month 2  26  Xalacom 
 Combination drops of antibiotics/steroids 

 Month 3  18  Xalacom 
 Month 6  15 

   Table 22.4    IOP and medications for the fourth patient during the 
study follow-up   

 Visit  IOP (mmHg)  Medications 

 Surgery  39  Steroid 
 Day 1  4  Antibiotic 
 Week 1  6 
 Month 1  8  Antibiotics were stopped 

 Steroids drops were continued because 
of the infl ammatory reaction due to the 
exfoliative glaucoma and the combined 
procedure 

 Month 3.5  NA  Steroid drops were spontaneously 
stopped by the patient 

 Month 4.5  40  Cosopt was added 
 Intensive topical steroid was added to 
tamper the infl ammation of the anterior 
chamber 

 Month 6  14  Cosopt continued because of lack of 
persistency in medication use 
 Intensive topical steroid 
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    Clinical Trial Summary 

 From a clinical perspective, the 6-month results of the 
STARfl o clinical study showed that all the safety and the 
effi cacy endpoints were achieved:
•    For all patients, the STARfl o implantation procedure was 

feasible without adverse events during or immediately 
after surgery.  

•   No device-related adverse events were reported.  
•   Transient choroidal detachment was encountered in two 

patients and probably procedure related, which resolved 
within the fi rst month after surgery.  

•   Transient hypotony (IOP < 6 mmHg) resolved within 
1 week in three patients and within 1 month in one patient.  

•   Postoperative bleb was seen in all four patients and disap-
peared between 1 week and 3 months.  

•   After 6-month follow-up (three cases), mean IOP percentage 
of decrease was 50 %, and an IOP < 21 mmHg was reported 
for all three patients still in study at that time (Fig.  22.17 ).

•      After 6-month follow-up (three cases), the mean daily 
intake of glaucoma medication decreased by 60 % 
(Fig.  22.18 ).
      However, despite the fact that a mean decrease in IOP and 

IOP-lowering medications was reported, no statistical sig-
nifi cance between baseline and the last observations can be 
claimed due to the limited size of the studied cohort. 

 Concerning the fi rst implanted patient whom been 
dropped out of the study, the scleral fl ap of 6 mm in width 
was too small to obtain watertight closure and was related to 
a more sustained fi ltering bleb (fi ltering up to 1 month, 
encapsulated bleb up to 3 months). Whether this might be 
related to an insuffi cient STARfl o effi cacy in lowering IOP 
remains an open question. STARfl o devices placed in subse-
quent patients were inserted using a larger incision, and each 
exhibited a transient bleb and satisfactory IOP-lowering effi -
cacy. On the other hand, this eye had probably a chronic low- 
grade infl ammation which is a known risk factor for early 
fi brosis and failure in all fi ltering procedures.   

  Fig. 22.17    Comparison of IOP per patient at baseline and LOCF 
(panel  a ) and mean IOP percentage decrease at visit time (panel  b ). 
Patient 1 was discontinued after 4.5 months.  LOCF  last observation 

carried forward, e.g., at 4.5 months postoperatively for patient 1 and 
6 months for patients 2, 3, and 4       

  Fig. 22.18    Comparison 
of glaucoma medication per 
patient at baseline and LOCF 
(last observation carried 
forward, e.g., 4.5 months 
postoperatively for patient 1 
and 6 months for patients 
2, 3, and 4)       
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    Conclusion 

 STARfl o Glaucoma Implant is a new suprachoroidal 
drainage device that combines Nordquist’s designs and the 
unique biointegration properties of the STAR® Biomaterials 
to enhance the natural uveoscleral outfl ow, hence reducing 
the intraocular pressure without the formation of a fi ltering 
bleb and its associated complication. 

 The STARfl o device relies on extensive research and 
studies conducted for several years on the STAR® Biomaterial 
as implantable material and on STARfl o predecessors in the 
ophthalmic fi eld – the CELLplant and the ClarifEYE. In 
the ophthalmic fi eld, the safety and the performances of the 
STARfl o device were demonstrated on animals while early 
results on human shows encouraging results in the control of 
the IOP with a reduction of glaucoma medications. Although 
long-term success still has to be demonstrated, this newly 
CE-marked device exhibiting anti-fi brotic properties is 
promising as a novel, suprachoroidal implant for bleb-free, 
intraocular pressure reduction for patient suffering from 
refractory open-angle glaucoma. iSTAR Medical SA is cur-
rently running a controlled market rolled-out phase during 
which each new case is carefully followed.     
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           Introduction 

 The nonphysiological nature of subconjunctival fi ltration, 
risk of hypotony and other complications, unpredictable 
wound healing, and fl ow control modulation led to the advent 
of newer glaucoma surgical approaches which enhance the 
physiologic mechanisms of aqueous outfl ow [ 1 ]. Ozdamar 
and colleagues introduced the fi rst successful suprachoroidal 
drainage technique in which aqueous humor was diverted 
from the anterior chamber to suprachoroidal space by a mod-
ifi ed Krupin eye valve [ 2 ]. 

 This chapter addresses all aspects pertaining to glaucoma 
shunt draining in the suprachoroidal space.  

    Suprachoroidal Space: Anatomical 
Considerations 

 The two physiologic outfl ow pathways in the normal human 
eye are the pressure-dependent, conventional pathway and 
the pressure-independent, uveoscleral outfl ow pathway. 
However, the pressure dependence or independence of these 
pathways is not absolute [ 3 ]. The conventional pathway con-
sists of the trabecular meshwork, Schlemm’s canal, and dis-
tal intrascleral and episcleral venous plexi. The uveoscleral 
outfl ow pathway consists of the interstitium of the ciliary 
body, the suprachoroidal space, and ultimately the scleral or 
choroidal vasculature [ 4 ]. 

 The suprachoroid lies between the choroid and the sclera 
and is composed of closely packed layers of long pigmented 
processes derived from each tissue [ 5 ]. The suprachoroidal 
space is a potential space providing a pathway for uveoscleral 
outfl ow. Aqueous humor that fl ows into the suprachoroidal 
space leaves this space via the scleral channels [ 6 ] or via the 
choriocapillaris [ 7 ]. The outfl ow function of the choroid has 
been demonstrated by visualizing the suprachoroidal drainage 
following the implantation of a silicone cyclodialysis glau-
coma implant, using MRI of the aqueous fl ow [ 8 ]. Furthermore, 
outfl ow capacity of the choroid from the suprachoroidal space 
has been demonstrated in other animal models [ 9 ,  10 ]. 

 Aqueous infl ow or outfl ow seems to be closely correlated 
with the hydrostatic pressure in the suprachoroidal space 
[ 11 ].The hydrostatic pressure difference between the ante-
rior chamber and the suprachoroidal space is signifi cantly 
correlated to the intraocular pressure. This hydrostatic pres-
sure difference is mainly generated by the colloid osmotic 
absorption of the choroidal vessels and partly by the outfl ow 
of fl uid across the sclera and emissaria. The pressure differ-
ential from the anterior chamber to the suprachoroidal space 
is the driving force for uveoscleral outfl ow [ 11 ]. 

 In comparison to the subconjunctival space, the supracho-
roidal space is attributed with less fi broblast colonization 
and activity.  

    Suprachoroidal Drainage Shunt 

    Concept 

 Two key observations were responsible for the inception of 
Gold Shunt   . First, the investigation of uveoscleral outfl ow in 
monkeys revealed that intraocular pressure (IOP) in the 
suprachoroidal space is always negative when compared with 
the IOP in the anterior chamber [ 7 ]. Researchers at SOLX 
hypothesized that a device connecting these two areas might 
be able to take advantage of this negative gradient to lower 
IOP without creating a bleb. The second observation per-
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tained to a jeweler who had a piece of gold removed from his 
eye after 10 years. A laboratory analysis showed that the 
metal was completely free of proteins and cells. This discov-
ery suggested that gold, if optimized, could provide a superior 
material base for a biocompatible device and minimize issues 
related to wound healing and the formation of scar tissue [ 12 ].  

    Device 

 The Gold Shunt concept was developed based on a quote 
from Anders Bill in the book titled  Uveoscleral Outfl ow: 

Biology and Clinical Aspects  (April 13, 1975). “More 
 quantitatively controllable laser and/or surgical techniques 
to increase uveoscleral outfl ow should be developed.” The 
Gold Shunt was a technology invented and developed by 
Gabriel Simon, MD, PhD. The Gold Shunt is cleared in 
Canada and has CE Mark in Europe. A pivotal trial is cur-
rently ongoing in the USA (Fig.  23.1 ).

   The initial studies were done with the earlier model, Gold 
Micro Shunt, GMS, which was a non-valved fl at-plate drain-
age device made from 24-karat medical-grade (99.95 %) 
gold. The shunt was 3.2 mm wide and 5.2 mm long and 
weighs 6.2 mg. It had a long rectangular shape, with rounded 
edges and fi nlike tabs on the distal end for anchoring the 
device in the suprachoroidal space. The aqueous entered the 
shunt at the proximal end, where 60 holes (100 mm in diam-
eter) and one 300-mm through hole were present. The distal 
end provided drainage through the microchannels of the fl uid 
from the AC into the suprachoroidal space. Nineteen chan-
nels were present, of which 10 were closed and 9 were open, 
with a lumen width of 24 μ and a height of 50 μ. The poste-
rior end of the shunt contained a grid of 117 holes (110 mm 
in diameter) on each side of the implant to allow a free fl ow 
of the fl uid from the device. The proximal and the distal ends 
also contained 12 and 10 additional 50-mm lateral channels, 
respectively, in order to increase fl ow [ 13 ]. 

 The latest model, GMS Plus, is 3.2 mm wide and 5.5 mm 
long, weighs 9.2 mg, and has larger channels, which are 
essentially like posts and add to the tensile strength of the 
device. This model also has fi ve central fi xation holes for 
easier implantation (Fig.  23.2 ).

       Indications 

•     Refractory glaucoma  
•   Failure of a previous glaucoma surgical intervention     

  Fig. 23.1    Current model of SOLX Shunt, GMS Plus, and the prior 
model GMS       

  Fig. 23.2    GMS Plus implanted in temporal quadrant of the eye       
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    Mechanism of Action 

 Enhancement of the aqueous fi ltration across the sclera may 
be one of the possible outfl ow pathways exploited by the 
shunt. The hypoechogenic space around the device detected 
by 20-MHz ultrasound and AS-OCT suggests increased fl ow 
through the supraciliary and suprachoroidal space [ 13 ]. From 
the suprachoroidal space, the aqueous humor can drain into 
the choroidal vascular system or permeate through the sclera.  

    Surgical Technique 

 Patients can be operated on under local anesthesia using 
either a sub-Tenon or a peribulbar injection. A bridle suture 
is placed around the superior rectus muscle; alternatively, 
a corneal traction suture can be placed at 12 o’clock. The 
gold shunt can be implanted in any quadrant, but the scleral 
tissue in the area of surgery should be healthy. Temporal 
quadrant is the most suitable quadrant. Furthermore, the 
angle in the area of intended implantation should be open 
and free of any peripheral anterior synechia. 

 A fornix-based conjunctival fl ap is fashioned, followed 
by meticulous cautery of episcleral vessels. A 4 mm (wide) 
by 3.5 mm (long) scleral fl ap about 90 % in depth is created. 
Dissection is done up to clear cornea and scleral spur is iden-
tifi ed. After measuring 1.5 mm posterior from scleral spur, 
a 3-mm-long mark at both scleral spur and 1.5-mm point is 
made. These steps should be performed with the eye pressur-
ized to facilitate the scleral dissection. 

 A full-thickness incision 3 mm wide is made into the 
suprachoroidal space. A cyclodialysis spatula is used to 
ensure that wound is 100 % open end to end. This is followed 
by injection of a small amount of viscoelastic into the supra-
choroidal space. Then a superfi cial ledge incision (approxi-
mately 50 μm) is created, and anterior chamber is entered 
with a 2.85-mm keratome, parallel to the iris. 

 The device is checked for mobility. Sclera is grasped with 
a .12 forceps just outside of the fl ap for countertraction.    

 The fl ared distal end of GMS Plus that is inserted into the 
AC allows for consistent fi xation and more reproducible 
placement in the angle. 

 “Shoulders” of the device are passed through the incision 
site one at a time. Using either a cystotome needle or a 
Sinskey hook, the device is pushed forward out of the inserter 
using the positioning holes on the gold shunt. Once the tail of 
the device clears the suprachoroidal space incision site, the 
lower lip of the wound is grasped and lifted. Then the implant 
is pulled gently into the suprachoroidal space. 

 It is better to go hole by hole like climbing a ladder. The 
shoulders of the device will stop once they get to the angle. It 
is best to have the device as deep into the angle as possible. 
The scleral incision is closed with 10-0 nylon sutures and the 

conjunctiva is closed at the limbus. It is best to have no fl ow 
from fl ap; however, if there is a small amount of egress and 
a small bleb forms, realize it is only temporary and will 
resolve. If device is pushed out of the angle during suturing, 
simply insert a cyclodialysis spatula through the paracentesis 
port and push it back into the angle.  

    Advantages 

•     Gold is known to be biocompatible, with no long-term 
toxicity in the human eye.  

•   No external fi ltering bleb.  
•   Chances of hypotony less.  
•   Reduced probability of developing endophthalmitis due 

to the exposure to the implant.  
•   Absence of conjunctival erosion.  
•   Absence of extraocular muscle imbalance.     

    Disadvantages 

•     Presence of a permanent implant in the anterior chamber 
and suprachoroidal space     

    Complications 

 The complications seen to date most commonly include 
hyphema and hypotony, which are minor and transient in 
nature and normally resolve by 1–2 weeks. Complications in 
the fi rst published study of 38 patients included shunt expo-
sure in 1 patient (3 %); synechiae formation, 1 patient (3 %); 
mild hyphema, 6 patients (16 %); moderate hyphema, 
2 patients (5 %); and exudative inferior retinal detachment, 
1 patient (3 %) [ 13 ]. Localized conjunctival congestion, mild 
hyphema, and mild cellular reaction generally resolve within 
a few days.  

    Scientifi c Evidence So Far 

 Previous studies of GMS implantation into the rabbit eye 
confi rmed that the device was safe and did not trigger any 
infl ammatory response in adjacent tissues [ 14 ]. 

 Melamed and colleagues reported outcome of 38 patients 
undergoing surgery with GMS in a prospective, noncompar-
ative case series in 2009 [ 13 ]. In this study surgical success 
(defi ned as an IOP >5 and <22 mmHg with or without anti-
glaucoma medications in the last follow-up) was achieved in 
30 patients (79 %). Complete success (defi ned as an IOP >5 
and <22 mmHg without antiglaucoma medication in the last 
follow-up) was achieved in 5 patients (13.2 %). Two-thirds 
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of the patients still used some form of antiglaucoma medica-
tion to achieve adequate IOP control. Despite the fact that 
more than 50 % of the eyes in this series had at least one 
failed trabeculectomy, glaucoma drainage device, or laser 
trabeculoplasty, patients with a GMS achieved a decrease in 
IOP of more than 30 %. 

 Mastropasqua et al. reported an observational case series 
of 14 glaucoma patients with a history of multiple prior 
failed incisional surgeries. The mean postoperative IOP per-
centage reduction at last follow-up visit was 22.6 % and was 
without relevant postoperative complications and the forma-
tion of fi ltering blebs [ 15 ]. 

 Figus and colleagues evaluated the effi cacy of GMS in 55 
patients with refractory glaucoma. After 2 years of follow-
 up, qualifi ed success was achieved in 37 eyes (67.3 %), and 
complete success was achieved in 3 eyes (5.5 %) [ 16 ]. Mild 
side effects occurred in 21 patients, with mild or moderate 
postoperative hyphema being the most frequent one. 
Development of a thin membrane, obstructing the anterior 
holes, was the most important factor affecting the effi cacy of 
this device; it was found to be present in 12 patients from the 
failure group (66.7 % of failures). 

