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Abstract
Elevated intraocular pressure (IOP) is the primary risk factor for blindness in glaucoma. IOP is determined by many factors
including aqueous humour production and aqueous humour outflow (AHO), where AHO disturbance represents the primary
cause of increased IOP. With the recent development of new IOP lowering drugs and Minimally Invasive Glaucoma
Surgeries (MIGS), renewed interest has arisen in shedding light on not only how but where AHO is occurring for the
trabecular/conventional, uveoscleral/unconventional, and subconjunctival outflow pathways. Historical studies critical to
understanding outflow anatomy will be presented, leading to the development of modern imaging methods. New biological
behaviours uncovered by modern imaging methods will be discussed with relevance to glaucoma therapies emphasized.

Introduction

Derangements in aqueous humour outflow (AHO) lead to
elevated intraocular pressure (IOP) and can result in per-
manent vision loss from glaucomatous optic neuropathy.
Elevated IOP is one of many glaucoma risk factors. Because
it is the only modifiable risk factor, IOP reduction is the
only available treatment.

IOP has been historically modelled by the Goldmann
Equation: IOP= (Fin-Fout)C+ EVP [Fin = aqueous pro-
duction, Fout = unconventional or uveoscleral outflow,

C= conventional or trabecular outflow facility, and EVP=
episcleral venous pressure] [1]. This relationship was
developed from considerable work involving the study of
aqueous humour production and outflow through multiple
pathways. This equation has been instrumental in under-
standing ocular hypertension and how medicines or sur-
geries impact IOP [2]. However, this equation is an abstract
concept that reduces AHO to a handful of numbers.
While quantitation is key, a picture is still worth a thousand
words. Seeing how aqueous moves in the context of the
entire eye is important and holds promise for better
understanding fundamental biology as well as uncovering
new treatments.

Given the recent advent of Minimally Invasive Glau-
coma Surgeries (MIGS; most of which target the conven-
tional/trabecular pathway) and new glaucoma IOP lowering
drugs that also target the trabecular pathways, there is sig-
nificant interest in understanding both how [see Goldmann
equation] and where aqueous humour flows. Based upon
our current fundamental understanding, we know that this
will involve the (a) conventional/trabecular and (b) uncon-
ventional/uveoscleral outflow pathways. Furthermore, dur-
ing bleb-forming glaucoma surgeries (trabeculectomies,
glaucoma drainage devices, and new subconjunctival
MIGS), aqueous can also be shunted to a third route — the
subconjunctival pathway. Thus, this review will delve into
new AHO concepts with a focus on imaging where the
fluid flows and on how this is relevant for glaucoma
therapeutics.
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The trabecular/conventional pathway

Discovery of trabecular outflow anatomy

In 1830 Friedrich S. Schlemm discovered a circular canal at
the junction of the sclera and cornea [3]. Many researchers
investigated the role of the canal in terms of passing aqu-
eous humour. The connections between the trabecular
meshwork (TM) and Schlemm’s canal (SC) were found by
injecting dye into the anterior chamber and microscopically
examining the specimens [4, 5].

Then outflow past the TM and SC was established using
neoprene casts [6, 7]. Casting agents were injected into the
eye, allowed to polymerize, and then after removal or
digestion of ocular tissue, three-dimensional representations
with detailed anatomical connections of SC to scleral
veins were obtained without time-consuming histologic
sectioning [6].

From this work, an overall picture of trabecular/con-
ventional AHO emerged. AHO starts in the anterior
chamber, and the trabecular pathway accounts for ~90% of
AHO under physiologic conditions [8, 9]. The trabecular
pathway consists of the TM, SC, collector channels (CC),
an intrascleral venous plexus, aqueous veins, and finally
episcleral veins. In general, this pathway can be divided into
proximal and distal portions. The proximal portion extends
from TM to SC. The distal portion includes CCs and
beyond.

In glaucoma, elevated IOP is caused by increased AHO
resistance and not by excessive aqueous humour secretion
[5]. The majority of this research has focused on the tra-
becular/conventional pathways. The main view is that, in
open-angle glaucoma, the primary site of outflow resistance
is at the juxtacanalicular tissue between TM and the inner
wall of SC [10]. Thus, research in this field (including
outflow imaging methods) has focused on the beginning of
the trabecular/conventional pathways with less attention
paid to what happens to AHO behind the TM.

Microscopic imaging of the proximal pathways initially
used electron microscopy plus various tracers [11, 12].
Electron microscopy showed detailed structural pathways
where aqueous could pass through the basement membrane
of SC endothelial cells, giant vacuoles, and intercellular
routes. Also, various tracers such as gold particles or
cationic ferritin were applied [13, 14]. Electron microscopy
could capture the tracer appearance in outflow pathways
and even showed a segmental distribution across SC
endothelial cells [14].

Ultimately, while the above work was critical in estab-
lishing a fundamental conventional AHO understanding,
this research was laborious and unsuitable for live human
subjects. Thus, a more modern approach was necessary.
Additionally, variable IOP lowering after trabecular bypass

or ablation MIGS raised the question of maintaining prox-
imal AHO pathway patency after surgery as well as distal
AHO contributions to resistance.

Modern trabecular outflow imaging methods

With the introduction of trabecular MIGS and the new class
of cytoskeletal relaxing drugs, interest has grown in trying
to understand the entire conventional AHO pathways –

proximal, distal, and circumferentially around the eye.
Because of this there has been renewed interest in devel-
oping new imaging methods, either structure- or flow-
based.

