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Abstract

Purpose: To study changes in aqueous humor outflow (AHO) patterns after trabecular micro-
bypass (TMB) in glaucoma patients using intraoperative sequential aqueous angiography.

Design: Prospective comparative case series
Subjects: Fifteen subjects (14 with glaucoma and 1 normal)

Methods: Sequential aqueous angiography (Spectralis HRA+OCT; Heidelberg Engineering) was
performed on fourteen glaucoma patients undergoing routine TMB (iStent Inject; Glaukos
Corporation) and cataract surgery and one normal patient undergoing cataract surgery alone.
Indocyanine green (ICG) aqueous angiography established initial baseline nasal angiographic
AHO patterns. Two TMB stents were placed in regions of baseline low or high angiographic AHO
in each eye (n = 2 eyes with enough space to place two stents in both low angiographic regions; n
= 8 eyes with two stents both placed in high angiographic regions; n = 4 eyes with enough space to
place one stent in a low angiographic region and the other stent in a high angiographic region).
Subsequent fluorescein aqueous angiography was utilized to query alterations to angiographic
AHO patterns.

Main Outcome Measure: Angiographic signal and patterns before and after TMB.

Results: At baseline, all eyes showed segmental angiographic AHO patterns. Focused on the
nasal hemisphere of each eye, for each stent TMB in initially low ICG angiographic signal regions
showed transient or persistently improved fluorescein angiographic signal (11.2-fold; p=0.014).
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TMB in initially high ICG signal regions led to faster development of fluorescein angiographic
patterns (3.1-fold; p=0.02).

Conclusion: TMB resulted in different patterns of aqueous angiographic AHO improvement
whose further understanding may advance basic knowledge of AHO and possibly enhance
intraocular pressure reduction after glaucoma surgery in the future.

Abstract
After trabecular micro-bypass, sequential aqueous angiography showed that different types of

aqueous humor outflow (AHO) improvement are possible in live glaucoma patients, including
regions of initially low AHO being rescued.

Introduction

New methods have emerged to image aqueous humor outflow (AHO) and AHO pathways.
Histology! and 3D-micro CT2 have been described in the laboratory. Optical coherence
tomography (OCT)36 has been performed in live human subjects. These methods
demonstrate lumens capable of conducting aqueous humor in the anterior segment.
However, structural evaluation alone can be misleading because not every lumen in the
anterior segment necessarily carries aqueous humor’: 8. For example, pathways exist for
lymph, arterial blood, and venous blood not associated with AHO. Also, the relationship
between outflow structural variation to AHO behavior is unclear. Tracer-based studies, in
which tracers are introduced into the eye to visualize fluid flow, provide an alternative and
complementary approach for assessing AHO%15,

Agueous angiography is a new method that delivers tracers, such as fluorescein and
indocyanine green (ICG) into the anterior chamber, that are imaged by an angiographic
camera. Developed in the laboratory using post-mortem (pig®, cow!’, cat [McLellan et al,
2018 ARVO C0195], and human8: 18) eyes and translated to live non-human primates® and
humans?%: 21, aqueous angiography has proven that AHO is segmental and non-uniform
around the limbus. In humans, segmental AHO has a predilection toward the nasal
hemisphere, supporting prior structural AHO investigation16: 18. 20-23  Additionally, aqueous
angiography has shown that AHO is pulsatile® 20, also consistent with previous anterior
segment OCT (AS-OCT) research®. Lastly, aqueous angiography has shown that AHO is
dynamic®: 20, by increasing and decreasing in different parts of the eye at various times.
With aqueous angiography, it should be possible to gain an enhanced understanding of how
the AHO pathways are influenced under different conditions including Minimally Invasive
Glaucoma Surgeries (MIGS).

MIGS are a recent and commonly employed therapeutic option to facilitate AHO and lower
intraocular pressure (IOP) in glaucoma patients. These procedures are safer, quicker, and
have a smaller incision compared to conventional glaucoma surgeries. For most MIGS
procedures, the trabecular meshwork (TM) undergoes ablation 24 25 or trabecular micro-
bypass (TMB) 26-28,

Here, we use aqueous angiography to study the impact of trabecular MIGS on AHO. Using
sequential aqueous angiography, it has been shown that introduction of intracameral ICG
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followed by fluorescein in the same human eye demonstrates similar segmental angiographic
patterns?: 18 Sequential tracer methods have also been applied to enucleated cow?9 and pig
eyes30: 31, These approaches establish experimental paradigms to study outflow
interventions such as I0P-lowering drugs or surgeries. For example, studied on post-mortem
humans eyes in the lab, TMB has shown that low-angiographic signal regions can be
improved?®. First, ICG aqueous angiography was conducted to identify initially baseline low
angiographic signal areas, and then TMB was performed there. Then, fluorescein aqueous
angiography was conducted and showed that there was successful recruitment and
development of new angiographic outflow patternsé.