 Agnifi li and colleagues studied the histological fi ndings 
of fi ve eyes of fi ve glaucomatous patients with unsuccessful 
GMS implantation who underwent shunt removal [ 17 ]. Each 
device was sectioned into three portions: proximal or ante-
rior chamber portion, middle or scleral portion, and distal or 
suprachoroidal portion. The main feature was the presence 
of a thick connective capsule-like reaction surrounding both 
the proximal and distal ends and invading the posterior and 
anterior grid holes, whereas a more loosely arranged connec-
tive tissue was observed within the inner channels. Signs of 
surface fi brosis of the middle-scleral portion and infl amma-
tory cell infi ltration of the device were not documented in 
any of the cases. 

 Harasymowycz recently presented a retrospective case 
series of 16 patients with glaucoma. The patients underwent 
deep sclerectomy with GMS implantation in the supracho-
roidal space. The average IOP and IOP-lowering medication 
preoperatively were 33.6 mmHg and 3.0 medications, 
respectively. At 6 months, the average IOP was 16.3 on an 
average of 1.3 medications. No intra- or postoperative cases 
of choroidal detachment, hyphema, uveitis, or corneal edema 
or opacifi cation were noted [ 18 ].      
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        Cataract surgery is the most common surgery performed in 
the United States according to the Agency for Health Care 
Research and Quality [ 1 ]. Many patients who are glaucoma 
suspects or have glaucoma have cataract surgery. The pur-
pose of this chapter is to review the recent studies on the 
effect of cataract surgery on intraocular pressure (IOP), the 
mechanism of IOP lowering after cataract surgery, and how 
to decide between cataract surgery alone or cataract surgery 
combined with glaucoma surgery when operating on your 
glaucoma and glaucoma suspect patients. 

    Recent Studies Examining the Effect 
of Cataract Surgery on Intraocular Pressure 

 Even as early as 1970 with intracapsular cataract surgery, 
Bigger and Becker suggested that cataract surgery lowered 
IOP [ 2 ]. Recent studies with modern clear cornea phaco-
emulsifi cation cataract surgery suggest that cataract surgery 
lowers intraocular pressure in normal, glaucoma suspect, 
and glaucomatous eyes. One study by Shingleton [ 3 ] reported 
the long-term effect of cataract surgery in approximately 150 
patients with a diagnosis of either glaucoma, glaucoma sus-
pect, or cataract who underwent cataract surgery and were 
followed for at least 3 years. The study reported a mean 
decrease of approximately 1.5 mmHg in all three groups at 
3 years. Many eyes were treated with ocular hypotensive 
medications both before and after surgery, and many did not 
have elevated IOP. The authors concluded that cataract sur-
gery should not replace glaucoma surgery when signifi cant 
IOP lowering is required, but it may be useful in patients 
with controlled early glaucoma who may want to continue 
glaucoma medication use. 

 Poley [ 4 ,  5 ] reported IOP changes after cataract surgery in 
patients who had a follow-up of 4 years or greater. They 
stratifi ed the level of preoperative IOP and found it positively 
correlated with the amount of IOP lowering. In other words, 
their study documented that the higher the level of preopera-
tive IOP, the greater the reduction in IOP after cataract sur-
gery. For example, the IOP reduction was 6.5 mmHg in 19 
eyes with preoperative IOP between 23 and 31 mmHg but 
only 1.6 mmHg in eyes with preoperative IOP in the 
15–17 mmHg range. 

 A prospective study by Samuelson [ 6 ] reported the results 
of a regulatory trial including a “cataract surgery only” 
group. At 12 months, they found an IOP reduction of 
8.5 ± 4.3 mmHg with cataract surgery alone in a group of 
ocular hypertension and early glaucoma patients. This result 
is greater than Shingleton [ 3 ] and Poley [ 4 ,  5 ]. However, 
35 % of these eyes were back on ocular hypotensive medica-
tions at 12 months. 

 These studies have suggested that the amount of IOP low-
ering is generally proportional to presurgical IOP. However, 
these previous studies used only a single preoperative intra-
ocular pressure measurement, were retrospective, included a 
mixture of treated and untreated patients with ocular hypoten-
sive medications, and were usually from a single-center. 
Finally, several of these previous studies included patients 
with multiple different diagnoses of glaucoma such as pig-
mentary dispersion, pseudoexfoliation, and primary open- 
angle glaucoma. While useful, these studies may be affected 
by regression of the mean or differential bias to the effect of 
cataract surgery on IOP lowering because ocular hypotensive 
medications were used preoperatively and postoperatively. 

 The Ocular Hypertension Treatment Study (OHTS) 
recently published a manuscript [ 7 ] regarding the change in 
IOP after cataract surgery. The OHTS is a multicenter, ran-
domized clinical trial to determine the safety and effi cacy of 
ocular hypotensive medications in delaying or preventing 
the onset of primary open-angle glaucoma in individuals 
with elevated intraocular pressure. The inclusion criteria for 
the study were those aged 40–80 years old, intraocular pres-
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sure between 24 and 32 mmHg in one eye and between 21 
and 32 mmHg in the other eye, no evidence of glaucoma-
tous structural or functional damage by standard clinical 
measures, and best- corrected visual acuity of at least 20/40 
with no evidence of visually signifi cant cataract. The study 
began recruitment in 1994 and continued for more than 
10 years. 

 The study included 42 participants (63 eyes) who under-
went cataract surgery in at least one eye and compared the 
results to a control group of 743 participants (743 eyes) who 
did not undergo cataract surgery. The study excluded partici-
pants if (1) they were ineligible for cataract surgery because 
of aphakia or pseudophakia at the enrollment visit, (2) they 
had a history of trabeculectomy surgery after enrollment, 
(3) they used topical ocular hypotensive medication use, and 
(4) they had less than 1 year of follow-up. The study also 
included up to three IOP measurements prior to cataract sur-
gery and up to three visits subsequent to cataract surgery to 
determine postoperative intraocular pressure. The IOP data 
was censored after events that could alter the natural history 
of postoperative IOP. These included (1) laser iridotomy, (2) 
laser-assisted in situ keratomileusis (LASIK), and (3) initia-
tion of topical ocular hypotensive medication. 

 Figure  24.1  shows that the mean postoperative IOP in the 
cataract surgery group was signifi cantly lower compared to 
the mean preoperative IOP (19.8 ± 3.2 vs. 23.9 ± 3.2 mmHg). 
The estimated mean decrease in IOP postoperatively in the 
cataract surgery group was 4.0 mmHg. The overall average 
percent decrease from preoperative IOP was 16.5 % with 

39.7 % of eyes having a postoperative IOP greater than 
20 % below preoperative IOP. However, 11.1 % of partici-
pants had an increase in their postoperative IOP from the 
preoperative IOP. In these seven eyes, the percentage 
increase in IOP was between 0.7 and 18.3 %. The study also 
documented the long duration of IOP lowering after cataract 
surgery because postoperative IOP had not returned to the 
level of preoperative IOP by 36 months. However, the 
results do not last forever, with the fi gure showing an 
increasing IOP over time.

   The OHTS study provided important new information 
regarding the effect of cataract surgery in a well- characterized 
group of patients with ocular hypertension. The study 
included multiple measurements of pre- and postoperative 
IOP to better characterize IOP. Another strength is that it 
only included eyes that were untreated, eliminating the effect 
of ocular hypotensive medications on both preoperative and 
postoperative IOP. Finally, it included a large diverse group 
of patients with multiple ethnicities and included multiple 
different clinical centers. This suggests that the results may 
be generalized to other ocular hypertensive patients. 

 However, one should avoid extrapolating the OHTS 
results to eyes with lower IOP, higher IOP, and to eyes with 
glaucoma. Similarly, the results may not be used to recom-
mend a particular treatment (e.g., medications, laser, sur-
gery) for ocular hypertension because the participants were 
not randomized to cataract surgery. 

 Overall, these recent studies examining the effect of cata-
ract surgery on intraocular pressure are informative. They 

  Fig. 24.1    Intraocular pressure 
(IOP) before and after cataract 
surgery in the Ocular 
Hypertension Treatment Study. 
Month 0 is the  split date  or the 
study visit that the participant 
reported cataract surgery, or a 
randomly selected, correspond-
ing date in the control group. 
Preoperative IOP was the mean 
IOP of up to three visits prior to 
the split date. Postoperative IOP 
was the mean IOP of up to three 
visits including the split date 
(0, 6, and 12 months). In the 
cataract surgery group, the mean 
postoperative IOP was lower 
than the mean preoperative IOP 
(23.9 ± 3.2 vs.19.8 ± 3.2 mmHg, 
 p  < .0001, mixed model analysis 
of variance). In the control 
group, the mean IOP before and 
after the split date IOP were 
23.8 ± 3.6 vs. 23.4 ± 3.9 mmHg, 
 p  < .002, respectively. Error bars 
are ± two standard errors of the 
mean       
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show that cataract surgery lowers IOP for a long period of time 
(at least 3 years). They show a moderate decrease in IOP of 
1.5–8 mmHg with and without medications. However, a large 
proportion of glaucoma patients continue to require glaucoma 
medications after cataract surgery.  

    Predicting the Response in IOP 
from Cataract Surgery 

 All of the previous studies show the wide variability in post-
operative IOP after cataract surgery. In particular, the OHTS 
study [ 7 ] showed a 40 %  decrease  in IOP in some ocular 
hypertension participants, but other participants had an 18 % 
 increase  in IOP. For eye care providers performing cataract 
surgery and taking care of glaucoma and glaucoma suspect 
patients, the key questions are as follows: “ Who would have 
the most IOP lowering from cataract surgery ?” and “ Who 
may have minimal benefi t from cataract surgery and require 
simultaneous or subsequent glaucoma surgery ?”. 

 The OHTS study examined whether one could predict the 
IOP lowering after cataract surgery based on patient charac-
teristics. Age, race, gender, and central corneal thickness 
were not predictive of subsequent IOP lowering. The only 
variable associated with postoperative IOP was preoperative 
IOP, which was similar to the results of Poley [ 4 ,  5 ] above. In 
other words, higher preoperative IOP was associated with a 
greater percentage drop in postoperative IOP. The mean 
change in IOP in those with a preoperative IOP below 
22.3 mmHg was only −11.0 %. In those with a preoperative 
IOP between 22.3 and 25.0 mmHg, the mean percent change 
in postoperative IOP was −16.2 %. Finally, in the group with 
preoperative IOP greater than 25 mmHg, the mean change in 
postoperative IOP was −22.5 %. 

 The overall results of these studies suggest that preopera-
tive IOP was the only consistent factor associated with the 
amount of postoperative lowering of intraocular pressure. 
This creates the classic dilemma of “risk versus benefi ts.” 
Those glaucoma and glaucoma suspect patients with visually 
signifi cant cataract and the highest IOP have the highest risk 
of worsening glaucoma but also may have the greatest 
response to cataract surgery. If cataract surgery does not 
lower IOP adequately, they are also most likely to require 
urgent glaucoma surgery. Overall, eye surgeons should coun-
sel their patients regarding the wide differences in response 
to cataract surgery and the possibility of subsequent glau-
coma surgery if their IOP is not controlled with topical ocu-
lar hypotensive medications. 

 In the future, other potential predictive factors for IOP 
lowering would be informative. These may include anterior 
chamber confi guration [ 8 ] with the hypothesis that eyes with 
a more narrow anterior chamber angle experience a greater 
decrease in IOP after cataract surgery than eyes with open 

angles. Other factors may include the amount of pigmenta-
tion of the trabecular meshwork, the size of the intumescent 
cataract, the characteristics of the cataract surgery such as 
phacoemulsifi cation time, the amount of postoperative 
infl ammation and pigment release, and the characteristics of 
the intraocular lens on the lens capsule. Several of these fac-
tors have been previously associated with success of laser or 
glaucoma surgery for lowering intraocular pressure.  

    What Is the Mechanism of IOP Lowering 
with Cataract Surgery? 

 The mechanisms for IOP lowering after cataract surgery could 
be separated into mechanical or biologic processes. The 
mechanical process suggests that cataract surgery exposes a 
larger area of the trabecular meshwork to aqueous humor. One 
can demonstrate this phenomenon by performing gonioscopy 
after unilateral cataract surgery. Gonioscopy in the pseudo-
phakic eye commonly shows more angle structures than the 
contralateral phakic eye. This may occur because the iris 
moves posterior, exposing more angle structures to aqueous 
humor. Another explanation of the mechanical hypothesis is 
that the implanted intraocular lens creates zonular tension, 
which creates centripetal forces on the longitudinal tendon of 
the ciliary body. This subsequently pulls on the scleral spur, 
creating widening trabecular spaces and decreased outfl ow 
resistance. This mechanism of action is utilized by miotic 
medications such as pilocarpine. This mechanism was demon-
strated in a postmortem study [ 9 ] in human eyes, which dem-
onstrated an association between increased facility of outfl ow 
and tension on the lens zonule in eyes with open angles. 
Similarly to the latter study, Meyer [ 10 ] and Kee [ 11 ] demon-
strated increased outfl ow facility by tonography after phaco-
emulsifi cation in eyes without glaucoma. 

 The biologic process of how cataract surgery lowers intra-
ocular pressure was studied by Wang in 2003 [ 12 ]. He showed 
that there was an increased amount of interleukin and tumor 
necrosis factor alpha (TNFα) released by trabecular mesh-
work cells after subjected to phacoemulsifi cation. This may 
increase uveoscleral outfl ow. Whether it is a mechanical, bio-
logic, or combination of processes, the exact mechanism of 
IOP lowering after cataract surgery is unknown.  

    How to Decide Between Cataract Surgery 
Alone Versus Cataract Surgery Combined 
with a Glaucoma Procedure 

 One should recognize that cataract surgery frequently results 
in an increase in intraocular pressure within the fi rst 12 h 
after cataract surgery. Ranier [ 13 ] documented the natural 
change in IOP after cataract surgery in normal patients and 
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showed that 70 % of normal patients will have a spike in IOP 
to 30 mmHg or more. Krupin showed that 60 % of glaucoma 
patients will have a 10 mmHg rise in intraocular pressure 
after extracapsular cataract surgery (Krupin 1989, 
Ophthalmology). He also showed that combined cataract and 
glaucoma surgery (posterior lip sclerostomy) resulted in 
only 21 % having an IOP greater than 25 mmHg, but cataract 
surgery alone had a 77 % chance of IOP than 25 mmHg. 

 Therefore, the fi rst question to ask yourself is “ Whether or 
not your patient can tolerate severely elevated intraocular 
pressure over the fi rst 24 h after cataract surgery ?”. If they 
can’t tolerate this elevation in their pressure, they should have 
a cataract combined with a glaucoma procedure. The second 
question  is “Whether or not the patient wants to stay on glau-
coma medications ?”. Samuelson [ 6 ] showed that 35 % of 
patients with a diagnosis of glaucoma or glaucoma suspect 
required one or more glaucoma medications after cataract sur-
gery. Therefore, if a patient wants to have the highest chance 
of eliminating a daily glaucoma ocular hypotensive treatment, 
they should choose a cataract combined with a glaucoma 
procedure. 

 The best candidates for cataract surgery alone are those 
with visually signifi cant cataract and have well-controlled 
early glaucoma and/or those who are glaucoma suspects. No 
studies have examined clear lens extraction in glaucoma or 
glaucoma suspectsline, therefore, one should not perform cat-
aract surgery in the open-angle glaucoma patient for IOP con-
trol unless they have a visually signifi cant cataract.  