Structure-based conventional outflow imaging means
visualizing the physical pathways. Two-photon microscopy
has shown the structure of intact TM (from uveal to jux-
tacanalicular portions) and has even imaged deep to SC and
CC openings [15]. Two-photon microscopy visualizes tis-
sue architecture by using two photons of near-infrared
longer wavelength light to achieve greater tissue penetra-
tion. Also, two-photon microscopy can be performed
without fixation. However, the clearest images still come
from tissue wedges, including the TM, that have been
excised from the eye. 3D micro-CT then allowed for ima-
ging the proximal and distal pathways in intact eyes using
radiographic slices which could be stitched back together to
generate an in situ outflow cast. 3D micro-CT is the same as
clinical CT but performed on a smaller scale with higher
resolution. This method was vital in showing outflow
structural changes in response to IOP elevation as well as in
detailed study of CCs [16, 17]. However, post-mortem eyes
were still being studied with fixation required.

The introduction of optical coherence tomography
(OCT) led to the ability to assess ocular tissue in vivo in live
human subjects. Initially developed for evaluating the
posterior segment, OCT eventually expanded to the anterior
segment and became a way to non-invasively assess AHO
pathway structures such as TM, SC, and CCs. Early AS-
OCT studies provided cross-sectional images of the TM and
SC in vivo [18] Cross-sectional area of SC was reported to
be reduced in glaucoma [18]. Acute IOP elevation sig-
nificantly decreased SC cross sectional area in healthy
subjects [19]. Dilatation of SC area was observed following
glaucoma medications, including pilocarpine hydrochloride
[20]. An increased SC area was correlated with IOP
reduction after trabeculoplasty [21].

However, AS-OCT still has limitations. Not all lumens in
the anterior segment are necessarily involved in AHO. For
example, there are arteries, veins and lymphatics in the
anterior segment, and they all appear as lumens. Therefore,
while SC can be clearly determined based on location,
sorting distal outflow pathways from other luminal path-
ways can be confusing. Then, analysis of conventional
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pathway lumens is difficult because, unlike posterior seg-
ment OCT, no reference function exists where the OCT
device can track the image to place the OCT scan in the
same location and in the same orientation over time or after
experimental manipulation. Thus, two different scans of the
conventional outflow pathway can appear different solely
because the scans were placed in a slightly different loca-
tions or because the subject tilted their head in a different
way. To overcome this, 3D reconstructions of AHO path-
ways have been developed using OCT volumes so that the
same volume could be theoretically created no matter the
direction of scan [22]. However, this process is still tre-
mendously time-consuming due to the large number of
images needed to achieve high resolution (small B-scan to
B-scan distance) while traversing the entire distance around
the limbus. Therefore, while current OCT structural meth-
ods are non-invasive and suitable for live humans, techno-
logical innovations such as better tracking for a reference
function and further increased speed and depth of penetra-
tion are needed.

To complement structural methods, tracer-based methods
were developed to visualize the actual flow of aqueous
humour. Starting with post-mortem eyes, tracers such as
fluorescent microspheres ranging from 0.2-20 microns in
size or 0.01 micron quantum dots were introduced into the
anterior chamber [23–29]. Because of their size, these tra-
cers accumulated in the TM, and they could be micro-
scopically visualized after exposing the inner surface of the
TM. The key finding was that conventional AHO was
segmental. However, these methods were still not suitable
for living human subjects.

To study patients, Fellman and Grover developed the
episcleral venous fluid wave approach [30]. This method
involved imaging visible blanching of episcleral veins after
delivery of intraocular perfusate during surgery. Presence of
the episcleral fluid wave was associated with surgical suc-
cess after Trabectome surgery [31]. However, challenges
included introducing perfusate at very high and non-
physiologic pressures (routine for intraocular surgery to
maintain a stable chamber) and because the method did not
involve the appearance of a signal as opposed to looking for
the loss of a signal, which is hard.

Canalography was another approach that involved real-
time conventional AHO imaging using pharmaceutical
grade fluorescein or ICG, same as in retinal vascular
angiography [32–34]. Canalography took advantage of
exposing SC during canaloplasty surgery where tracer could
be directly injected into the exposed SC end or during the
reversal step where the canaloplasty probe is normally
exited from the eye. During the reversal step, surgeons
normally push out viscoelastic to expand SC, and for the
purposes of outflow imaging, tracer could be used instead.
While generating a positive signal of what conventional

AHO looked like, canalograms had two limitations. First,
tracer was introduced into the SC and not the anterior
chamber. Thus, the final outflow pattern did not include the
TM contribution, which is unquestionably known to impact
IOP. Then, tracer injection was always non-physiologic as
SC is normally an extremely low-pressure location. Last, as
the reversal step took time to perform, outflow was not
being assessed circumferential around the limbus simulta-
neously. If injecting directly into exposed SC, tracer natu-
rally arrived first near the injection site before the other side
of the eye. Thus, comparison of segmental outflow could be
difficult.

This led to the development of aqueous angiography
which involved introducing tracers in the anterior chamber
at physiologic pressures (Fig. 1). Aqueous angiography
took advantage of FDA-approved starting materials. In a
bedside-to-bench-to-bedside approach, the Spectralis HRA
+OCT (Heidelberg Engineering, Germany) was brought
into the lab. This device is FDA-approved to angio-
graphically image blood flow after tracers such as fluor-
escein and indocyanine green (ICG) are intravenously
injected. While not FDA-approved for intraocular use, these
same tracers have been described as safe during off-label
use as intraocular stains for membrane peels during pars
plana vitrectomy or capsule staining for cataract surgery
[35]. To further ease translating AHO imaging to patients,
surgical tools (including side-port blades, anterior chamber
maintainers, and surgical tubing) were utilized as well.

To perform aqueous angiography, constant-pressure
gravity-driven tracer delivery was used. This started with
post-mortem animal and human eyes in the laboratory
showing again that conventional AHO was segmental [36–
38]. Then, the method was translated to the operating room
for living non-human primates confirming segmental AHO
[39]. Last, the method was adapted for human patients
undergoing cataract surgery showing segmental AHO in
live human subjects as well [40–42].