    Conclusions 

 Cataract surgery is the most common surgery performed 
in the United States, and many patients with a diagnosis 
of glaucoma and glaucoma suspect require cataract sur-
gery. Cataract surgery will lower IOP between 1.5 and 
8.0 mmHg from preoperative IOP, and the IOP lowering 
will last a long time – at least 3 years on average. Those 
with the highest preoperative IOP will have the most IOP 
lowering but are at most risk of developing worsening 
glaucoma and subsequent glaucoma surgery. The best 
candidates for cataract surgery as a potential procedure to 
lower IOP are those with visually signifi cant cataract and 

have well-controlled early glaucoma and/or those who are 
glaucoma suspects.     
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          Introduction and Classifi cation 

 The incidence of angle-closure glaucoma (ACG) worldwide 
appears to be growing [ 1 ], and while it represents a lower 
proportion of all glaucomas in white [ 2 – 10 ] and black [ 11 – 13 ] 
ethnic populations, it has been and remains a signifi cant 
problem in Inuit [ 14 – 16 ], Chinese [ 17 – 21 ], and other Asian 
[ 22 – 30 ] populations. Globally, it has been estimated that 
0.7 % of people over the age of 40 years have angle-closure 
glaucoma and 21 million people are projected to have angle- 
closure glaucoma by the year 2020 [ 31 ]. In China alone, the 
approximately 91 % of bilateral blindness cases have been 
attributed to ACG, and 1.5 million individuals suffer from 
unilateral blindness (defi ned as visual acuity <3/60 or visual 
fi eld ≤10°) from primary ACG [ 32 ]. It is imperative that 
proper understanding, diagnosis, and therapy of this poten-
tially devastating disease is critical to the ophthalmologist 
both now and ever more so in the future. 

 The natural history of primary ACG typically begins with 
anatomical narrowing of the anterior chamber angle with a 
normal intraocular pressure (IOP) and visual fi elds and 
absence of peripheral anterior synechiae (PAS), also termed 
primary angle-closure suspect (PACS). In PACS patients, iri-
dotrabecular contact (ITC) may be observed on non-compres-
sive gonioscopy, with iris touching the posterior pigmented 
trabecular meshwork or more anterior structures. The next 
stage is by the closure of the angle or development of PAS 
accompanied by elevation of the IOP, termed primary angle 
closure (PAC) (Video  25.1 ). Finally, anatomical angle closure 
with the presence of glaucomatous optic neuropathy and an 
accompanying visual fi eld defect is known as primary angle-
closure glaucoma (PACG). PACG, while potentially sudden, 
painful, and with severe vision loss, well known to ophthal-
mologists as acute angle-closure glaucoma (AACG), is often 

also asymptomatic and insidious. It is thus important to 
 understand that ACG may  present as acute, subacute or inter-
mittent, and chronic. These variations may also be found in the 
same patient and even in the same eye, at different time points.  

    Diagnosis and Mechanism of Disease 

 The proper timely diagnosis and treatment of angle closure is 
critical to the preservation of vision. The initial evaluation of 
the patient should begin with assessing the refractive status. 
Hyperopic eyes, especially in the elderly, commonly have 
narrower anterior chamber angles [ 33 ] and are also at 
increased risk of PAC [ 34 ]. Following this, attention should 
be given to the pupil. Reactivity, size, shape, and presence of 
a relative afferent pupillary defect should all be noted and 
may suggest chronic angle closure and optic nerve damage 
or herald an acute attack. IOP should be ascertained, and a 
careful slit lamp examination should follow, giving special 
attention to any corneal fi ndings (edema, microcysts, pig-
mented deposits on the endothelium, endothelial cell loss), 
central and peripheral anterior chamber depth, iris abnor-
malities (posterior synechiae, irregular shape, poor reactiv-
ity, diffuse or focal atrophy), and fi nally lens changes 
(cataract, central lens rise or vault, glaukomfl ecken). 

 While all of examination is important, perhaps the most 
critical element is the gonioscopy. Both eyes should be care-
fully examined with regard to angle anatomy, any areas of 
ITC, and presence or absence of PAS. When performing goni-
oscopy, it is recommended that the light in the room as well as 
the slit lamp be made dim and care taken not to pass light into 
the pupil to create artifi cial widening of the angle through 
pupillary constriction (Fig.  25.1 ) [ 35 ]. When faced with the 
situation of determining the difference between an angle that 
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is appositional and true synechiae, compression or indentation 
gonioscopy is a valuable tool. Mere ITC should be separable 
and the trabecular meshwork visualized, but PAS should 
remain on compression and no meshwork structures be visi-
ble. It should be noted that PAS can be broken on occasion 
with compression gonioscopy, and in fact AACG attacks may 
occasionally too be broken with compression techniques.

   Finally, as an adjunct to the clinical examination, diagnostic 
imaging modalities may be extremely useful in angle closure. 
Anterior segment optical coherence tomography (AS-OCT), 
Scheimpfl ug imaging, and ultrasound biomicroscopy (UBM) 
may all be useful adjunctive modalities in the accurate diagno-
sis of the underlying factors resulting in angle closure. 

 When thinking about the proper approach to an angle- 
closure patient and the most appropriate therapeutic interven-
tion, it is useful to fi rst consider the predominant mechanism 
of the angle closure. While not independent of each other and 
commonly angle closure can be multifactorial, the main 
mechanisms to be considered should be pupillary block, len-
ticular causes, plateau iris, and retrolenticular.  

    Treatment 

 Thought to be the most common form of angle closure, 
pupillary block refers to the phenomenon of aqueous humor 
build up in the posterior chamber space between the posterior 

iris and the anterior lens capsule. This may occur as a result 
of iris proximity to the anterior lens capsule or a forward 
position of the lens capsule resulting in apposition and trap-
ping of aqueous humor in the posterior chamber. Without a 
conduit to allow for equalization of pressure between the 
posterior and anterior chamber, the mid-peripheral iris is 
pushed forward in a gradually increasing manner eventually 
causing iridotrabecular apposition in the “iris bombé” con-
fi guration. In order to alleviate the mechanism of pupillary 
block, relative or absolute, a pathway is required for fl uid to 
exit the posterior chamber and enter into the anterior 
 chamber, most commonly achieved via the creation of a 
peripheral iris opening to allow for equalization of fl uid pres-
sure, typically performed with a neodymium-doped yttrium 
aluminum garnet (Nd:YAG) laser. In cases where a periph-
eral iridotomy is not possible for reasons such as corneal 
edema and complete apposition of the peripheral iris to the 
cornea, pupillary block may also be relieved by using a nee-
dle to lift up the iris from the lens capsule, which can be 
performed at the slit lamp with the assistance of ophthalmic 
viscosurgical devices (OVD), providing a way for aqueous 
humor to exit the posterior chamber into the anterior cham-
ber. Care must be taken not to injure the anterior lens capsule 
when performing this maneuver. 

 Although no conclusive clinical study has proven the ben-
efi t of laser iridotomy (LPI) for PACS, the relative ease and 
quickness of the procedure along with the relatively favor-
able safety profi le of the minor procedure has given way to 
its more common and widespread use in attempts to prevent 
the more serious and grave consequences of AACG or 
PACG. Although LPI may be the fi rst step in therapy, it is 
often insuffi cient in PAC or PACG to halt the disease process 
and does not address PAS or anatomical closure of the angle. 
It has been reported that nearly 1 out of 3 PAC eyes which 
received LPI continue to have signifi cant ITC after treatment 
[ 36 – 38 ]. The term plateau iris confi guration may be used to 
refer to eyes which appear to have a deep central anterior 
chamber with the peripheral iris continuing to appear in 
close apposition to the trabecular meshwork or have frank 
ITC. In cases of plateau iris confi guration where IOP spikes 
occur following LPI, plateau iris syndrome may be diag-
nosed. Although the treatment of plateau iris is not the focus 
of this chapter and argon peripheral laser iridoplasty remains 
the standard treatment for plateau iris syndrome after LPI, 
surgical strategies to deal with plateau iris when combined 
with lensectomy will be discussed later on in this chapter. 

 Lenticular causes of angle closure can be a result of many 
different factors. Increase in lens thickness or lens vault, par-
ticularly in hyperopic eyes with smaller anterior segments, 
weakening of the zonular apparatus resulting in a forward 
position of the crystalline lens, and lens-induced pupillary 
block may all be implicated. It is well established that lensec-
tomy widens the anterior chamber angle in ACG eyes as well 
as those with narrow, occludable angles [ 39 – 43 ]. Furthermore, 
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  Fig. 25.1    ( a ) Anterior segment OCT (AS-OCT) image of the angle in 
a patient in dark conditions. ( b ) Angle of the same patient with light 
shone onto the iris surface. ( c ) Angle of the same patient with light 
shone into the pupil. The angle can be seen to be closed with iridotra-
becular contact in dark conditions, while this contact is relieved with 
light (Images courtesy of Ike K. Ahmed, MD)       
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in both prospective and retrospective studies comparing lens 
extraction with surgical iridectomy or trabeculectomy in 
acute and non-acute ACG, lensectomy patients were shown 
to have decreased postoperative medication requirements as 
well as a lower rate of complications [ 44 – 54 ]. 

 In one study which randomized AACG patients to cata-
ract surgery versus peripheral iridotomy alone, patients with 
an IOP >55 mmHg who underwent early lens extraction 
were found to be less likely to require IOP-lowering therapy 
[ 44 ]. In certain situations, lensectomy may be accompanied 
by other surgical procedures such as goniosynechialysis to 
release PAS, endocyclophotocoagulation, or fi ltration sur-
gery. In one study randomizing 51 medically uncontrolled 
CACG eyes to cataract surgery alone versus combined 
phacotrabeculectomy, IOP was found to be lower in the com-
bined surgery group as well as less postoperative dependence 
on topical medications, but the phacotrabeculectomy group 
had a signifi cantly higher rate of complications, as well as 
progression of optic neuropathy [ 55 ]. In their study, 14.8 % of 
lensectomy-only eyes required subsequent fi ltration surgery.  

 The same group also performed the same randomized 
trial comparing phacoemulsifi cation versus trabeculec-
tomy head-to-head in 50 uncontrolled CACG eyes without 
cataractous lens opacities. No signifi cant difference in IOP 
reduction between the two groups was found, but the trab-
eculectomy group required less postoperative medications. 
However, surgical complications were reported as 46 % in 
the trabeculectomy group as compared with only 4 % in the 
phacoemulsifi cation-alone group ( P  = 0.001) and one third 
of the trabeculectomy eyes demonstrated cataract develop-
ment during the 24-month follow-up [ 56 ]. Finally, in patients 
with medically controlled CACG who were randomized to 
lensectomy alone versus phacotrabeculectomy, there was no 
statistically signifi cant difference between IOP at 12- and 
24-month follow-up and no difference in disease progres-
sion rates, and while the phacotrabeculectomy group was on 
a mean of 0.8 medications less than the lensectomy- alone 
group, the phacotrabeculectomy group suffered signifi cantly 
more postoperative complications [ 57 ]. When faced with 
deciding which procedure to most appropriately perform in a 
patient with ACG, one should consider whether lens extrac-
tion is likely to relieve the pre-trabecular meshwork obstruc-
tion, allowing for control of the IOP and opening of the angle, 
with or without medications, before deciding to pursue fi ltra-
tion or combined phacoemulsifi cation and fi ltration surgery, 
which, as these studies have shown, result in more postopera-
tive and potential long-term complications for the patient. In 
certain cases, lensectomy without fi ltration surgery may be 
combined with other non-bleb-forming procedures, to be dis-
cussed later, which have a more favorable risk profi le. 

 The fi nal consideration in the patient with angle closure is 
that of retrolenticular causes. This includes situations such as 
choroidal expansion, malignant glaucoma, ciliary effusions, 
or any other posterior-pushing mechanism. Although not 

classically considered in the category of primary angle 
 closure and not within the scope of this chapter, a brief 
 discussion on surgical considerations in malignant glaucoma 
will also be included in this chapter.  

    Surgical Technique and Considerations 

 Lensectomy in the angle-closure eye may present many 
unique challenges to the surgeon. The diffi culties may range 
from poor visibility due to an edematous cornea, fl at anterior 
chamber, abnormal iris behavior, intumescent lens, and loose 
or missing zonules to predisposition to malignant glaucoma 
both intraoperatively and postoperatively. 

 The surgical approach to the angle-closure patient begins 
preoperatively. It is ideal if any AACG attack is broken prior 
to surgical intervention and, as well, the eye as quiet as pos-
sible from infl ammation with the use of topical steroids or 
nonsteroidal anti-infl ammatory medications. Topical, with or 
without, the use of systemic medications to obtain as normal 
an IOP as possible prior to surgery is also advisable. Specular 
microscopy with a corneal endothelial cell count may be 
helpful in determining the state of cornea. AS-OCT may pro-
vide information as to the amount of anterior chamber space 
one will have to work with intraoperatively (Fig.  25.2 ) as 
well as potentially suggest diagnostic etiologies related to 
poor zonular support such as ACG due to spherophakia 
(Fig.  25.3 ). Finally, UBM imaging may provide a view to the 
ciliary processes, with anteriorly positioned ciliary processes 
seen commonly in plateau iris syndrome (Fig.  25.4 ).

     Intraoperatively, the fi rst objective of surgery is to achieve 
an adequate view of the anterior segment to effectively and 
safely perform lens extraction. If the epithelium is edematous 
preventing an adequate view, topical glycerin may be used, or 
manual removal of the corneal epithelium is occasionally 
required. Once an adequate view has been achieved to pro-
ceed, the next objective is to protect the cornea, typically most 
effectively achieved by the use of a dispersive OVD injected 
into the anterior chamber via a paracentesis incision. 

  Fig. 25.2    AS-OCT image of a patient with high lens vault and also 
relative pupillary block seen with a convex iris contour       
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Stabilization and deepening of the anterior chamber, often 
achieved with a cohesive OVD, should then be attained. In the 
occasional case, the anterior chamber cannot be deepened or 
formed with OVD, even with a high- viscosity agent such as 
Healon 5 (Abbott Medical Optics, Inc., Illinois, USA). In such 
cases, a pars plana tap to reduce posterior pressure can be an 
invaluable tool and technique in order to allow deepening of 
the anterior chamber for effective removal of the lens and as 
well providing a safe space for phacoemulsifi cation and 
manipulations to occur away from the likely already-trauma-
tized corneal endothelium [ 58 ]. 

 The proper technique should involve a localized conjuncti-
val peritomy and light cautery for hemostasis, followed by a 
careful measurement and marking with a caliper of 4 mm radi-
ally posterior to the limbus. A microvitreoretinal (MVR) blade 
is then used to enter the posterior segment with care taken to 
aim the blade posteriorly towards the optic nerve, to comfort-
ably avoid the crystalline lens. Without the use of a separate 
infusion, the automated vitrectomy device is then placed into 
the posterior segment through the created incision, with care 
taken to point the guillotine and aspiration ostium posteriorly 
away from the lens. Vitrectomy with suction is then per-
formed, and within a few seconds and with a very small vol-
ume of vitreous removed, suffi cient decompression of the 
posterior segment will have occurred as to produce a dramatic 
and often surprising increase in the capacity to deepen the 
anterior chamber (Video  25.2 ). 

 Once the anterior chamber has been stabilized, the pupil 
may need to be addressed prior to lens extraction. Posterior 
synechiae from the iris to the lens capsule may need to be 
released, or pupil manipulation and expansion may be 
required. These maneuvers may be achieved using simple iris 
hook instruments such as the Kuglen or Lester hooks, pupil 
dilators such as the Beehler instrument, anterior segment 
microscissors to perform mini-sphincterotomies, or devices 
to maintain pupil dilation during surgery such as the Malyugin 
Ring or disposable iris retractors. Viscodilation with a visco-
adaptive OVD is also often a useful adjunct in managing iris 
in these cases. In some cases, patients with atonic mid-dilated 
irides, or those with focal atrophy, may benefi t from suture 
pupilloplasty to reduce photophobia and restore a more ana-
tomically physiologic shape for both visual function and cos-
mesis. This is typically achieved using 10-0 polypropylene 
suture on a long curved needle to place either multiple inter-
rupted sutures to close focal defects or occasionally a cer-
clage or partial cerclage suture to close circumferential or 
large clock-hour iris defects or areas of atonicity. Iris sutures 
may be tied using the McCannel [ 59 ], Siepser [ 60 ], any modi-
fi cation of the two, or intraocular microinstrument-mediated 
tying techniques (Videos  25.3  and  25.4 ). 

 In angle-closure eyes, creating a continuous curvilinear 
capsulorhexis (CCC) may be challenging, as these patients 
often have a lens or anterior capsule that is vaulted forward. 
As a result, an anterior CCC has the tendency to run out 
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  Fig. 25.3    ( a ) Spherophakia lens-induced angle closure with anterior 
chamber depth of 1.18 mm as measured on AS-OCT. ( b ) Angle view of 
the same patient. ( c ) Postoperative imaging of the same patient after 
lens extraction and goniosynechialysis showing anterior chamber depth 
of 3.55 mm. ( d ) Postoperative angle image of same patient (Images 
courtesy of Ike K. Ahmed, MD)       

  Fig. 25.4    Ultrasound biomicroscopy image of a plateau iris patient 
showing anteriorly positioned ciliary processes ( arrow ) propping up the 
peripheral iris causing a narrow angle       
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peripherally towards the lens equator. The use of high- 
viscosity OVD agents may be employed to fl atten the  anterior 
capsule, and as well, erring on the side of making the CCC 
slightly smaller may be useful strategies. If the lens cortex is 
hydrated, white, and intumescent, prior to commencing the 
CCC, a short hypodermic needle on a syringe half fi lled with 
balanced saline solution may be utilized to puncture the ante-
rior capsule, immediately aspirating and decompressing the 
internal contents of the capsular bag to decrease the amount of 
forward pressure on the anterior capsule (Video  25.5 ). Should 
the CCC begin to stray peripherally during its creation, a tear-
in technique is very useful to rescue the capsulorhexis (Video 
 25.6 ) [ 61 ]. If zonular issues are present in an angle-closure 
patient undergoing cataract extraction, a CCC is critical to per-
mit the use of capsular tension devices. Without an intact 
CCC, capsular tension support devices are very challenging to 
use and may in fact be detrimental [ 62 ,  63 ]. 

 Zonular weakness is frequently encountered in angle- 
closure eyes, from mild laxity allowing or causing the lens to 
vault forward into a confi guration causing pupillary block or 
simply an overall forward position of the lens-iris apparatus 
with a crowded anterior segment. Occasionally the zonular 
laxity can present in the extreme and severe forms such as in 
microspherophakia as the cause of angle closure. While 
zonular weakness may occasionally be elucidated at the pre-
operative examination, this may be very subtle or diffi cult to 
observe in the angle-closure eye, especially after an AACG 
attack. Furthermore, patients with frank phacodonesis and 
lens movement typically will have enough space, even if 
only intermittent between saccades, between the iris and lens 
capsule to allow aqueous humor to pass from the posterior to 
the anterior chamber.    

 Intraoperatively, several signs may suggest moderate or 
severe zonulopathy: capsular wrinkling when attempting to 
puncture the anterior capsule, diffi culty puncturing the ante-
rior capsule, ovalization of the CCC, movement of the entire 
lens during creation of the CCC, or tilting or lens movement 
during phacoemulsifi cation [ 64 ]. In angle-closure patients, 
capsular tension devices may serve to stabilize weak zonules 
or support an area of focalized weakened zonules, distribute 
forces along the capsular bag circumference evenly, expand 
the equator of the capsule, recenter a mildly subluxed capsu-
lar bag, and keep the capsular bag in an anatomically accept-
able position. Although a small series, one study has shown 
with UBM postoperative imaging that implantation of a CTR 
placed the bag equator and CTR in an anatomically favorable 
position between the IOL haptics and the ciliary body with-
out posterior iris touch [ 65 ]. Other studies have also sug-
gested similar fi ndings [ 66 ]. 

 When confronted with weak zonules, the fi rst decision to 
be made is whether a mere capsular tension ring will be suffi -
cient to support the capsular bag. A CTR is suitable for use in 
cases where mild generalized zonular weakness or a localized 
focal zonulolysis area of less than four clock hours is sus-

pected. As well, where no overt or gross lens subluxation is 
present, even in cases of suspected progressive zonulopathies, 
a CTR may be suffi cient [ 67 ]. 

 If the zonular weakness is in excess of these criteria, it is 
likely that more than a CTR alone will be required to stabi-
lize the capsular bag. If more extensive support is required, 
one can select a Cionni- modifi ed CTR (M-CTR) which con-
sists of a CTR with one or two eyelets for suturing positioned 
0.25 mm anterior to the equatorial ring or an Ahmed capsular 
tension segment (CTS). While the M-CTR encompasses the 
entire circumference, it is not injectable and must be manu-
ally inserted into the capsular bag. 

 This may be quite challenging especially in cases where the 
assistance of the device is required before the capsular bag 
contents are removed and may in fact damage zonules further. 
Also, it is ideal to position the eyelet for suturing into the area 
of greatest zonular weakness or absence, something which 
may require even further manual manipulation and rotation 
once the device is in the capsular bag. In these cases, an 
Ahmed CTS may be used, which is composed of a 120° arc 
length PMMA ring segment with a 5 mm radius of curvature. 
Like the M-CTR, it has an anterior positioned eyelet for sutur-
ing to the sclera. The CTS is more relatively easily maneu-
vered in the eye and into the capsular bag, without the need for 
rotational movements, which may further damage existing 
zonules. Further, because it is designed to slide into the capsu-
lar bag, it is more readily placed into the particular quadrant or 
zone where it is most needed and, with caution, can be used in 
cases of a discontinuous CCC or a posterior capsular tear. 

 The main body of the device is designed to sit in the capsu-
lar equator with the central eyelet remaining anterior to the 
anterior capsule. It can easily be placed prior to cataract extrac-
tion and may be supported intraoperatively with an inverted iris 
retractor through a paracentesis incision and sutured later on 
after the cataract has been removed. While the CTS provides 
focal support transversely to the scleral wall, it may be used in 
conjunction with a CTR to provide circumferential support and 
distribution of zonular tension. Finally, multiple CTS may be 
used if the zonular weakness or absence is profound. These 
may be sutured to the sclera through an ab externo technique 
using a 9-0 polypropylene suture or larger-caliber suture such 
as GORE-TEX expanded polytetrafl uoroethylene (ePTFE) 
material (W.L. Gore & Associates, Inc., USA) for greater lon-
gevity and reduced suture breakage risk (Video  25.7 ) [ 67 ]. 

 Once the decision has been made to employ the use of a 
CTR in surgery, the decision must be made whether to place 
it in the capsular bag prior to or after phacoemulsifi cation. 
There are advantages and disadvantages to each approach. If 
there is suspicion of signifi cant zonular weakness from either 
preoperative evaluation, intraoperative signs, or a concern 
for the capsular equator collapsing centrally, then consider-
ation should be given to placing the CTR early on, prior to 
lens removal. The technique to achieve this involves careful 
and thorough viscodissection creating a plane between the 
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capsular bag and the cortical material. A diligent viscodis-
section will prevent any cortical lens material entrapment by 
the CTR when placed prior to phacoemulsifi cation. If mod-
erate or severe zonular weakness is encountered, iris retrac-
tors may be used and placed gently on the CCC to stabilize 
the capsular bag while viscodissection and CTR injection is 
performed (Video  25.8 ). The CTR may be injected also after 
a CTS has been placed if this was required (Video  25.9 ). 

 After successful insertion of the CTR, hydrodissection 
and hydrodelineation may proceed as per the surgeon’s usual 
technique. The main advantage of early placement includes 
expansion of the capsular equator alleviating the concern of 
equatorial collapse and inadvertent bag injury during phaco-
emulsifi cation. As well, the expanded capsular equator may 
serve in certain cases to barricade any vitreous that would 
otherwise be able to prolapse forward in an area of zonular 
dehiscence. In some cases, without early capsular tension 
device placement, phacoemulsifi cation would be very chal-
lenging to achieve uneventfully in a very mobile lens and 
capsular bag complex. 

 While advantageous in early stabilization of the zonules, 
some disadvantages of early placement include the potential 
to injure or dehisce more zonules because of rotational forces 
transmitted to the zonular apparatus during CTR insertion. 
The potential for injury to the capsular bag itself during 
insertion, the potential entrapment of cortical material if vis-
codissection is not done properly making for challenging 
cortical removal, and the possibility of posterior dislocation 
of the CTR into the posterior segment should a posterior cap-
sular tear occur during subsequent phacoemulsifi cation. 
Finally, as the CTR expands the capsular equator and places 
tension on the posterior capsule, a taut capsule may be more 
easily torn or appear to move the posterior capsule into a 
more forward confi guration during the latter stages of phaco-
emulsifi cation and irrigation/aspiration. 

 Injection of a CTR late after the contents of the capsular 
bag have been removed can be advantageous in ease of inser-
tion, but in cases where zonulopathy is moderate or severe, 
the capsular bag equator may collapse increasing the risk of 
inadvertent injury potentially eliminating the possibility that 
a CTR can even be considered. 

 It is worth noting that in angle-closure eyes, and eyes with 
suspected zonulopathy, direct chopping lens disassembly 
techniques such as phaco chop have some advantages over 
techniques such as divide and conquer. Phaco chop has been 
shown to dissipate signifi cantly less phaco power and time 
into the eye [ 68 ,  69 ], being advantageous to the corneal 
endothelium [ 70 ] and other anterior segment structures such 
as the trabecular meshwork, which both may be already 
compromised in angle closure. Further, in the divide and 
conquer technique, a downward pressure is transmitted onto 
the zonular apparatus during sculpting maneuvers, which 
may further injure or break already-weakened zonules. 

Vector forces in phaco chop techniques, when performed 
properly, are transmitted endocapsularly with shearing or 
cracking of the lens material and minimal tension placed on 
zonules. 

 Once the crystalline lens material is removed and all 
required capsular tension devices have been placed prop-
erly, an intraocular lens (IOL) can be inserted, preferably 
into the capsular bag if suffi ciently intact. Although differ-
ent IOL models and designs may be used, it is the author’s 
experience that a soft foldable acrylic one-piece IOL 
unfolds slowly and gently in a manner which is gentle on 
the zonules and is the easiest to control in terms of endo-
capsular placement, rotation, and manipulations. 

 In the case of a non-intact posterior capsule, a three-piece 
IOL with thin polymethyl methacrylate, polypropylene, or 
polyimide haptics may be placed in the ciliary sulcus with 
posterior optic capture through an intact CCC for added sta-
bility. Although certainly possible to perform successfully, 
caution is advised when placing IOLs in the ciliary sulcus of 
eyes with crowded anterior segments. The bulky acrylic hap-
tics such as those found on the one-piece acrylic IOL plat-
forms should never be placed in the ciliary sulcus as they will 
chafe the posterior iris surface resulting in complications 
such as uveitis-glaucoma- hyphema syndrome. Finally, if 
capsular support is absent and not viable for IOL support, the 
iris claw IOL (Ophtec BV, Netherlands) may be used if the 
anterior chamber depth has been suffi ciently improved after 
lens extraction and in the presence of a healthy corneal endo-
thelium [ 71 – 73 ]. Should corneal or anterior chamber depth 
criteria not be met, a three-piece IOL may be fi xated to the 
posterior chamber using the scleral-glued technique [ 74 ].  

    Combined Surgery 

 In certain clinical situations, the decision may be made to 
combine lens extraction with adjunctive glaucoma proce-
dures including endocyclophotocoagulation (ECP) and 
goniosynechialysis (GSL), or even in cases with advanced 
disease where it is felt that lens extraction alone with adjunc-
tive medications may not achieve the target IOP, fi ltration 
surgery including trabeculectomy, Ex-PRESS mini shunt, 
and long tube shunt implantation may be considered concur-
rently. Although fi ltration and tube shunt surgery are covered 
elsewhere in this book, a brief discussion of ECP and GSL 
will be included. 

 Although lens extraction may alone be completely thera-
peutic in angle closure due solely to lens vault, phacomor-
phic ACG, or lens-induced pupillary block, the angle may 
remain narrow after lens extraction alone, this being particu-
larly so in cases of plateau iris [ 75 ]. In cases of angle closure 
undergoing cataract surgery where the primary cause is 
thought to be plateau iris confi guration or where a mixed 
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mechanism of lens-related causes and plateau iris is felt to be 
contributory, ECP may be considered as a way to widen the 
angle and increase the separation between the peripheral iris 
and the trabecular meshwork. While traditional ECP tech-
niques have been reported as a treatment for refractory open- 
angle glaucoma, ECP may be a very effective tool in 
angle-closure glaucoma as well. In a technique that has been 
termed “endocycloplasty” [ 76 ], the diode laser beam and 
energy are directed and applied to the posterior aspect of the 
ciliary processes, pulling the entire ciliary process posteri-
orly away from the posterior iris surface. This allows the 
peripheral iris to fall back posteriorly away from the trabecu-
lar meshwork and angle.  

 This treatment is typically performed for 270° arc length 
via the same incision by which the phacoemulsifi cation or 
lens extraction was performed. It is important to note that in 
this technique, the location of the laser application on the tail 
of the ciliary process is critical to its success. Treatment at the 
posterior tail of the process directs the entire ciliary process 
including the anterior head to shrink posteriorly.  

 The treatment should shrink and whiten the ciliary process, 
but care be taken to attempt to avoid “popping” as this may lead 
to increased postoperative infl ammation and breakdown of the 
blood-aqueous barrier (Video  25.10 ). Although further study is 
required, the early results of this technique have appeared very 
promising in improving angle confi guration (Figs.  25.5  and 
 25.6  – Visante post-ECPL, UBM post-ECPL).   

 While lensectomy and even ECPL may deepen the anterior 
chamber, if peripheral anterior synechiae are present, more 
may need to be done for the control of IOP in synechial angle-
closure patients. Goniosynechialysis has been reported to be 
effective and safe in the reduction of IOP [ 77 ] and even more 
so when combined with lens extraction [ 78 – 81 ]. UBM imaging 
has also shown the restoration of an open anterior chamber 
angle after GSL [ 82 ]. Although controversial, the success 
of GSL may be dependent on the duration of the presence of 
PAS. Existing data from studies which showed effi cacy of GSL 
suggested that it is best performed in cases where PAS has been 
present for 6 months or less, although when presented with an 
ACG, it may be diffi cult to know how long PAS have been 
present and no data currently exists directly comparing the effi -
cacy of GSL when performed at varying time points of PAS 
presence. However, given the relatively favorable safety profi le 
of GSL, it may be benefi cial to consider performing GSL prior 
to making the decision to proceed with more invasive and 
higher-risk fi ltration surgery, even if it is suspected that the PAS 
have been present for greater than 6 months. 

 GSL may be performed with varying techniques, but the 
author’s preferred technique is under gonioscopic visualiza-
tion with the use of anterior segment microinstrumentation to 
precisely grasp the peripheral iris tissue and view the angle 
structures as the PAS are released (Video  25.11 ). In cases 
where the cornea does not permit an adequate view of the 
angle via a gonio mirror, endoscopic visualization may be uti-
lized to assist in performance of GSL (Video  25.12 ) [ 83 ]. It 
should be noted that it is common for lens extraction to be 
performed in conjunction with both ECPL and GSL, as a very 
useful technique to release PAS, maximize angle space, and 
minimize risk of PAS recurrences.  

    Additional Considerations: Malignant 
Glaucoma 

 Although the mechanism by which the challenging entity of 
malignant glaucoma remains a subject of debate [ 84 ,  85 ], it 
is generally agreed that eyes with crowded anterior segments 
and angle closure are more prone to it [ 86 ], with a recent 

  Fig. 25.5    Noncontact AS-OCT image of anterior chamber in an eye 
after lens extraction and endocycloplasty (ECPL). Because of the 270° 
treatment performed during surgery, the temporal angle ( red arrow ) 
remains narrow with the peripheral iris propped up by the anteriorly 
positioned ciliary processes, while the nasal angle ( yellow arrow ) is 
dramatically opened with the peripheral iris able to fall back from the 
angle and trabecular meshwork with the ciliary processes shrunken 
posteriorly from the treatment (Image courtesy of Ike K. Ahmed, MD)       

  Fig. 25.6    Ultrasound biomicroscopy of the same patient as seen in 
Fig.  25.5  showing again the temporal ciliary processes ( red arrow ) and 
the shrunken nasal ciliary processes ( yellow arrow )       
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study suggesting that plateau iris confi guration could be an 
additional risk factor [ 87 ]. Although malignant glaucoma is 
traditionally thought of as occurring after fi ltration surgery, it 
has been reported after laser iridotomy [ 88 ] and routine cata-
ract surgery [ 89 ] as well. 