Fig. 1 Segmental aqueous humour outflow. ICG aqueous angio-
graphy was performed in an 82-year-old Caucasian man’s left eye. The
aqueous humour outflow pattern demonstrated regions of high-flow
(green arrows) and low-flow (red arrow). Y-shaped episcleral and
aqueous veins were seen (white-arrows) in addition to a network of
vessels likely representing the intrascleral venous plexus (yellow
asterisk) (color figure online).
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Recently, haemoglobin video imaging [43] has been
developed which is a modernized quantitative approach to
traditional observations of aqueous columns entering
episcleral veins via aqueous veins. As aqueous is invisible
to the naked eye, this method takes advantage of aqueous
joining blood vessels where aqueous presence can be
inferred next to the visible blood. The advantage is the non-
invasive nature of this method. A limitation is that isolated
aqueous veins situated away from episcleral veins, that only
contain invisible aqueous, still cannot be visualized. Fur-
thermore, appreciation of the aqueous column requires high
magnification of these small intersections such that global
visualization of overall outflow patterns is harder to
achieve.

New trabecular outflow concepts

Segmental AHO was the primary discovery of new AHO
research methods. Tracer based studies showed that outflow
was not uniform throughout the TM [11, 13, 23–29]. TM
tracer accumulation could be high or low, representing
high- or low-flow regions. Percentage-effective filtration
length could be calculated across the eye [24]. Regions of
high- and low-flow TM could be isolated and studied
showing fundamental biological differences in extracellular
matrix and pro-fibrotic protein expression [27, 28, 44].

Aqueous angiography confirmed conventional segmental
AHO in living non-human primate and human eyes [39–42]
(Fig. 1). Using fluorescein aqueous angiography a limbal-
based line scan method in healthy human subjects showed
that ~45% of the angiographic outflow was nasal while ~23/
23/9% was superior/inferior/temporal, respectively [41].
Melding clinical and basic science methods, simultaneous
aqueous angiography using (a) fluorescent dextrans and (b)
intracameral fluorescent microspheres showed that tracer
trapping in the TM matched externally imaged aqueous
angiographic outflow patterns [44]. This was important as
similar results using various methods reassured the
outcomes.

Currently, mechanisms governing segmental conven-
tional AHO are unknown. Options include regulation at the
level of the TM. This was suggested by the finding that
bead-based tracer TM trapping patterns matched externally
observed aqueous angiography aqueous outflow patterns
[44]. Alternatively, segmental outflow patterns could arise
due to more distal biological changes at CCs or aqueous/
episcleral veins. Each of these structures and pathways
contain contractile elements, and local distal regulation
could control segmental outflow patterns as well [45].

Pulsatile AHO was actually an old observation that was
re-imaged with newer methods. Goldmann first described
pulsatile flow, describing cyclic flow into aqueous veins that
was synchronous with ocular pulse waves [46]. This

pulsatile AHO was best observed at the clear fluid and blood
junction where aqueous and episcleral veins met [47, 48]
and what haemoglobin video imaging focuses on. Pulsatile
AHO was believed to result from changes in choroidal
volume that coincided with the cardiac cycle. It has been
hypothesized that pulsatile AHO provides a passive
mechanism to maintain short term IOP homoeostasis [49].
With respect to disease, pulsatile AHO has been noted to
decrease with worsening glaucoma [47, 49]. Alternatively,
IOP lowering medication has been shown to improve pul-
satile aqueous outflow [50]. More recently, Phase-based
OCT has shown pulse-dependent structural TM motion in
enucleated non-human primate [51] and live human eyes
[52]. This pulsatile motion synchronized with the digital
pulse, further supporting a cardiac origin [50]. This was
lastly confirmed with aqueous angiography in living non-
human primates as tracer-based outflow imaging showed
pulsatility rates (120 ± 52bpm) which matched that of
average non-human primates heart rates (70–180 bpm) [39].

Dynamic AHO was a completely novel finding from
aqueous outflow imaging research. Aqueous angiography
was important for demonstrating dynamic AHO because it
allowed real-time imaging in living subjects. Dynamic
AHO was similar to pulsatile AHO in that AHO was not
visually fixed. However, unlike pulsatile AHO (where the
same AHO pattern simply increased and decreased in a
cyclical fashion), in dynamic AHO, the entire pattern
changed (Fig. 2). Low-flow regions could become high-
flow and vice-versa. Subjectively, it almost appeared as if
the eye could increase or decrease overall outflow based on
need. A few characteristics of dynamic AHO are important
to highlight. First, these were infrequent and unpredictable
events. In one study with ~9 min of video recording, only
16 dynamic events were seen [39]. Then, increasing and
decreasing AHO could also be simultaneously observed in
different locations of the same eye [53, 54]. Regarding
mechanism, like segmental AHO, the control of dynamic
AHO is unknown. Options also include local TM regulation
where proximal outflow could be dynamically turned on or
off. Studies using OCT and 3D-micro computed tomo-
graphy (CT) have shown structural alterations to CC, and
this could also underlie dynamic AHO [17, 18]. Last, distal
aqueous and episcleral veins are known to have contractile
elements, and dynamic AHO may also be locally controlled
by local vessel contraction and dilatation [45].

Potential impact of trabecular outflow imaging on
ocular hypertension treatment

Conventional outflow imaging may help surgical and
pharmacological approaches for IOP reduction. Pharmaco-
logically, muscarinic agonists are known to lower IOP by
contracting the longitudinal ciliary muscle to pull the scleral
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spur down and open the TM. However, a simple under-
standing of what muscarinic agents do to AHO patterns is
actually not known. For example, overall outflow could
minimally increase globally or focal areas could improve to
a greater extent. If the latter is true, those TM areas could be
isolated for study with critical features identified. These are
the features that may be lost in ocular hypertension and the
same features that may need to be recapitulated to treat it.
This can lead to the identification of new drug-targets.
Then, for distal outflow, cytoskeletal relaxing agents have
been shown to dilate outflow pathways even after trabecular
bypass using porcine eyes [55]. In this case, such drugs
could be synergistically applied after trabecular bypass/
ablation to work in tandem for IOP lowering.