 Various different treatments have been proposed for the 
effective treatment of this diffi cult entity, including fi rst 
medical therapy with cycloplegic agents, IOP-reducing 
agents, and osmotic agents [ 90 – 92 ]; laser therapy to disrupt 
the anterior hyaloid face [ 93 – 95 ]; transscleral cyclodiode 
laser [ 89 ,  96 ,  97 ]; and pars plana vitrectomy [ 98 ,  99 ], but 
perhaps the most important and key concept in successfully 
treating malignant glaucoma is the concept of creating a 
“unicameral” eye where there is a free and unimpeded com-
munication between the posterior segment and the anterior 
chamber. This has been described as being created with a 
pars plana anterior vitrectomy, hyaloido-zonulectomy, and 
iridectomy [ 100 ], or by the term vitrectomy-hyaloidotomy- 
iridectomy (VHI) [ 101 ]. 

 Creation of the VHI can be performed from either an ante-
rior chamber or a pars plana approach with the use of an auto-
mated vitrectomy instrument to cut through the iris, zonules, 
and vitreous. If malignant glaucoma or excessive posterior 
positive pressure occurs intraoperatively during phacoemulsi-
fi cation or other anterior segment surgery, even in an eye 
where a pars plana tap has already been performed, a VHI can 
be performed concurrently to defi nitively deepen the anterior 
chamber. Care should be taken in a phakic patient, or when 
performed with concurrent phacoemulsifi cation, to avoid 
injuring the capsule by placing the vitrector as peripheral as 
possible to clear the lens equator (Video  25.13 ). Once malig-
nant glaucoma has been encountered, careful consideration 
should be given to performing a prophylactic VHI as part of 
the surgical management in the fellow eye if still phakic and 
planning for lens extraction and the eye exhibits signs of 
being at potential risk for malignant glaucoma. 

 Finally, careful selection of postoperative topical therapy 
can be very infl uential to the postoperative success of surgery. 
   In cases of malignant glaucoma, it is the author’s opinion that 
maintaining cycloplegia postoperatively to stretch zonules 
posteriorizes the ciliary processes and the IOL-capsular bag 
complex, is of paramount importance in stabilizing the eye. 
Conversely, miotics anteriorize the ciliary processes as well 
as the IOL-capsular bag complex and may even, in some 
cases, precipitate or aggravate malignant glaucoma. It is best 
to avoid the use of miotics in malignant glaucoma 
 postoperatively but, on the other hand, may be benefi cial in 
angle closure due to plateau iris. In postoperative lens extrac-
tion with or without ECP and GSL for plateau iris, miotics act 
to contract and pull iris tissue away from the angle potentially 
aiding in the prevention of postoperative PAS reformation in 
cases where GSL or combined ECP/GSL have been per-
formed. Once the postoperative infl ammation has improved 

or resolved, the miotic may be observantly discontinued mon-
itoring closely for reformation of PAS. Choosing carefully 
between postoperative miotic or cycloplegic agents should be 
individualized to the mechanism believed to be the main 
cause of angle closure but may be very important to the ulti-
mate success in the overall management of the condition.  

    Conclusions 

 Although angle closure may be a challenging entity to 
manage successfully, careful preoperative examination 
with the use of adjunctive imaging and a resultant under-
standing of the predominant cause of the angle closure in 
each individual case is of paramount importance. Unique 
challenges may be encountered during lens extraction 
relating to the cornea, adequate anterior chamber space, 
iris distortion, lens capsule, and zonules, requiring a sys-
tematic and expectant approach to each obstacle. In cer-
tain cases, adjunctive surgical procedures may be 
performed with lens extraction, such as ECP, GSL, more 
invasive fi ltration or tube shunt surgery, and, in some 
cases, a VHI for malignant glaucoma cases. With careful 
surgical planning, lens extraction, with or without adjunc-
tive procedures, is a pivotal and indispensable manage-
ment tool and can be the defi nitive therapy in angle 
closure, especially in recalcitrant and stubborn cases.      
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           Historical Background and Identifying 
the Need for “New Procedures” 

 Are you a cowboy or conservative? For years glaucoma sur-
geons have desired a less invasive surgical option to lower 
the intraocular pressure (IOP). If you, the surgeon, are look-
ing for something better and try it early in its development, 
does that make you a cowboy? The search for this “better 
glaucoma surgery” revolves around avoiding blebs and tap-
ing into the natural outfl ow system of the eye. Blebs come 
from transscleral fi ltration caused by a hole or stent/tube run-
ning into the subconjunctival space. Surgeons looking at 
new procedures could be considered a “cowboy”—but I 
might argue that they may be conservative. They want to get 
away from blebs and the problems they bring to the table. 
The options available fall into new/old, high risk/low risk, 
and bleb/no bleb. All these procedures arise out of a need. 

 Today we see great interest in “new” glaucoma proce-
dures designed to avoid a bleb; these procedures are done 
with a small instrument and usually are done ab interno. The 
goal is to try to avoid a bleb and tap into the trabecular out-
fl ow and Schlemm’s canal system [ 1 ,  2 ] or get into the uveo-
scleral system and create a controlled cyclodialysis cleft [ 3 ]. 
Unfortunately, our understanding of the outfl ow system is 
not perfect, so what we think we may be achieving with the 
procedure may not, in fact, be the case [ 4 ,  5 ]. The story of 
glaucoma procedures evolving seems to have some recurrent 
themes when you look at the past glaucoma surgical proce-
dures and changes thereunto.    The continued search for a 
“procedure that makes sense” and has lower risk has led to 
the micro-invasive glaucoma    surgical (MIGS) procedures 
[ 6 ]. Our hopes with MIGS are fewer hassles in performing 

the procedure and less postoperative complications. The evo-
lution to MIGS procedures has been a long-time coming. We 
have continued to struggle with controlling outfl ow through 
our full-thickness holes or were trying to get more safety 
through partial-thickness procedures [ 7 ]. All these efforts 
were “new,” and the struggle for the surgeon was how to 
move from a successful procedure, the trabeculectomy, to 
something with better safety but perhaps not the long-term 
success with intraocular pressure (IOP) control [ 8 – 10 ]. 

 Before we focus on how to incorporate new surgical 
options, let us look at the evolution of former glaucoma proce-
dures and see if that might lead us to a better ability to predict 
what to expect with regard to success or failure seen with 
“new” glaucoma surgeries. Take the trabeculectomy. Cairns’ 
original description of the trabeculectomy was in a sense a 
minimal incision procedure and was an attempt to just remove 
the area of suspected blockage, the meshwork. There was min-
imal or no opening into the sub-Tenon’s space [ 11 ,  12 ]. The 
more formal sclerokeratectomy (what most call a trabeculec-
tomy) had issues associated with the incision size and loca-
tion, leading to modifi cations designed to avoid complications 
and hoping to improve surgical success [ 13 ]. Adjusting fl ow 
seemed to hold promise: we cut sutures and vented or obtu-
rated tubes [ 14 ,  15 ]. With every new modifi cation of the inci-
sional procedures came hope for less fl at anterior chambers 
and better IOP control. The location, size, and tightness of the 
conjunctival or scleral incision only went so far in helping to 
achieve success with glaucoma surgery [ 16 – 18 ]. Later we 
mostly focused on wound healing by modifying the Tenon’s 
and subconjunctival fi brosis. Steroids were showed to increase 
success and then antimetabolites [ 19 – 22 ]. Not too long ago, 
“new adopters” were those using antimetabolites for the trab-
eculectomy, which was an option evolving to solve the issue of 
wound healing, but with that came unforeseen issues related to 
blebs. Debates broke out discussing the “cowboys” using 
high-dose antimetabolites and causing ischemic blebs. 
Through the search for a better outcome, we ended up with a 
better success rate with “new” complications such as a higher 
incidence of hypotony and bleb-related issues [ 23 ]. 

      Adopting New Surgical Methods: 
How I Do It and How I Choose: 
Going with the Flow 
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 When considering the signifi cance and degree of the risks 
associated with a given glaucoma surgery, the amount of IOP 
reduction or likelihood of the surgery achieving non- 
progressing glaucoma is our main fulcrum. So, if we do a 
procedure with less IOP reduction and then supplement with 
medications to get to the IOP goal, is that acceptable? Should 
we do a more aggressive procedure because we need a lower 
IOP? Evidence-based medicine has shown us the importance 
of IOP reduction in stabilizing glaucoma. Glaucoma surgery 
can lead to signifi cant IOP reduction [ 24 – 28 ]. Reaching a 
desired IOP target for patients with open-angle glaucoma has 
led some surgeons to consider surgery as an earlier treatment 
option. The procedures we see today may open the surgical 
door for options. Many would argue that because of compli-
ance concerns and since no patient is perfect with adherence, 
we want as good of IOP reduction as possible for the patient 
undergoing surgery. A patient with a signifi cant glaucoma-
tous hemifi eld defect most likely needs a lower IOP com-
pared to a patient with healthy optic nerves and no fi eld loss. 
If we fi nd a low-risk procedure that does not harm the patient 
and keeps them seeing, that is our main goal. 

 Herein we see the struggle for the surgeon when consider-
ing glaucoma surgery: “when is the risk to the patient small 
enough that I cross the surgical threshold and recommend the 
surgery?” If a patient has defi nite risk for losing fi eld and pro-
gressing due to inadequate IOP reduction, surgery seems rea-
sonable to consider. However, this has not been the case. For 
many surgeons and patients, the problems associated with 
trabeculectomy may lead us to say “let’s wait for signifi cant 
fi eld loss or nerve atrophy before we do that!” 

 Several years ago the English evaluated the option of using 
trabeculectomy early on for patients with open-angle glau-
coma. Their experience in treating newly diagnosed glau-
coma with trabeculectomy originally began with the hope 
that a full-thickness glaucoma procedure (with expected 
superior IOP lowering to medications) would help to prevent 
glaucoma progression and save money [ 10 ,  29 ,  30 ]. Despite 
fairly good evidence that trabeculectomy did achieve a lower 
pressure, the eye care community continued to search for the 
Holy Grail of glaucoma surgical procedures: what procedure 
would provide great IOP reduction but not harm the patient? 
“New procedures” arise from surgeons considering the anat-
omy and physiology of the glaucoma outfl ow system and 
looking for a better option less infl uenced by wound healing. 

 Looking back to the 1970s, we see that John Edward 
Cairns wanted to avoid fl at chambers by adjusting the fl ow 
through the fi stula created from sclerostomies [ 11 ,  12 ,  31 ]. 
All of the ab externo incisional procedures, including the tra-
beculectomy, are infl uenced by wound healing [ 32 ]. Cairns’ 
modifi cation of the original scleral incision moved to a clear 
corneal incision with the hopes of avoiding a bleb and rees-
tablishing physiologic outfl ow. At the same time Cairns 
searched for achieving outfl ow through the trabecular meshwork 

(and subsequently Schlemm’s canal and the collector chan-
nels), we see various “new” procedures appear designed to 
establish the fl ow of aqueous through the physiologic out-
fl ow pathway. These are the “nonpenetrating” procedures. 
They are a group of surgical procedures that hopefully leave 
a layer of tissue intact (Descemet’s membrane) to resist out-
fl ow and help avoid overfi ltration some. It may be that it is 
only a “window” of tissue, but it provides some resistance to 
outfl ow. Aqueous will take more of the natural outfl ow route 
rather than go transscleral like what we see with the high- 
fl ow trabeculectomy. 

 Some nonpenetrating procedures glaucoma surgical pro-
cedure developed:
•    Krasnov by Sinusotomy (1968)    [ 33 ]  
•   Zimmerman: “Nonpenetrating Trabeculectomy” (1984) [ 34 ]  
•   Fyodorov: “Deep Sclerectomy” (1989) [ 35 ]  
•   Kozlov: “Nonpenetrating deep sclerectomy with colla-

gen” (1989) [ 36 ]  
•   Stegmann: “Viscocanalostomy” (1999) [ 7 ]  
•   Lewis: “Canaloplasty” (2007) [ 37 ]    

 On this list is the canaloplasty (see Chap.   14    ). Many con-
sider the canaloplasty to be a “new procedure” and are trying 
it for the fi rst time today.    Most likely the surgical success of 
the canaloplasty is based on where we see the aqueous is 
going—transscleral outfl ow versus the suture enhancing the 
natural outfl ow system or both [ 9 ,  38 ]. Some disagreement 
exists if the procedure (or any nonpenetrating glaucoma pro-
cedure for that matter) is really a guarded fi ltration procedure 
leading to a bleb, or is really taping into the trabecular out-
fl ow system and the success is not based on a bleb. Our 
understanding of how we achieve the success in the nonpen-
etrating procedures has led to a lot of confusion as to how 
they work. Some say the canaloplasty is a “bleb-less” proce-
dure, while others say it does develop a bleb and has transs-
cleral outfl ow. Some say the canaloplasty is a canal-based 
procedure and others not. There does seem to be fairly good 
evidence that when transscleral outfl ow is present, then we 
probably achieve a better IOP reduction [ 39 ,  40 ]. This means 
wound healing is a signifi cant part of the success for nonpen-
etrating procedures. Therefore, antimetabolites may help 
them work better. In the late 1980s, the experience with 
delaying conjunctival healing showed us that if we wanted to 
have transscleral fl ow, we would have to deal with fi brosis 
and healing. This led to the era of antimetabolites and the 
collateral issues of hypotony, dysesthesia from blebs, and 
higher risk of endophthalmitis. Some surgeons do use anti-
metabolites with the nonpenetrating procedures because of 
this belief. Others do not. Surgeons are using lasers and dif-
ferently shaped and sized collagen implants as “new options” 
for a better and safer result [ 41 ]. 

 The micro-invasive glaucoma surgeries (MIGS) family of 
procedures is surgical options that we use to move toward 
small incision surgery with fewer problems associated with 
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wound healing and to better avoid hypotony. The evolution of 
nonpenetrating procedures has some parallels to the evolution 
of MIGS: more control over unwanted postoperative events. 
The trabecular bypass stent (iStent, see Chap.   13    ) may be with-
out the risk of problems from blebs but may not always give us 
as low of an IOP that we want. Some surgeons may take a less 
invasive trabecular bypass stent and use a medication to 
achieve a goal, versus a more aggressive trabeculectomy that 
others might choose hoping to get the patient off of medica-
tions. Even with MIGS, we are still in search of the “perfect” 
procedure. The MIGS procedures give the patients and the sur-
geon options to try if the surgeon or the patients are concerned 
about specifi c risks, for example, bleb issues.    When consider-
ing these new procedures, the balance is as follows: what does 
the surgeon have comfort with and will the patient be willing 
to accept tradeoffs for achieving safety or a lower IOP?  

    Time to Decide: New or Old Procedures? 
What Fits for Your Patient? When Is It Time 
to Adopt a New Technique or Go with 
an Old One? 

 As the surgeon sits with the patient, there are past experi-
ences for the surgeon and evidence from the literature that 
start to shape the surgeon’s choice for a procedure. The 
patient’s choice for a procedure, however, may be coming 
from a totally different set of concerns. Sometimes the sur-
geon wants safety and sometimes he or she wants signifi cant 
IOP reduction. This is where the discussion about the risk-to- 
benefi t ratio of a specifi c procedure is appropriate for the 
patient. If the patient has a signifi cant risk of nerve damage 
and subsequent vision loss, IOP reduction is most likely 
paramount. 

 Let’s say you do want to use a new procedure, which one 
might be best? Often open-angle glaucoma is treated differ-
ent than a closed-angle because the angle has not been 
scarred down too much. Usually the choice for a given sur-
gery is infl uenced by the following:
    1.    The surgeon has experience and success with certain pro-

cedures and techniques that lead to safety and success.   
   2.    The disease state of the patient is such that the optic 

nerve damage is substantial and the risk of more nerve 
damage    is signifi cant; with that comes the potential to 
lose vision.   

   3.    The patient’s prior experiences and trust in the surgeon 
infl uence their comfort with choice of which procedure 
and the risks associated with a procedure and the risk of 
loss of vision.   

   4.    Where the procedure is done: offi ce or operating room 
(OR) can lead to the patient’s comfort or concern.     
 As we look at a given patient, the anatomy of the eye 

lends itself to some procedures being a better option than 

others, so  in looking at the anatomy ,  consider the angle type 
when making your choice for surgery . 

 If the patient has a closed angle, really the options are lim-
ited (Fig.  26.1 ). Removing the lens can help to open the angle 
and hopefully prevent chronic IOP elevation that develops with 
chronic closure; for chronic angle-closure glaucoma (CACG), 
a trabeculectomy might be one of our few choices to achieve 
better IOP control [ 42 – 45 ]. Some have advocated ECP and 
others goniosynechialysis for angle closure with cataract sur-
gery [ 46 ]. These especially might be an option with the earlier 
phase of angle closure and not with the long-standing CACG. 
One might argue that for ACG or CACG, the “new procedure” 
is considering a phaco to open the angle. Suprachoroidal stents 
may offer a possibility here but have no studies to support from 
the literature to show that is an option at present.

   For open-angle glaucoma, there are many more “new- 
technique” options. In the open-angle glaucoma patient, con-
sider the level of the disease (based on optic nerve and visual 
fi eld damage) when picking the surgery. The amount of optic 
nerve damage correlates with how much IOP reduction you 
want. The amount of glaucomatous damage shown on the 
visual fi eld usually parallels the nerve considerations. 
Patients with advance loss usually require a lower IOP. So, 
step one for the open-angle patient is how low you do want 
the IOP to be.  

    IOP Goals 

    Lowest IOP Range (Often Looking for Near 
Single-Digit IOP Here) 

 Usually the procedures that achieve the lowest IOP are 
tubes, deep sclerectomy (with enhancements to achieve 
more transscleral fl ow—like using mitomycin), scleros-
tomy, sclerectomy, or trabeculectomy (fi ltering procedures). 
Antimetabolites or other medications designed to inhibit 
wound healing usually lead to the lowest IOP. Using IOP- 
lowering medications after these procedures can help to 
achieve a lower IOP. There are patients whose prior experi-
ence with a fi ltering procedure was not optimal. Perhaps it 

  Fig. 26.1    Open- or closed-angle options       
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led to poor IOP control, or perhaps there were postoperative 
issues making the surgeon or patient reluctant to wanting a 
fi ltering procedure. A good example is the high myope    who 
experiences decreased vision due to macular folds and may 
have a double-digit IOP. Patients who never had a history of 
a high IOP may require a more signifi cant surgery to get IOP 
reduction to the desired target range.  

    Patient Has Glaucoma That Can Probably 
Tolerate Mid-Teens 

 This opens the MIGS door. Patients who tolerate IOP in the 
17–20 range may be a great MIGS candidate. Laser trabecu-
loplasty (LT) might be a fi rst consideration in this group of 
patients. Patients with an IOP goal of 13 might be able to get 
to this goal with an MIGS and medications. These patients 
should be the ones who can tolerate some glaucoma medica-
tion usage. Glaucoma suspects or early open-angle glaucoma 
patients that you do not feel will rapidly progress but who 
also have a cataract can be considered for phaco alone or 
phaco plus an MIGS. If I have a patient with a mild cataract 
and who will accept an MIGS option, sometimes we go 
straight to the surgery (depending on the visual disability), 
and sometimes a laser trabeculoplasty delays the need for 
further intervention.  

    Patient Can Tolerate an IOP of 20 or More 

 Here considering a phaco with or without LT and/or medica-
tions may be a very logical choice. Certainly if the patient 
wants the option of long-term IOP control or the hope of no 
medications in the future, MIGS or incisional surgery might 
be a consideration. 

 Another IOP consideration is the highest IOP on record. 
It seems that patients with very high IOP, such as 40 or 50, 
may best be served by an incisional surgery since it seems 
to have lower risk of postoperative spikes (which the MIGS 
can have). Also, if the nerve cannot tolerate an IOP spike, 
considering an incisional surgery is reasonable. I have had 
patients with signifi cant IOP spikes on record, who are 
monocular with signifi cant glaucoma that repeatedly 
refuses incisional surgery and who will consider an MIGS. 
For this group, I do see them on the same day of the surgery 
if possible, leave them on their medications, and, if possi-
ble, use an anterior chamber maintainer instead of visco-
elastic for maintaining the anterior chamber during surgery. 
This seems to give a lower risk of IOP spikes but they do 
not go away. 

 Patients with specifi c ocular situations that would be 
problematic with a bleb are sometimes appropriate to con-
sider for an MIGS procedure. Examples that might fall into 

this group are patients with signifi cantly scarred conjunctiva 
or who have ocular cicatricial pemphigoid. So a patient who 
had a scleral buckle is a reasonable patient to consider here. 
Patients with signifi cant proptosis from, for example, Graves’ 
orbitopathy, may be MIGS candidates. If a patient has had 
bleb revisions in the other eye, history of endophthalmitis 
from a bleb in the other eye, then, again, MIGS may be a 
great option for this group. 

 Sometimes I shy away from MIGS. Patients with neo-
vascularization are not good MIGS candidates. Increased 
episcleral venous pressure (ESVP) also may limit the 
MIGS procedures from success. The high-ESVP patients 
are ones we want to avoid over fi ltration. When consider-
ing alternative surgical options for high-ESVP patients, 
my choice was to try a canaloplasty for many of such 
patients. This was based on signifi cant choroidal effusions 
and bleeding associated with trabeculectomy and valves, 
so this option evolved out of exploring safe options for 
patients. Surprisingly, I have had good success with this 
surgical option in this select group. Considering new tech-
niques as an attempt to avoid a known problem is what led 
to this choice. If the patient had a prior angle surgery, they 
may not be the best candidate for MIGS. So a patient with 
a prior Trabectome would not be a good trabecular bypass 
candidate, but they may be a good Trabectome candidate 
if they have had a prior trabecular bypass (anatomy dictat-
ing this exclusion; if the TM is cut out, you cannot put a 
stent into it).    Thus, we might end up with sequential glau-
coma (excluding phaco here) events that look something 
like this:
    1.    Laser trabeculoplasty (Table  26.1 )
       2.    Trabecular bypass (Table  26.2 )
       3.    Suprachoroidal bypass (Table  26.2 )   
   4.    Trabectome or canaloplasty (Tables  26.2  and  26.3 )
       5.    If canaloplasty, conversion to a full-thickness procedure 

with YAG to the Descemet’s window; if it is a Trabectome, 
then a deep sclerectomy or sclerokeratectomy/trabeculec-
tomy (Tables  26.3  and  26.4    )

       6.    Trabeculectomy or valve (Table  26.4 )   
   7.    Cyclodestruction (put at the    end for purposes of illustra-

tion but could some at any point based on the patient’s 
diagnosis—I tend to avoid cyclodestruction until the last 
step if possible) (Table  26.1 )    
  Of course, changing the order or combination of options 

would be dictated by the patient or surgeon’s special 
circumstances. 

 The next consideration are specifi c anatomic and past 
surgical procedures that dictate consideration of specifi c 
and possibly MIGS surgical options for a given eye and 
patient. For example, a patient with the history of a prior 
scleral buckle in the eye needing a glaucoma surgery may 
be a better MIGS candidate than those without that history. 
High myopia is also a circumstance where the patient may 
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be at a risk of suffering a loss of best corrected vision due 
to hypotony or macular folds. For patients who are allergic 
to many or most glaucoma medications, they may need 
procedures likely to achieve a lower IOP without them; if 
an MIGS is picked as a surgical option, considering a sec-
ond one may be a possibility for that patient if further IOP 
reduction is required after the fi rst MIGS.  

    Where the Procedure Should Be Done, 
in the Offi ce or Operating Room? 

 There are procedures that are offi ce based and use primarily 
laser and the result is to increase the conventional trabecular 
outfl ow (Table  26.1 ). Bridging between offi ce type of proce-
dures and OR procedures are the no-conjunctival-incision 

     Table 26.1    Offi ce-based and no-incision procedures that do not create a bleb   

 No incision  Most likely 
mechanism of action  Angle type  IOP range  Downside  Upside  Ref #  No bleb 

 Laser trabeculoplasty  Conventional 
outfl ow 

 OAG  14–20  25 % nonresponder rate; 
2- to 5-year life 

 No bleb, minimal 
post-op 

 [ 47 – 52 ] 

 Laser iridotomy/iridoplasty  Relieve ACG  ACG  N/A  IOP rise after PI and not 
enough to reduce ACG; 
may not affect IOP 

 Potential immediate 
reversal 

 [ 53 ,  54 ] 

 Pneumatic trabeculoplasty  Conventional 
outfl ow 

 OAG  N/A  Effi cacy not clear  Inexpensive; minimal 
equipment 

 [ 55 ] 

 Transscleral 
cyclophotocoagulation 

 Decreased aqueous 
production 

 ACG/OAG  0–50  Fix loss, CME, iritis, 
hypotony, phthisis, less 
predictable IOP reduction 

 Can be successful 
when fi ltration 
procedures haven’t 
worked. No incision 
for vascular eyes 

 [ 56 ,  57 ] 

      Table 26.2    OR-based procedures with no incision into the conjunctiva and no bleb created   

 No incision into the conjunctiva  Most likely 
mechanism of action  Angle type 

 Low IOP 
range  Downside  Upside  Ref #  No bleb 

 Suprachoroidal bypass 
(ab interno CyPass 
and iStent Supra) 

 Uveoscleral outfl ow  OAG (no data on ACG)  13–18  Hyphema  May work if 
SLT or meds 
fail. Repeatable 

 [ 58 ] 

 Goniotomy (ab interno)  Conventional outfl ow  OAG (developmental)  17–25  Hyphema  Opens access to 
canal system 

 [ 59 – 61 ] 
 Little adult data 

 Trabectome with or without 
endoscope (ab interno) 

 Conventional outfl ow  OAG  16–25  Effi cacy; limited 
open publications 

 Controls 
bleeding 

 [ 62 – 64 ] 

 Trabecular bypass 
(iStent, ab interno) 

 Conventional outfl ow  OAG  16–19  Effi cacy; 
placement to 
achieve IOP 
reduction 

 Little bleeding; 
leaves TM 
intact 

 [ 1 ,  2 ,  4 , 
 65 – 67 ] 

 Sclerothalomotomy  Conventional outfl ow  OAG  12–17  Little published 
data, scleral 
shrinkage 

 IOP control  [ 68 ] 

 Trabecular bypass with canal 
dilation (Hydrus, ab interno) 

 Conventional outfl ow  OAG  12–17  Little published 
data 

 A trabecular 
bypass and 
dilates canal 

 [ 69 ] 

 Endoscopic 
cyclophotocoagulation 

 Cyclodestructive with 
decreased aqueous 
production 

 OAG/ACG  17–20s  Poor response 
with exfoliation, 
IOP spike; can 
help open angle 

 No bleeding  [ 56 ,  70 , 
 71 ] 

 Excimer trabeculostomy  Conventional outfl ow  OAG  18  Little published 
data 

 No bleeding  [ 72 – 74 ] 

 Phaco alone  Conventional outfl ow 
(prob.) 

 OAG/ACG  18  IOP spike, no 
effect on IOP for 
some 

 Low risk for 
most patients 

 [ 1 ,  2 , 
 75 – 78 ] 

 Goniosynechialysis  Opens angle  ACG  N/A  Opening angle  Can restore out 
trabecular fl ow 

 [ 79 ] 

26 Adopting New Surgical Methods: How I Do It and How I Choose: Going with the Flow



282

(i.e., clear corneal incision) procedures. These are ab interno 
techniques to access the outfl ow system or open the angle 
(Table  26.2 ). Someday these may be done in the offi ce. The 
doctor or the patient may have specifi c reasons for wanting 
an offi ce-based procedure, and someday we may see inject-
able drug delivery systems that would allow even more pro-
cedures possible in the offi ce. The real strengths of offi ce 
procedures are the ability to schedule it easily, the perception 
by the patient that it is avoiding the operating room, and cost 

savings. When starting out with new surgical options, cer-
tainly having the comfort of surgical suites may lead to using 
the OR as the choice for the surgeon with new procedures. 

 I believe we will continue to see an evolution in glaucoma 
surgery until the day we have a no-risk great IOP control pro-
cedure. As we keep refi ning our surgical options, patients will 
benefi t, and doctor’s satisfaction with these new glaucoma 
procedures will grow as we fi nd which patients are best 
served by a given procedure. To shake off the past beliefs that 

    Table 26.3    Conjunctival incision to allow a scleral incision in order to enter the canal space—but not for the intent of creating a bleb or creating 
transscleral fi ltration   

 Conjunctival incision and 
scleral incision but no 
purposeful fi stula creation 

 Most likely 
mechanism of action  Angle type 

 Low IOP 
range  Downside  Upside  Ref # 

 Trabeculotomy  Conventional outfl ow  OAG and 
congenital 

 14–25  May have bleb  Less concerns with 
fi brosis stopping 
transscleral fl ow 

 [ 59 ,  80 ] 

 Deep sclerectomy with or 
without collagen implant 

 Conventional outfl ow  OAG  10–20  May need conversion to 
transscleral fi ltering 
procedure with 
YAG—goniopuncture. 
May have bleb 

 Less formal bleb; 
less likely to get 
hypotony 

 [ 9 ,  35 ,  36 ,  41 , 
 58 ,  81 – 88 ] 

 Viscocanalostomy  Conventional outfl ow  OAG  16–18  May have bleb  Less formal bleb; 
less likely to get 
hypotony 

 [ 7 ,  89 – 92 ] 

 Canaloplasty  Conventional outfl ow  OAG  15–19  May have bleb; 
diffi culty with learning; 
bleeding 

 Less formal bleb; 
less likely to get 
hypotony 

 [ 37 ,  38 ,  40 , 
 61 ,  92 – 96 ] 

    Table 26.4    The bleb-creating procedures. Two types: no conjunctival incision or a conjunctival incision with either incision type leading to a 
full-thickness hole or a stent/shunt with an end result of bleb creation   

  No incision into the 
conjunctiva with full-
thickness ocular penetration  

 Most likely mechanism 
of action  Angle type 

 Low IOP 
range  Downside  Upside  Ref # 

 Ab interno sclerostomy 
with collagen wick to 
control fl ow through fi stula 
(AquaSys with Implant) 

 Full-thickness ostomy 
with bleb creation 

 OAG 
(?ACG) 

 14–16  Bleb  No incision into 
conjunctiva 

 [ 97 ,  98 ] 

 Sclerectomy (or ostomy) ab 
interno (including laser and 
trephine) 

 Full-thickness ostomy 
with bleb creation 

 OAG/ACG  8  Bleb; profound 
hypotony immediate 
post-op at times; 
bleeding 

 Access 360 of angle 
for bleb creation 
(inferonasal bleb 
creation) 

 [ 99 – 103 ] 

  Conjunctival incision w/o 
ocular penetration  

 Most likely mechanism 
of action  Type 

 Low IOP 
range  Downside  Upside  Ref # 

 Express Mini-Shunt  Bleb formation  OAG  12  Bleb  Fibrosis, stent 
erosion 

 [ 104 ,  105 ] 

 Suprachoroidal bypass ab 
externo (Gold Shunt) 

 Uveoscleral outfl ow  OAG  17–25  Corneal edema, erosion, 
bleeding, late closure 

 Usually no bleb; 
potentially titratable 

 [ 58 ,  106 ] 

 Trabeculectomy and 
sclerokeratectomy 

 Bleb  OAG/ACG  6–18  Hypotony, bleeding, 
fi brosis, and need for 
antimetabolite 