From a surgical perspective, trabecular MIGS are
advantageous because they are fast and safe. However, IOP
lowering magnitude can be variable, and this drove in part
the desire to understand distal outflow better. For example,
where the surgery is placed may matter. One question is
whether trabecular MIGS should be targeted to high-flow
regions or low-flow regions. Enhancing AHO in high-flow
regions may be insufficient since high-flow regions already
have good AHO. On the other hand, low-flow regions may
have limited capability for AHO augmentation because of
inadequate anatomy. Thus, conventional AHO imaging may
be used to study surgical placement.

To address this question, a two-dye aqueous angio-
graphic approach has been developed. First in post-mortem
bovine eyes, ICG aqueous angiography, followed by
fluorescein aqueous angiography showed similar segmental
AHO patterns [37]. This established a model, and then in
post-mortem human eyes sequential angiography was con-
ducted to access the ability of trabecular bypass stents
(iStent Inject, Glaukos Corporation) to improve AHO in
regions of initially poor angiographic AHO [38]. ICG
aqueous angiography established baseline outflow patterns.
Trabecular bypass was performed in low-flow regions.
Fluorescein aqueous angiography then showed ~17-fold
improvement in angiographic signal compared to sham
surgery eyes [38].

Moving to glaucoma patients, a similar study was per-
formed [42]. ICG aqueous angiography established baseline

outflow patterns in patients who were scheduled for cataract
surgery and trabecular bypass. Trabecular bypass was per-
formed in both low-flow and high-flow regions, and this
was followed by fluorescein aqueous angiography. When
surgery was performed in low-flow regions, transient to
persistent angiographic outflow improvement was seen.
This was termed “new recruitment”. When placed in high-
flow regions, quicker angiographic improvement was seen.
This was termed “earlier recruitment”. In rare cases, no
improvement occurred. IOP effects were unfortunately
difficult to assess as the study only included 14 subjects.
Furthermore, to stay consistent with the approved surgical
method, two trabecular bypass stents were placed in each
eye such that some eyes had both stents in low-flow regions,
high-flow regions, or one in each. Thus, the conclusion was
that trabecular bypass improved AHO many different ways,
but it was still unclear which response is associated with the
best IOP reduction. In the future, an improved study should
utilize only one stent (either in low-flow or high-flow) with
IOP compared in between. Ultimately, since the nasal side
of the eye has more CC, angiographic outflow is most
common in the nasal area, and because most surgeons are
accustomed to a temporal approach during cataract surgery,
nasal placement is still recommended at this time until more
data is acquired.

The uveoscleral/unconventional pathway

Discovery of uveoscleral outflow anatomy

The presence of an alternative outflow pathway was deter-
mined in the middle of the 20th century. After intraocular
delivery, tracers accumulated in portions of the uvea, such
as the choroid and ciliary body, and in posterior sclera.
Some of the most quantitative and precise work was per-
formed by Anders Bill in the 1960s using radiolabelled
albumin.

Bill introduced radiolabelled albumin into the anterior
chamber of multiple species, including non-human primates
[56] and in a small number of human patients [9]. From this
location, tracer could move through the conventional or

Fig. 2 Active aqueous humour outflow dynamic changes. ICG
aqueous angiography was performed on the left eye of a 61-year-old
Chinese female. a–c Shows dynamic aqueous humour outflow over

27 s (timing=A: time 0; B: 19 s later; C: 18 s after B). Green and red
arrows show the appearance and disappearance of outflow pathways
(color figure online).
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unconventional pathways. During perfusion, the conven-
tional pathways were queried when collecting perfusate
from ocular surface veins [56] or blood from peripheral
vasculature [57]. The main observation was that a sig-
nificant portion of the introduced radiolabelled tracer could
not be collected back from the conventional pathways.
Thus, a second or unconventional pathway had to exist as
another way for aqueous to exit the eye natively.

Tracer-based studies showed the route of the uveoscleral
outflow pathway. Autoradiography could be performed on
histological sections of the eye because the tracer was
radiolabelled [9, 56]. This showed that tracer accumulated
in the sclera and uvea, nicely fitting the label of “uveoscl-
eral” outflow. The uveoscleral pathway was thus proposed
to start from the anterior chamber, flowing through the
ciliary body in the angle (adjacent to the TM), past and into
ciliary body clefts, into the supraciliary space, and then
sclera or vortex veins.

Mechanistically, clefts that are naturally seen in normal
ciliary body histological sections are important for
uveoscleral outflow. Multiple drugs were shown to influ-
ence uveoscleral outflow as pilocarpine diminished the
radio-labelled tracer uveoscleral spread while atropine
enhanced it [9, 58]. Ciliary muscle contraction or relaxation
(by pilocarpine and atropine, respectively) abolished/
enhanced the presence of these clefts to enhance/attenuate
uveoscleral outflow, respectively [59]. Furthermore, varia-
tion was seen in uveoscleral outflow. Older age was asso-
ciated with less uveoscleral outflow; and some species such
as non-human primates showed more while other species
such as rabbits showed less [59]. When evaluating the
ciliary body, younger age and species with more uveoscleral
outflow demonstrated more ciliary body clefts [59]. This
concept was clinically supported in humans because cases
of trauma causing a different type of cleft (an artificial and
large traumatic [60] ciliary body cleft) could lead to very
low IOPs. Structurally, while UBM and OCT could not
image native ciliary body clefts, secondary clefts (either
from trauma or surgery [i.e., Cypass]) [61] could be
visualized owing to their larger size.

While this review focuses on imaging, it is also impor-
tant to point out that intraocular tracer studies are usually
more difficult to perform in human patients owing to
invasiveness, and this is particularly true for uveoscleral
outflow. Thus, patient-based uveoscleral clinical studies
typically used indirect methods based upon the Goldmann
Equation: IOP= (Fin-Fout)C+ EVP [1, 59]. As each of
these variables could be measured in live humans,
uveoscleral outflow (Fout) could be algebraically calcu-
lated. This type of work was important for showing that
uveoscleral outflow was greater in younger individuals [8]
and that prostaglandins increased uveoscleral outflow [62].
However, these indirect measures of uveoscleral outflow

were notoriously variable, and could have low agreement
compared to direct measures, even in the same study [63].
This was likely because each of the individual variables in
the modified Goldmann equation were themselves indirectly
determined and with their own set of assumptions.

From an imaging perspective, the closest attempt to real-
time imaging of uveoscleral outflow in living subjects was
performed by Butler et al. [64]. In this work, CT contrast
medium (Amipaque; ~350MW) was introduced into the
anterior chamber of living non-human primates during CT
scan. Little signal was initially seen in the sclera (despite
prolonged perfusion and after high IOP). However, after
sacrifice of the non-human primate and with continued
perfusion and CT scan, contrast signal could be eventually
seen in the sclera. The authors interpreted this to mean that
uveoscleral outflow could be better imaged after cardiac
perfusion was stopped because native blood flow must have
been washing away uveoscleral outflow tracer. However,
another explanation exists and highlights just how difficult
it is to image uveoscleral outflow. Since the tracer was
placed in the anterior chamber, the tracer could have moved
through the conventional pathway vessels and simply
leaked out into the sclera after death, meaning that this work
really imaged conventional AHO. Definite real-time
uveoscleral outflow imaging in a living subject is thus
still evasive.

Modern uveoscleral outflow imaging methods

The history of uveoscleral outflow assessment shows that
imaging it is very difficult. In fact, it has not been performed
real-time in a living subject. Thus, for this review, the
question becomes how to develop strategies to image
uveoscleral outflow more easily. The challenges are multi-
ple. Work by Johnson and colleagues already elegantly
summarize the challenges regarding tracer choice (mole-
cular weight and issue of tracer retention) as well as the
need to distinguish advective fluid flow versus diffusion
[65]. Here, we focus more on anatomical considerations
regarding the unique challenges of trying to image
uveoscleral outflow in the setting of the rest of the eye.

The conventional and unconventional pathways share
multiple potential touchpoints. They both start in the same
location: the anterior chamber. Once distal, both pathways are
heavily involved with the sclera (the intrascleral venous
plexus for trabecular outflow and the scleral portion of
uveoscleral outflow). The primary component of aqueous
humour is water, and it is important to remember that no
vessel is 100% impermeable to water. Thus, trabecular out-
flow can seep into the sclera when it passed through the
intrascleral venous plexus, aqueous veins, and episcleral veins
to potentially mix with uveoscleral outflow. This possibility is
exactly what questions the interpretations of Butler et al. [64].
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Also, it is because of this idea that one can consider the
pathways as being integrated. It becomes very difficult to
uniquely image uveoscleral outflow when trabecular outflow
starts in the same location and can join uveoscleral outflow.

Both pathways can also be located in the same region of
the eye such that uveoscleral outflow imaging can be
blocked. For example, both conventional trabecular outflow
and uveoscleral outflow can reside nasally. Then uveoscl-
eral outflow is situated deeper as the ciliary body is deeper
in the eye compared to the scleral wall where the TM, SC
and the rest of the conventional pathway sits. If tracers enter
both pathways, conventional trabecular outflow imaging
can arise above and thus block visualization of deeper
uveoscleral outflow.

To distinguish and image uveoscleral outflow, unique
characteristics are needed to develop potential strategies.
Examples could include: outflow patterns and the temporal
nature of outflow. First, conventional outflow has recently
been shown to be segmental (see Trabecular Outflow sec-
tion, above). There are regions of high and low trabecular
flow. Therefore, to avoid the problem of co-incidental
location, trabecular outflow imaging could be performed
first to identify low-flow regions of the eye as a way to
concentrate uveoscleral imaging efforts to areas where tra-
becular outflow won’t block it.

Second, the time frame is different. As mentioned above,
measurement of uveoscleral outflow can be variable
(depending on method), but is generally felt to be slow [65].
This is why uveoscleral outflow studies often take a few
hours. This is in contrast to trabecular outflow imaging (see
aqueous angiography) which occurs on the order of
minutes.

Putting this all together, there are a few general strategies
for developing a uveoscleral outflow imaging method.
Conventional outflow imaging should be performed first to
identify low-flow regions. Second, larger molecular weight
tracers are advantageous because they are less likely to leak
out of the conventional pathways into sclera. Third, obser-
vers must be patient as early signal is unlikely uveoscleral
outflow while later signal elevates the ratio of uveoscleral
compared to that of trabecular outflow. Last, consider
pushing the system. This means overloading uveoscleral
outflow. Native ciliary body clefts are important for
uveoscleral outflow, and traumatic cyclodialysis clefts are
just larger and more dramatic variants known to sig-
nificantly lower IOP [60]. Surgical cyclodialysis clefts, such
as the Cypass, are controlled versions that can also lower
IOP. Thus, making artificial but large surgical clefts in
regions of baseline low trabecular outflow may further
improve local uveoscleral outflow visualization. Ultimately,
imaging uveoscleral outflow is difficult and all of the above
steps have not yet been attempted. Regardless of the exact
method, uveoscleral outflow imaging will require careful

validation because, as stated above, tracers introduced into
the anterior chamber enter both the conventional and
unconventional pathways and because these pathways
merge around the sclera.