 IOP control  [ 9 ,  14 ,  19 – 22 , 
 92 ,  107 – 113 ] 

 Sclerectomy ab externo 
(including cautery and 
trephine) 

 Bleb  OAG/ACG  8  Hypotony can be 
profound 

 Low IOP  [ 99 – 103 ] 

 Tube shunts  Bleb  OAG/ACG  11  Tube erosion, corneal 
edema, hypotony 

 Can very control 
IOP post-op 

 [ 111 , 
 114 – 116 ] 
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you have to get profound IOP reduction from a procedure 
may be diffi cult. Many surgeons will be reluctant to try MIGS 
as a result of this. However, as more surgeons expand into the 
arena of MIGS, we should see better what the true place of 
the “newer” procedures will be. My guess for now, we will 
see a similar evolution as to what happened with the trabecu-
lectomy and deep sclerectomy—continued refi nements. 
There will be surgeons who believe in some procedures 
strongly and others will not. Keeping an open mind can be 
diffi cult when you try new things. If the fi rst “new” procedure 
you do doesn’t appear to work, was it because you were 
expecting it to be a trabeculectomy result? Were you disap-
pointed because it took months to see the benefi t (such as SLT 
or trabecular bypass), or was it because the procedure required 
a different surgical skill set than you had experienced before? 
Whatever the reasons for liking or not liking MIGS or newer 
procedures are, the test of time will reveal the true place these 
options will have for us and our patients.      
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       Primary open-angle glaucoma (POAG) is a chronic, 
 degenerative optic neuropathy characterized by concurrent 
loss of retinal ganglion cells and their axons resulting in 
optic nerve cupping and visual fi eld loss [ 1 ]. POAG is the 
most common type of glaucoma, the second leading cause of 
blindness worldwide, and the leading cause of blindness in 
African- Americans [ 1 ]. Increased intraocular pressure (IOP) 
is common in POAG; some patients have IOP in the normal 
range and are classifi ed as “normal-tension glaucoma.” 
Results of the 2010 ocular hypertension treatment study [ 2 ] 
provided strong evidence that increased intraocular pressure 
(IOP) is associated with the progression of ocular hyperten-
sion to POAG. Other risk factors are greater cup-to-disc 
ratio, lesser central corneal thickness, and age. If all these 
factors are present, an individual’s risk for POAG is greater 
than 33 % in 5 years [ 3 ]. For every 1-mmHg increase in IOP, 

there was a 10 % increase in relative risk of POAG [ 4 ]. The 
most predictive factor of visual fi eld loss, however, is the 
presence of an optic nerve head hemorrhage [ 5 ]. 

 POAG is associated with genetic mutations at several loci 
[ 6 ,  7 ], but the vast majority of POAG patients do not have 
known genetic mutations. How each of the known genetic 
mutation leads to POAG is not exactly understood. Therefore, 
it remains a primary neuronal disease [ 8 ] without a defi nable 
cause. Surgical intervention is required if the IOP is not 
under control or the patient continues to have progressive 
visual fi eld loss. Nonetheless, surgical intervention is not 
always successful. Classically, a set of defi ned events occur 
during and after surgery: hemostasis, infl ammatory reaction, 
angiogenesis, and cellular remodeling. We have examined 
known biomarkers of POAG in human studies and have 
excluded physiologic or imaging technologies in order to 
search for predictive biomarkers of surgical success. In prin-
ciple, a biomarker is an indicator of a biochemical feature or 
facet that can be used to diagnose or monitor the progress of 
a disease [ 9 ]. Signature biomarkers of diseases such as car-
diovascular [ 10 ] and Alzheimer’s disease [ 11 ,  12 ] are nearly 
impossible due to the multifactorial etiologies, but recent 
progress in biomarkers has facilitated the diagnosis and risk 
management of these diseases. 

 We have cataloged all known biomarkers in the aqueous 
humor, trabecular meshwork (TM), optic nerve, and blood 
serum/plasma in patients with POAG. To facilitate com-
parisons and to offer mechanistic clues, biochemical 
changes such as up- or downregulation of biomarkers that 
have been reported in POAG are organized into four cate-
gories; namely, ECM, cell signaling molecules, aging/
stress, and immunity- related changes are listed, respec-
tively, in Tables  27.1  [ 13 – 28 ],  27.2  [ 29 – 41 ],  27.3  [ 42 – 58 ], 
and  27.4  [ 59 – 78 ]. Notably, POAG has multiple systemic 
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features which may serve as a platform for evaluating and 
predicting surgical success in POAG.

         ECM Changes in POAG 

 The ECM and TM endothelium are essential for maintenance 
of the normal aqueous humor outfl ow [ 79 ]. In the TM of 
POAG eyes, excessive, abnormal accumulations as well as 
decreases of other ECM materials (Table  27.1 ) have been doc-
umented [ 80 ,  81 ]. The ECM produced by the cells is composed 
of multidomain macromolecules such as collagens, cell-bind-
ing glycoproteins, and proteoglycans that link together to form 
a structurally stable composite. It is now well documented that 

ECM is a dynamic entity determining and controlling the 
behavior and biologic characteristics of the cells [ 82 ]. 

 One key component of the ECM in the TM is proteogly-
cans which are macromolecules consisting of a core protein 
to which glycosaminoglycan side chains are covalently 
attached. This class of molecules has been implicated in the 
maintenance of resistance to aqueous humor outfl ow. In the 
TM tissue, proteoglycans form gel-like networks that may 
function as a gel fi ltration system. The major types identifi ed 
include chondroitin, dermatan, and heparan sulfate proteo-
glycans that may represent decorin, biglycan, versican, per-
lecan, and syndecan [ 82 ,  83 ]. 

 The relative amounts of each type of glycosaminoglycan in 
the TM tissue have been determined [ 15 ,  80 ]. Hyaluronic acid 

        Table 27.1    Extracellular matrix (ECM) changes in POAG   

 Aqueous humor  Trabecular meshwork  Optic nerve  Systemic (serum/plasma) 

 ECM elements 
  CD44   [ 13 ] 
  Cochlin 
  Chondroitin sulfate   [ 15 ] 
  Collagen type IV  nc [ 16 ] 
  Elastin   [ 17 ]   [ 18 ] 
  Fibronectin  nc [ 19 ]  nc [ 16 ] 
  Hyaluronic acid   [ 20 ]   [ 15 ]   [ 21 ] 
  GAGase-resistant material   [ 15 ] 
  Tenascin   [ 22 ] 
  Thrombospondin-1   [ 23 ] 
 ECM remodeling enzymes and inhibitors 
  MMP-1   [ 24 ]   [ 25 ] 
  MMP-3  nc [ 26 ]   [ 24 ]   [ 25 ] 
  MT1-MMP   [ 27 ] 
  TIMP-1  nc [ 26 ]   [ 24 ] 
  TIMP-2   [ 28 ] 

   GAGase  glycosaminoglycan-degrading enzyme,  MMP  matrix metalloproteinase,  MT1  membrane type 1,  TIMP  tissue inhibitor for MMP 
 A statistically signifi cant difference in the changes comparing POAG and control patients is indicated by  or  
 If two arrows are shown, this indicates a twofold change, three arrows indicate a threefold change, four arrows indicate a fourfold change, and nc 
indicates that there is no change between POAG and controls  

      Table 27.2    Cell signaling changes in POAG   

 Aqueous humor  Trabecular meshwork  Optic nerve  Systemic (serum/plasma) 

 Angiopoietin-like 7   [ 29 ] 
 Aquaporin-9   [ 30 ] 
 Erythropoietin   [ 31 ] 
 Endothelin-1   [ 32 ]   [ 32 ,  33 ] 
 Hepatocyte growth factor   [ 34 ] 
 Phospholipase A2   [ 35 ] 
 Plasminogen activator inhibitor-1   [ 36 ] 
 Soluble CD44   [ 37 ,  38 ] 
 Thymulin   [ 39 ] 
 Vascular endothelial growth factor   [ 40 ]   [ 41 ] 

  A statistically signifi cant difference in the changes comparing POAG and control patients is indicated by  or  
 If two arrows are shown, this indicates a twofold change, and three arrows indicate a threefold change  
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and chondroitin–dermatan sulfates are the major  constituents, 
with heparan sulfate and keratan sulfate present in smaller 
amounts. A depletion in hyaluronic acid and an accumulation 
of chondroitin sulfates and undigestible glycosaminoglycan 
material have been associated with POAG conditions [ 15 ]. 
Both chondroitin sulfate and hyaluronic acid have been shown 
to contribute to fl ow resistance and infl uence fl ow rate in vitro 
[ 80 ]. The fl ow rate was decreased when hyaluronic acid and 
chondroitin sulfate were used at POAG concentrations. If gly-
cosaminoglycan chain biosynthesis is distributed by sodium 
chlorate or β-xyloside, outfl ow facility increases in perfusion 
cultures [ 81 ]. Of note, the level of an ectodomain fragment of 
hyaluronic acid receptor CD44 (sCD44) was found to be ele-
vated (Table  27.2 ) in the aqueous humor of POAG patients 
[ 37 ], and the concentration was highly correlated with the 
clinical visual fi eld loss which characterizes POAG. sCD44 is 
internalized in TM cells and localizes in part to mitochondria 
[ 84 ]. sCD44 is cytotoxic to TM cells [ 85 ]. 

 Fibronectin, laminin, vitronectin, and matricellular pro-
teins that include tenascin and thrombospondin-1 have been 
localized in the TM [ 82 ]. These glycoproteins are crucial in 
biologic processes such as cell attachment, spreading, and 
cell differentiation [ 82 ]. Overexpression of fi bronectin, lam-
inin, and collagen type IV results in a decrease in the TM cell 
monolayer permeability [ 86 ,  87 ]. In addition, the expression 
of thrombospondin-1 has been shown to be increased [ 23 ] in 
the TM of POAG eyes (Table  27.1 ). 

 Elastin is localized to the central core of sheath-derived 
plaques or elastic-like fi bers in the TM [ 86 ]. Fibrillin-1, 
a component of microfi brils, is found in both the core and the 
surrounding sheath of the elastic-like fi bers. Fibrillin-1 and 
collagen type VI    are also constituents of long-spacing colla-
gens in the TM [ 86 ,  87 ]. In trabecular lamellae and in juxta-
canalicular tissue, accumulation of long-spacing collagens 
and sheath-derived plaques has been documented in POAG 
and aged eyes [ 86 ,  88 ]. The cochlin deposits in the glauco-
matous TM (Table  27.1 ) appear to increase with age and are 
associated with proteoglycans. Such deposits have been pro-
posed to contribute to the increase of ECM resistance to out-
fl ow and the POAG pathology [ 12 ]. 

 The ECM is constantly modifi ed by the surrounding 
cells through enzymes such as matrix metalloproteinase 
(MMP) family member and inhibitors such as tissue inhibi-
tors of matrix metalloproteinase (TIMPs) found in the TM 
[ 83 ]. Ongoing ECM turnover, initiated by MMPs, appears 
to be essential for maintenance of the aqueous outfl ow 
homeostasis. MMP-3, and possibly also MMP-9, may be 
responsible for the effi cacy of laser trabeculoplasty, a clini-
cally useful alternative treatment to reduce IOP in patients 
with glaucoma [ 83 ,  86 ]. Addition or induction of MMP-3 
in perfused human anterior segment organ cultures 
increases, whereas blocking the endogenous activity of the 
MMPs in the TM reduces, the aqueous humor outfl ow 
facility [ 83 ]. 

      Table 27.3    Oxidative stress and senescence changes in POAG   

 Aqueous humor  Trabecular meshwork  Optic nerve/retina 
 Systemic (serum/plasma/red 
blood cells) 

 Acetylcholinesterase   [ 42 ] 
 Asymmetric dimethylarginine   [ 43 ] 
 3-α-Hydroxysteroid dehydrogenase   [ 44 ,  45 ] 
 Ascorbic acid   [ 46 ] 
 Citrate   [ 47 ] 
 Cortisol   [ 48 ] 
 Diadenosine tetraphosphate   [ 44 ] 
 Dimethylarginine   [ 43 ] 
 ELAM-1   [ 49 ] 
  Fatty acid 
   Eicosapentaenoic   [ 50 ] 
   Choline plasmalogens   [ 51 ] 
   Docosahexaenoic   [ 51 ] 
   Ω-3   [ 51 ] 
  Glutathione   [ 52 ]   [ 53 ] 
  Nitric oxide   [ 54 ] 
  Nitric oxide synthase   [ 55 ] 
  NF-κB   [ 56 ] 
  HIF-1α   [ 57 ] 
   Senescence-associated 

β-galactosidase 
  [ 58 ] 

   ELAM  endothelial cell leukocyte adhesion molecule,  NF  nuclear factor,  HIF  hypoxia-inducible factor 
 A statistically signifi cant difference in the changes comparing POAG and control patients is indicated by  or  
 If two arrows are shown, this indicates a twofold change, and three arrows indicate a threefold change  
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 The ECM in the TM may also be remodeled in response 
to exogenous stimuli such as glucocorticoids and oxidative 
stress [ 82 ,  86 ]. Mechanical stretch caused an increase in 
MMP-1 and MMP-3 activities and alteration of ECM mole-
cules including proteoglycans and matricellular proteins 
[ 89 ]. The ECM is modulated by cytokines. The most studied 
cytokine in the TM is transforming growth factor-beta (TGF- 
β). A higher than normal level [ 73 ] of TGF-β2 was found in 

the aqueous humor of patients with POAG (Table  27.4 ). In 
TGF-β2-perfused organ cultures, focal accumulation of fi ne 
fi brillar extracellular material was observed in TM tissues. 
Furthermore, TGF-β2 perfusion reduced outfl ow facility and 
elevated IOP [ 90 ], and adenoviral gene transfer of active 
TGF-β2 elevated IOP and reduced outfl ow facility in rodent 
eyes [ 91 ]. These results suggest that the increased TGF-β2 
level in the aqueous humor may be related to the pathogenesis 

         Table 27.4    Innate and adaptive immunity changes in POAG   

 Aqueous humor  Trabecular meshwork  Optic nerve/retina  Systemic (serum/plasma) 

 Innate immunity 
  Receptors 
  TLR 2   [ 59 ] 
  TLR 4   [ 59 ] 
  TLR 7   [ 59 ] 
  TLR 8   [ 59 ] 
  Associated proteins 
   MyD88   [ 59 ] 
   CD44   [ 13 ] 
  Ligands (pathogen-associated molecular patterns) 
   Hsp 60 (bacterial)   [ 60 ,  61 ,  63 ] 
    H. pylori    [ 62 ] 
   Heat shock proteins 
    Hsp 27   [ 64 ]  [ 65 ] 
    αB-crystallin   [ 59 ,  61 ]   [ 65 ] 
    Hsp 60   [ 59 ]   [ 65 ] 
    Hsp 70   [ 59 ]   [ 65 ] 
    Serum amyloid A   [ 66 ] 
 Adaptive immunity 
  Cytokines 
   IL-2   [ 67 ] 
   IL-4   [ 68 ] 
   IL-8   [ 68 – 70 ] 
   IL-12   [ 68 ] 
   TGF-β2   [ 71 ,  72 ] 
   TNF α  nc [ 73 ]   [ 25 ]   [ 68 ] 
  Autoantibodies 
   Anti-phosphatidylserine   [ 74 ] 
   Fodrin   [ 75 ] 
   Glial fi brillary acidic protein   [ 74 ] 
   Glutathione S-transferase   [ 76 ] 
   Myelin basic protein  [ 74 ] 
   Neuron-specifi c enolase   [ 77 ] 
   Retinaldehyde-binding protein   [ 74 ] 
   Retinal S-antigen   [ 78 ] 
   Vimentin   [ 65 ] 
   γ-Enolase   [ 74 ] 
   14-3-3   [ 74 ] 
  Monoclonal gammopathy   [ 76 ] 

   TLR  Toll-like receptor,  MyD88  myeloid differential primary response gene 88,  IL  interleukin,  TGF  transforming growth factor,  TNF  tumor necro-
sis factor 
 A statistically signifi cant difference in the changes comparing POAG and control patients is indicated by  or  
 If two arrows are shown, this indicates a twofold change, three arrows indicate a threefold change, four arrows indicate a fourfold change, and nc 

indicates that there is no change between POAG and controls  
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of glaucoma. Other cytokines such as tumor necrosis factor-α 
(TNF-α) that is increased in the optic nerve head of POAG 
(Table  27.4 ) also modulate the ECM, probably via regulation 
of MMP and TIMP expressions [ 82 ,  92 ].  