New uveoscleral outflow concepts

While real-time uveoscleral outflow imaging does not exist,
other experimental systems have raised the new concept of
uveolymphatic outflow [66]. This idea arose from immu-
nofluorescence studies that challenged the traditional notion
that intraocular lymphatics do not exist. Specifically,
luminal pathways have been identified in the anterior uvea
which express classical lymphatic molecular markers in
certain species [66]. Furthermore, intraocular fluorescent
tracer application led to tracer accumulation in local head
and neck lymph nodes, suggesting an intraocular lymphatic
route. This was enhanced by prostaglandins, suggesting that
manipulation of the uveoscleral outflow pathway led to
enhanced intraocular lymphatic tracer delivery [67]. How-
ever, as described above, no pathway is fully impermeable.
The above intracameral tracer introduction could mean that
tracer entered the conventional pathways and leaked out. If
entering the subconjunctival space, subconjunctival lym-
phatics (see below Subconjunctival Outflow section) could
have drained these tracers to local lymphatics and lymph
nodes. Nevertheless, the old idea that central nervous tissue
(and by extension the intraocular space) does not contain
lymphatics is now known to be outdated. Lymphatics have
been discovered in the uvea and even the meninges of the
brain [68]. A glymphatic system that moves extracellular
fluid paravascular from arteries to veins has also been found
in the brain [69] and eye [70] and is under heavy investi-
gation as related to sleep and neurodegenerative diseases,
such as Alzheimer’s disease. Therefore, more work is
necessary to understand the importance of potential
intraocular lymphatics and how this may be related to IOP.

Potential impact of uveoscleral outflow imaging on
ocular hypertension treatment

While the benefit of clinical uveoscleral outflow imaging for
IOP treatment is limited, because such imaging does not
exist, there is potential for guiding treatment for both low
and high IOP. For the most part, current examples use
structural imaging methods.

For hypotony, knowing the location of a cleft causing
increased uveoscleral outflow is beneficial for targeting
surgical repair. Simple clefts can be seen by gonioscopy.
OCT and UBM can provide an imaging alternative. How-
ever, if the cleft is small or with complex anatomy (that may
occur in trauma), observation or 2D imaging can fail to
identify the location. Alternatively, endoscopic imaging can
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be used as an examination tool to find and assist in the
repair of small clefts [71]. Tracer studies have also been
tested [72]. However, the goal was not to see the literal
cleft. Instead, a small amount of trypan blue was placed in
the centre of the anterior chamber. In normal circumstances,
this dollop would evenly expand outward towards the
limbus. In the presence of a cleft, the tracer instead pre-
ferentially and focally flowed toward the opening, giving a
clue as to its location. Ultimately, while the above is useful,
direct and real-time imaging of the cleft itself using tracers
should still be more definitive.

For high IOP, uveoscleral MIGS have been developed
(e.g., Cypass [Alcon]) or are under development (e.g.,
iStent Supra [Glaukos Corporation] or Miniject [iStar
Medical]) to create controlled traumatic cyclodialysis clefts.
Theoretically, such approaches have great potential because
uveoscleral outflow avoids episcleral venous pressure which
can act as an IOP reduction floor. The only FDA-approved
uveoscleral MIGS was the Cypass (Alcon). Available for a
limited time, Cypass failed due to corneal endothelial cell
loss. However, lessons could be drawn from IOP responses
as well. Clinically, Cypass lowered IOP, but failures were
seen and anecdotally could be explosive with very high
IOPs [73]. This was reminiscent of what is known regarding
traumatic ciliary body clefts where IOP is initially low due
to increased uveoscleral outflow but then can become very
high if the cleft self-seals and the increased uveoscleral
outflow goes away. In this case, underlying damage to the
trabecular pathways is exposed. Structural anterior-segment
OCT imaging has been performed for these surgeries,
showing surgical “lakes” or clefts [61]. These are the same
clefts that we proposed to create in low-flow trabecular
outflow regions to assist in uveoscleral outflow imaging. In
the future, structural OCT studies could be used to deter-
mine the relationship between IOP reduction and the sur-
gical cleft size for uveoscleral MIGS. This could improve
our understanding of this outflow pathway and help identify
patients where the surgery may be structurally failing due to
progressive shrinking of the surgical clefts.

The subconjunctival outflow pathways

Discovery of subconjunctival outflow anatomy

Subconjunctival outflow refers to clearance of material from
the subconjunctival space. Thus, it is native to the eye and
happens all of the time. The subconjunctival space is
essentially a potential space that can be opened under
pathologic conditions (chemosis from fluid overload in
hospital patients or from conjunctivitis in eye clinic
patients) or during the treatment of eye diseases (sub-
conjunctival injection of antibiotics and steroids at the end

of ocular surgery or in a bleb that is purposely created
during glaucoma surgery). However, these examples
demonstrate how subconjunctival outflow is different from
trabecular/conventional and uveoscleral/unconventional
outflow. The latter two are involved in the normal phy-
siology of aqueous humour homoeostasis. Derangements
therein lead to elevated IOP, and direct manipulation can
lower (e.g., pilocarpine) or raise IOP (e.g., atropine). Sub-
conjunctival outflow is involved in the normal passage of
aqueous from the eye in the sense of clearing the fluid that
seeps out from trabecular and uveoscleral outflow pathways
into the space under the conjunctiva. No evidence yet exists
to suggest that subconjunctival outflow directly impacts
normal physiologic IOP. However, because of potential
impact on glaucoma surgery and drug delivery, sub-
conjunctival outflow may be leveraged to improve eye care.

The presence of subconjunctival outflow is implied in
chemosis. In certain pathologic conditions such as fluid
overload, or during ocular surface inflammation/infection,
the conjunctiva raises with fluid filling the subconjunctival
space. However, chemosis resolves when the underlying
disorder is treated. Similarly, at the end of glaucoma sur-
gery, drugs can be injected under the conjunctiva to create a
drug delivery bleb. However, all surgeons know that by the
next day, the bleb is gone. Thus, subconjunctival fluid is
somehow draining. This has been studied using tracer-based
methods (Fig. 3).

Two common systems to study tracer egress from under
the conjunctiva have been via direct subconjunctival tracer
injection or by the study of glaucoma surgical blebs. Early
observations included documenting the natural resolution of
spontaneous subconjunctival haemorrhages. Blood would
resolve and form sausage-like structures [74], suggesting an
outflow pathway. Scleral tattooing gone awry could also
show distinct patterns [74]. Subconjunctival injection of
ICG performed in live humans demonstrated patterns that
were unlike typical Y-shaped episcleral veins [74, 75].
Quantitative assessment of subconjunctival drug depot
clearance was substantially higher in living as opposed to
post-mortem eyes, suggesting an active mechanism [76].

Fig. 3 Subconjunctival bleb-related outflow pathways. Fixable and
fluorescent dextrans (500 kD; 2.5 mg/ml) were injected under the
conjunctiva of post-mortem (a) human and (b) porcine eyes to create
blebs (black asterisks). Bleb-related outflow pathways were seen
(white arrows). Scale bars: 1 mm.
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Together, these results demonstrated a formal process for
fluid removal from the subconjunctival space and raised the
possibility of using lymphatics.

Glaucoma surgical subconjunctival blebs are created by
making a direct communication between the anterior
chamber and subconjunctival space for the purpose of
lowering IOP. This has led to the long-standing question of
how aqueous flowing into glaucoma surgical blebs subse-
quently exits. The route also has to be a low-resistance
pathway or else glaucoma surgery could not lower IOP.
Early research suggested aqueous humour exited mainly
through a transconjunctival route in trabeculectomy blebs.
Kronfield confirmed this by showing that the surface of
filtering blebs had elevated levels of ascorbic acid, a small
molecule known to be enriched in aqueous humour [77].
Functioning filtering blebs were also documented on light
and electron microscopy to have loosely arranged sub-
epithelial connective tissue with clear spaces [78, 79].
Ultrastructural study of filtration blebs showed that these
clear spaces were microcysts.

However, all glaucoma surgeons also know that trabe-
culectomy blebs can be highly varied and that tall/thin/cystic
blebs that maybe weeping aqueous through the conjunctiva
are not ideal. Furthermore, glaucoma surgeons also know
that, clinically, we can often see trabeculectomy patients
with good IOP control even when there is no obvious bleb.
These observations motivated researchers to search for
other bleb-related outflow pathways. Teng et al. proposed
resorption through degenerative veins in the bleb [80].
Benedikt introduced fluorescein into the anterior chamber
after glaucoma surgery and witnessed multiple potential
routes for aqueous outflow including newly incorporated
conjunctival veins and possibly lymphatics [81].

Lymphatics are a one-way non-circulatory system that
are responsible for extracellular fluid homoeostasis, fat
absorption, and immune surveillance [82]. Long known to
exist in the conjunctiva, this system involves a vast network
of thin-walled capillaries, large collecting vessels, and
secondary lymphoid tissue. They respond to increased
interstitial pressure by widening their lumina to allow
extracellular fluid in. Lymph then returns to the venous
circulation via the thoracic duct. Given their known role in
regulating extracellular fluid, it made sense to consider that
lymphatics could clear the subconjunctival space.

More recently, subconjunctival MIGS have become
available (Xen from Allergan) or are under advanced
stages of development (Preserflo from Santen), and this has
further driven the desire to better understand sub-
conjunctival outflow. Substantial work was performed by
Dao Yi Yu’s research team during Xen development
[83, 84]. Subconjunctival injection of trypan blue led to
irregular pathways arising from blebs in rabbits and
non-human primates [83]. After Xen surgery, introduction

of fluorescein that delineated surgical blebs also showed
irregular pathways arising off blebs [83]. In trabeculectomy
patients, better IOP lowering was seen in cases where the
blebs also showed these types of pathways [85]. Overall,
these pathways were hypothesized to be lymphatic. How-
ever, this was presumed based on the known presence of
conjunctival lymphatics [86], the fact that lymphatics
should drain extracellular space, and because the pathways
off the blebs did not look like veins. The actual pathways
themselves were never isolated for study to determine the
exact identity.

Modern subconjunctival outflow imaging methods

Tracer studies have been critical in demonstrating sub-
conjunctival outflow, but these studies alone could not
provide the identity of the pathways. Thus, multi-modal
approaches were taken in porcine eyes to combine tracer
studies with other methods [87]. After injecting tracers
under the conjunctiva to create blebs and outflow pathways,
concurrent cross-sectional OCT demonstrated that these
pathways were distinct and luminal [87]. OCT long-
itudinally along these pathways further demonstrated the
presence of semi-lunar valves orientated in the direction of
flow [87]. Two-photon microscopy of the pathways showed
blind-end tips [87]. These last two observations were critical
because lymphatics have valves and blind-end tips. In fact,
the valves are so obvious that investigators can find these
pathways using OCT alone on the ocular surface, just by
searching for these structures [84].

Fixable and fluorescent dextrans were also used to create
subconjunctival blebs and outflow pathways for multi-
modal study combining tracer-based studies with immuno-
fluorescence [87]. These tracers were chosen because they
could be angiographically visualized using fluorescence
imaging, and after fixation they could be trapped to the
outflow luminal wall. Because of this, histological sec-
tioning could be guaranteed to find the exact same pathway
that was initially seen on outflow imaging. Then, immu-
nofluorescence for lymphatic markers (Prox-1 and podo-
planin) showed co-localization with the subconjunctival
outflow pathways while blood vessel markers (CD31) did
not [87]. This provided molecular proof for lymphatic
outflow, complemented the above structural evidence, and
together finally confirmed the previously raised hypothesis
that lymphatics drain blebs.

To further study subconjunctival outflow, genetic rodent
models now represent a powerful new tool. Prox-1-EGFP
BAC has been incorporated into mice [88] and rats [89] to
generate animals with natively fluorescent lymphatics. A
Prox-1-tdTomato transgenic line is also available [90].
Outside of the eye, these rodents have been used to visua-
lize lymphatics in transplantation models [88] and to study
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lymphangiogenesis as a way to combat post-surgical lym-
phedema [91]. In the eye, subconjunctival lymphatics are
visible in flat-mount and even during in vivo imaging
(Fig. 4). Using these mice, lymphatic development and
manipulation can be studied.