    Signaling Molecules in POAG 

 The TM and optic nerve utilize local and probably systemic 
cell signaling pathways to maintain cell viability. Locally in 
the TM, the Rho family of small guanosine triphosphatases 
(GTPase) has been shown to be of vital importance in the 
outfl ow system [ 93 – 95 ].    Sphingosine-1-phosphate and endo-
thelin-1 activate Rho/Rho kinase signaling pathway decrease 
the aqueous humor outfl ow facility [ 93 – 95 ]. Endothelin-1 
has been reported to be increased in the aqueous humor [ 32 ] 
and blood [ 33 ] of POAG patients (Table  27.2 ). 

 The aqueous humor also modulates TM cell signaling. It 
contains albumin as a major constituent. Other components 
encompass hydrogen peroxide (H 2 O 2 ), ascorbic acid, cyto-
kines such as TGF-β, hepatocyte growth factor and vascular 
endothelial growth factor (VEGF), and molecules includ-
ing MMPs, proteinase inhibitors, sCD44, and hyaluronic 
acid [ 82 ]. In both POAG aqueous humor and Alzheimer’s 
cerebrospinal fl uid [ 96 ], hepatocyte growth factor [ 34 ] and 
VEGF [ 40 ] increase, indicating modulation of these fl uids 
in the disease process. Increased levels of angiopoietin-
like 7, aquaporin-9, erythropoietin, plasminogen activator 
 inhibitor-1   , sCD44, interleukin-2, phospholipase A2   , thymu-
lin (Table  27.2 ), glutathione, ascorbic acid (Table  27.3 ), and 
TGF-β2 (Table  27.4 ) but, signifi cantly, a decreased level of 
hyaluronic acid (Table  27.1 ) have been reported in the aque-
ous humor of POAG eyes. Of note, the decrease in aqueous 
hyaluronic acid concentration parallels that in the TM, and 
the increase in sCD44 (the ectodomain portion of the CD44 
receptor) also parallels the CD44 receptor increase in the 
TM (Table  27.1 ). Only sCD44 has been tested in rodents; 
 adenoviral gene transfer of sCD44 resulted in a sustained 
increase in IOP in mice [ 97 ]. The sCD44 found in the POAG 
aqueous humor is hypophosphorylated [ 98 ]. The hypo-
phosphorylated form has high cytotoxicity and low hyal-
uronic acid-binding affi nity and is suggested to represent a 
 pathophysiologic feature of the disease process [ 98 ].  

    Stress and Aging in POAG 

 TM cellularity is reduced with aging [ 99 ,  100 ]. Morphologic 
studies have also revealed thickened basement membranes 
and accumulation of sheath-derived plaques and long- 
spacing collagens in the TM of aged eyes [ 90 ]. The number 
of senescent cells which stain positive for senescence- 
associated β-galactosidase is increased (Table  27.3 ) in the 

TM of POAG eyes [ 56 ], supporting further that POAG is an 
age-related disease [ 82 ,  101 ]. Oxidative damage and stress 
(Table  27.3 ) have also been implicated to contribute to the 
morphologic and physiologic alterations in the aqueous out-
fl ow pathway in aging and glaucoma [ 102 ]. The TM is sub-
jected to chronic oxidative stress [ 86 ]. Superoxide dismutase, 
an enzyme involved in the protection against oxidative dam-
age, has been shown to decline with age in human TM tis-
sues [ 101 ]. TM cells also synthesized a specifi c set of 
proteins, such as αB-crystallin   , that may act as molecular 
chaperones to prevent oxidative or heat shock protein dam-
age [ 41 ]. Markers of oxidative damage [ 102 ,  103 ], abnor-
malities in mitochondrial DNA [ 104 ], and diminished blood 
levels of oxidant scavenger glutathione [ 52 ] are found in 
POAG patients. It appears that oxidative stress that exceeds 
the capacity of TM cells for detoxifi cation is involved in 
damaging the cells and alteration of the aqueous humor out-
fl ow, leading to increased IOP. Moreover, stress-/aging- 
related changes also occur in the red blood cell phospholipid 
composition which may alter red blood cell fl exibility in 
POAG [ 51 ], causing reduced ocular blood fl ow and optic 
nerve axon loss. Linear regression analysis suggests that a 
decrease in phosphatidylcholine-carrying docosahexaenoic 
acid (DHA, an omega-3 fatty acid) occurs years before the 
onset of POAG. This underscores the notion that aging, and 
specifi cally membrane lipid composition, is a risk factor in 
POAG [ 51 ]. In a longitudinal study, a decrease in phospho-
lipid composition correlates with the development of 
Alzheimer’s disease [ 105 ]. There is, however, a possible cor-
rection for the change in lipid composition of membranes. 
One effect of dietary omega-3 is downregulation of Toll-4 
innate immune receptors [ 106 ], whereas supplement-free 
fatty acids upregulate Toll-4 [ 107 ].  

    Innate and Adaptive Immunity in POAG 

 The immune system is actively involved in the POAG dis-
ease process. Innate immunity is the fi rst line of defense and 
is rapidly activated by surgery (see Fig.  27.1 ), leading to 
NF-kB activation responsive genes [ 108 ]. Toll-4 receptor 
recognizes low molecular weight hyaluronic acid fragments 
and many others [ 108 ]. Signifi cantly, a number of Toll-like 
receptors are increased in the retina of POAG patients 
(Table  27.4 ). Upregulation of acute stress response protein 
amyloid in TM of POAG patients [ 66 ] further supports the 
notion that POAG has ocular altered protein expression. 
Treatment of cultured human TM cells with recombinant 
serum amyloid A affects gene expression, including a 22-fold 
upregulation of interleukin-8 [ 66 ]. Toll-like receptors are 
expressed on monocytes, dendritic cells, neutrophils, muco-
sal epithelial cells, and endothelial cells [ 109 ]. Notably, low 
molecular weight hyaluronic acid activates monocyte 
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  Fig. 27.1    ( a ) Putative activation of Toll-4-like receptors occurs by 
breakdown of hyaluronic acid into hyaluronic acid oligosaccharides 
depicted as red-blue saccharides and are released from the ECM as a 
result of surgery. These oligosaccharides bind to Toll-4 receptor ( TLR4 ) 
along with co-accessory molecules lymphocyte antigen 96 ( MD-2 ) and 
the CD44 receptor. This receptor complex utilizes ERM proteins (ezrin, 
radixin, moesin) and myeloid differentiation primary response gene 88 
( MyD88 ). Rat sarcoma g proteins ( Ras ) and nuclear factor kappa light 
chain enhancer of activated β-cells ( NF- B ) are upregulated, leading to 
downstream effectors including matrix metalloproteinase ( MMP-13 ), 
transforming growth factor-beta 2 ( TGF-β2. ), suppressor of cytokine 
signaling 3 ( SOCS3 ), and infl ammatory cytokines.    Ligand binding to 
TLR4 activates certain factors (IRAK, interleukin-1 receptor kinase 
and TRAFs, tumor necrosis factor receptor-associated kinases) that 
amplify the signal leading to the infl ammatory response and its 
 modulation of the ECM, cell signaling molecules, stress response, and 

immunity-related changes. The pathway includes TIR-domain-
containing adaptor- inducing interferon-B ( TRIF ), TRIF-related adaptor 
molecule ( TRAM ), extracellular-signal-regulated kinase ( ERK ), and 
macrophage infl ammatory protein 2 ( MIP-2 ). ( b ) Theoretical monocyte 
activation and recruitment involvement in site-specifi c injury. 
Approximately 48 h after sustaining injury, monocytes are recruited 
from the bone marrow to an injured area by C-C chemokine receptor 
( CCR-2 ). Three pathways are shown for monocyte activation: (1) low 
molecular weight hyaluronic acid, (2) recruitment of additional mono-
cytes, and (3) infl ammatory cytokines and chemokines. During the ini-
tial infl ammatory cascade, cells synthesize hyaluronic acid by 
hyaluronan synthases ( HAS ). HA binds to CD44 on monocytes and 
endothelium, leading to extravasation of monocytes from the blood ves-
sel into the surgical site. The activation of the NF-κB pathway upregu-
lates both CD44 and HAS. Addressins are a family of cell identity 
makers, putative target sites for monocyte surveillance       
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expression. Monocytes from the blood extravasate through 
the blood vessel walls using the multifaceted CD44, the 
homing receptor for leucocytes. Once monocytes arrive in 
the wound site, monocytes differentiate into macrophages. 
Upon activation, the macrophages induce new ECM and 
stimulate the local cells to re-epithelize the wound. 
Figure  27.1  depicts three pathways in which monocytes are 
activated: (1) low molecular weight hyaluronic acid, (2) 
cytokines and chemokines, and (3) recruitment of other 
monocytes. The monocyte activation creates positive feed-
back loop leading to extensive scar tissue and aberrant wound 
healing. See Fig.  27.1 . One idea that we are exploring is that 
the expression of CD44 message and its numerous variants 
are changed in POAG. Although CD44 expression on keloid 
cells is similar to normal dermal cells [ 110 ], keloid tissue 
exhibits a different miRNA profi le [ 111 ,  112 ] and increased 
hyaluronic acid [ 110 ]. The 3′ untranslated region of CD44 is 
very active in miRNA binding and infl uences disease pro-
gression [ 113 ]. The overexpression of sCD44 in the aqueous 
of African-Americans with POAG [ 37 ] is important since 
CD44 contributes to infl ammation and fi brosis in response to 
injury. CD44 promotes the activation of TGF-β via an MMP-
dependent mechanism leading to fi broblast migration and 
recruitment [ 114 ]. We have used fl ow cytometry to charac-
terize monocyte activation. See Fig.  27.2 . Recently, three 
monocyte subset populations were identifi ed as classical 
(CD14++CD16−), intermediate (CD14++CD16+), and non-
classical (CD14+ CD16++) [ 115 ]. In healthy individuals the 

classical monocytes represent ~90 % of monocytes, while 
the intermediate and nonclassical comprise the other 10 
[ 116 ]. The relative concentrations of intermediate and non-
classical monocytes have been implicated in a number of 
diseases, such as HIV-1 infection [ 117 ], cancer [ 118 ], and 
stroke [ 119 ]. Notably, monocyte profi le predicts the clinical 
course and prognosis human stroke [ 119 ]. Monocyte sub-
types have already been identifi ed in Eales disease [ 120 ], but 
to our knowledge have not been examined in POAG. If 
monocyte subtypes are different in POAG from normal 
patients, monocyte subtypes may provide a reliable bio-
marker of the disease as well as information about patient’s 
status after glaucoma-associated surgery. Interestingly, a 
recent paper identifi ed that radiation treatment has been 
found to prevent glaucoma in a mouse model by disrupting 
monocyte migration [ 121 ]. One particular element that was 
disrupted was  l -selectin, which, when activated, aids in 
trans-endothelial cell migration. The intermediate mono-
cytes (CD14++CD16+) overexpress  l - selectin , which 
might implicate this monocyte subtype as a prime facilitator 
of glaucoma [ 122 ]. If these results are supported, patients 
undergoing surgery might benefi t from having their mono-
cyte subtypes examined using fl ow cytometry.

    The adaptive immune system is also a defense and relies 
on antigen-presenting cells required for lymphocyte activa-
tion and effector cells that eliminate antigens [ 109 ]. 
Cytokines are secreted by the cells of innate and adaptive 
immunity system in response to a variety of infl ammatory 

  Fig. 27.2    Flow cytometry of monocyte subtypes. ( a ) Monocyte popu-
lation was identifi ed by forward scatter ( FS ) and side scatter (SS), 
enclosed in R1. ( b ) Events within R1 were plotted against CD14 and 

CD16 fl uorochromes and subsequently divided into the three monocyte 
subtypes: CD14++CD16−, classical monocyte ( R3 ); CD14++CD16+, 
intermediate ( R4 ); and CD14+ CD16++, nonclassical ( R5 )       

a b 
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and antigenic stimuli [ 123 ]. Excessive amounts or actions of 
cytokines can lead to pathological consequences. In both 
POAG aqueous humor [ 69 ,  70 ] and Alzheimer’s cerebrospi-
nal fl uid [ 124 ], interleukin-8 is increased. See Table  27.4  for 
changes in cytokines in the aqueous humor, optic nerve, and 
blood in POAG patients. It is of note that Alvarado et al. have 
shown that conditioned media obtained from irradiated TM 
and cytokines modulated aqueous outfl ow in vitro [ 125 , 
 126 ]. In addition, autoantibodies also are present in the blood 
of POAG patients (Table  27.4 ). 

 The exact role of each biomarker is sketchy at present and 
a direct link to POAG remains to be established. One impor-
tant key in successful surgery is wound healing. Although 
there are numerous factors, the innate immunity is the fi rst 
line of defense. Monocytes, for example, typically appear on 
day 2 of injury to promote wound healing. A second line in 
defense is the vascularization of the wound. Park et al. 
observed nail bed hemorrhages in 20 % of POAG patients 
[ 127 ]. The use of nail fold capillaroscopy to describe and 
detect various connective tissue diseases has been well estab-
lished. Nail fold capillaroscopy demonstrates morphologic 
changes in the nail fold capillaries of systemic sclerosis 
patients and can establish the progression of the disease 
[ 128 ]. Capillary changes have been determined in other auto-
immune disorders such as systemic lupus erythematosus and 
Sjogren’s syndrome [ 129 ,  130 ]. Of note, hemorrhages were 
found to be prevalent in the nail fold capillaries of Sjogren’s 
syndrome patients [ 130 ]. The discovery of microhemor-
rhages in the nail fold capillaries of POAG patients indicates 
possible systemic manifestations which are characteristic of 
connective tissue diseases. 

 Recently we used nail bed capillaroscopy to observe hem-
orrhages in POAG. See Video  27.1 . Nail fold hemorrhages 
were observed in all low-tension POAG patients ( n  = 7). If nail 
fold hemorrhages occur before the onset of the clinical mani-
festations of POAG or are more abundant in the progression of 
the disease process, close monitoring of nail bed hemorrhage 
may prove to be useful in the diagnosis and management of 
POAG. The direct cause of the nail fold microhemorrhages 
remains undetermined. Microhemorrhages in the nail folds 
may correlate to optic disc hemorrhages and may assist sur-
geons in deciding when surgery is needed and what type of 
surgical intervention is appropriate and minimizing surgical 
failures. 

 We cataloged all known ocular biomarkers in the aqueous 
humor, trabecular meshwork, optic nerve, as well as sys-
temic biomarkers in blood serum. We present a theoretical 
model to show possible signaling pathways of the ECM, cell 
signaling, and innate immune response through activation of 
Toll-4 receptor and monocyte activation which may impact 
the success of glaucoma surgery. The innate immune system 
is driven by the danger signal, a low molecular weight 
 hyaluronic acid, and the activation of monocytes. Subtyping 

monocytes to characterize the innate immunity and docu-
menting nail fold hemorrhages may prove useful in predict-
ing the success of glaucoma surgery. For example, 
preoperative evaluation of a POAG patient who has marked 
monocyte activation and extensive nail fold hemorrhages 
may indicate a high-risk surgery patient. The surgeon may 
decide that surgical intervention may be necessary sooner 
rather than later or may even infl uence the type of surgery 
that is performed. In addition, the Toll-4 and monocyte acti-
vation could be countered by adjunct therapy since it well 
recognized that naloxone is a Toll-4 antagonist [ 131 ,  132 ]. 
Thus, the future direction of POAG surgical success may be 
infl uenced by the modulation of the innate immune system.      
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