New subconjunctival outflow concepts

Subconjunctival lymphatics are not evenly distributed
across the eye. This was first seen in the lymphatic reporter
mice, where post-natal lymphatic development was studied,
and lymphatics were found to develop from a nasal origin
and then wrap around to the temporal side of the eye [92].
Thus, in adult mice, an ~4-fold increased number of lym-
phatic sprouts were seen on the nasal compared to the
temporal side of the eye [92]. Functionally, greater nasal
lymphatic outflow was seen as subconjunctival tracers
cleared on the nasal side of the eye more efficiently than on
the temporal side of the eye [92]. This mouse data agreed
with porcine results that showed a ~2-fold increase in the
number of outflow pathways seen off tracer-created nasal
blebs compared to temporal ones [87]. Together, these
results showed a subconjunctival lymphatic asymmetry
across the anterior eye that could be leveraged for treatment
of ocular diseases.

In addition to a native heterogeneous distribution of
subconjunctival lymphatics, pharmacological manipulation
of lymphatics may also be another option to create further
non-homogeneity. Multiple agents have been shown to
increase lymphatic presence in the body. Vascular endo-
thelial growth factor type C (VEGFC) is the primary
endogenous lymphatic vessel growth factor [93]. Alter-
natively, VEGFA promotes both blood vessel and
lymphatic growth. Known mutations for VEGFC (C156S)
are further very specific for growing only lymphatics [94].
9-cis Retinoic acid can also promote lymphatic growth
and has been shown to ameliorate lymphedema in a com-
bined radiation and surgical injury rodent lymphedema

model [91]. Alternatively, it has been hypothesized that
anti-metabolites used during glaucoma surgery (mitomycin-
C [MMC] and 5-fluorouracil [5FU]) may damage lympha-
tics [95]. After glaucoma surgery, failed trabeculectomy
blebs are devoid of lymphatics while peri-bleb tissue shows
an intermediate presence with normal conjunctiva demon-
strating a robust lymphatic network [96]. Therefore, future
concepts can include drug-induced lymphatic manipulation
(for either more or less) as a potential way to treat eye
diseases.

Potential impact of subconjunctival outflow
imaging on ocular hypertension treatment

Subconjunctival outflow may be leveraged to improve bleb-
based glaucoma surgeries or to improve drug delivery
which can enhance the treatment of nearly all eye diseases.
For glaucoma surgery, the issue of blebs is that they
sometimes fail. This can be the case even if a bleb is
visually present. As mentioned above, failed blebs have
been shown to be devoid of subconjunctival lymphatics
[96]. It can be hypothesized that anti-metabolite use during
glaucoma surgery used to prevent bleb scarring may also
damage lymphatics such that aqueous cannot exit the bleb
in a kind of blind cul-du-sac. In this case, subconjunctival
lymphatic enhancement (either by placing surgeries in
regions enriched with subconjunctival lymphatics or via
drug manipulation such as by VEGFC) could improve bleb-
based IOP lowering.

Alternatively, diminishing lymphatics may be beneficial
for subconjunctival drug delivery. Drug delivery strategies
are advantageous because poor eyedrop adherence and
persistence are known problems. Intravitreal injections are
common but risks include pain, infection, and retinal
detachment. Subconjunctival drug injections would be ideal
as they are more superficial and easier to administer [97].
However, drug penetration into the eye is a challenge.
Subconjunctival drug has to get past the sclera as well as the
choroid and retinal pigment epithelium to become truly
intraocular. Currently, medium sized proteins have been
shown to be capable of getting past these barriers [97].
However, any agent delivered under the conjunctiva is also
likely to be drained away by subconjunctival lymphatics
such that a depot could not persist. In this case, strategies to
inject drugs where there are fewer lymphatics or to locally
diminish subconjunctival lymphatics may work to enhance
the subconjunctival space as a drug-delivery target.

Ultimately, future work is necessary to establish whether
lymphatic manipulation can either improve glaucoma sur-
gical bleb function or subconjunctival drug delivery into the
eye. More imaging methods for tracer flow or structural
evaluation of bleb-related pathways will be needed in live
patients to assess the success of these strategies [98].

Fig. 4 In vivo imaging of subconjunctival lymphatics. A fluorescent
lymphatic reporter mouse was imaged that expressed GFP under a
PROX-1 promoter. PROX-1 is expressed in lymphatics, lens epithe-
lium, and Schlemm’s canal (SC). In vivo imaging in a live anaes-
thetised mouse clearly showed subconjunctival lymphatics.
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Conclusion

In the last decade, the advent of new drugs and surgeries to
lower IOP and treat glaucoma has re-invigorated the desire to
understand how and where AHO is occurring in the con-
ventional, unconventional, and subconjunctival outflow
pathways. Current imaging methods are at varying stages of
development with conventional outflow imaging being the
most advanced, followed by subconjunctival outflow ima-
ging. Uveoscleral outflow is the most difficult to image
although potential strategies are proposed. Already, we know
that each route has unique biology that can be leveraged. For
trabecular/conventional outflow, ocular hypertension may be
an expansion of normally low-flow segmental areas and
additional research can lead to a better understanding about
why IOP increases in disease and how to lower it by modified
drug and surgical approaches. For uveoscleral/unconventional
outflow, better imaging may help treat both hypotony and
ocular hypertension. For high IOP, uveoscleral surgical
approaches still have the benefit of avoiding episcleral venous
pressure for very strong IOP reduction so that this demands
the development of imaging tools to study these surgeries. For
subconjunctival outflow, lymphatic manipulation in either
direction has potential benefit. Bleb-related surgeries (those
surgeries reserved for the most advanced glaucoma) may be
able to be enhanced by improving lymphatic outflow.
Improving drug delivery through the subconjunctival route is
also important as it can improve treatment of all drug-
requiring eye diseases. In the end, with better visualization of
how and where AHO is occurring, improved fundamental
understanding of ocular hypertension in glaucoma may be
achieved and current treatments may be able to be improved
while opening avenues to innovate new ones.
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