Given that aqueous angiography has now been successfully translated to the operating room
in normal human patients undergoing cataract surgery?%: 21, the current study performed
sequential aqueous angiography and compared angiographic patterns before and after TMB
in glaucoma patients.

This study was carried out in accordance with the Declaration of Helsinki and approved by
the Institutional Review Boards of University of California, San Diego and the Armenian
Ministry of Health. Written informed consent was obtained.

Test Subjects

Fifteen patients were consented for this study (68.3 +/— 1.9 years of age; mean +/— SEM;
range 50-79 years; 4 men and 11 women; 6 right and 9 left eyes; 1 normal and 14 with
glaucoma). Cataracts included nuclear sclerotic, posterior subcapsular, or both types. No
patient had a known history of fluorescein, ICG, iodine, or shellfish allergies. All glaucoma
patients had primary open angle glaucoma except one who had pseudoexfoliation glaucoma.

Study Protocol

For glaucoma patients, only those already scheduled for combined cataract surgery with
TMB were included. Aqueous angiography was performed in these patients over a 48-hour
period in Armenia (February 2018). Previous literature had established greater AHO in the
nasal hemisphere of the eyel8-23  so recruiting a lesser number of glaucoma patients with
low nasal angiographic AHO was expected. Thus, this study was not powered to identify
intraocular pressure differences. The primary outcome was to investigate alterations in
angiographic patterns.

In 14 glaucoma patients, aqueous angiography was performed (see below) with ICG to
visualize the baseline angiographic AHO pattern in the nasal region of the eye. After ICG
angiography, as the routine and approved method of surgery, two iStent Injects (Glaukos
Corporation, USA) were placed ~ 2 clock hours apart under gonioscopic view. If large areas
of low angiographic signal were seen in the nasal hemisphere, the iStent Injects were
targeted to those locations. Otherwise, at least one was placed in a low nasal angiographic
signal region with the other in a high nasal angiographic signal region. If there were no nasal
low nasal angiographic regions, both stents were placed in high angiographic nasal signal
regions. This was then followed by fluorescein aqueous angiography (see below) to query
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the effect of the TMB before seguing into cataract surgery. One normal subject had ICG
directly followed by fluorescein aqueous angiography and cataract surgery (without TMB).

Aqueous Angiography and Surgical Steps

All subjects started with topical dilating drops (1% tropicamide and 2.5% phenylephrine,
Akorn, IL, USA). Monitored anesthesia care was provided (including sedation and topical
anesthetic) followed by surgical time-out, sterile-prep, drape, and placement of a lid
speculum. Aqueous angiography imaging of the normal subject undergoing cataract surgery
was performed as previously described?%: 21, For glaucoma patients, two-port access was
created to facilitate even-fluid exchanges (Fig. 1). Two Lewicky AC-maintainers (20g
[K20-3276], Katena, NJ, USA), primed with sterile balanced salt solution (BSS; Alcon)
normally used for cataract surgery, were inserted through 1mm side-port wounds supero-
temporal and infero-temporal in each eye. After placement, both AC maintainers were
capped with BSS-primed 1cc syringes to maintain no flow into or out of the eye.

Pharmaceutical-grade 25% fluorescein (AK-Fluor 25% [NDC17478-25-20], Akorn) was
diluted to 2% with sterile room-temperature BSS. Pharmaceutical-grade indocyanine green
(ICG, ICGREEN 25 mg [NDC 17478-701-25], Akorn) was thoroughly dissolved to 0.4% by
adding 0.7 ml of the manufacturer provided sterile solvent followed by 5.6 ml of sterile BSS.
These concentrations were chosen based on prior experience in enucleated cow!” and
human?6: 18 eyes; intact and living non-human primate!® and human2%: 21 eyes: and because
they have been described for clinical use at these concentrations in live humans as
intraocular capsular stains to assist the capsulorhexis during cataract surgery32.

Agueous angiographic images were acquired by the Spectralis FLEX Module (Heidelberg
Engineering GmbH, Heidelberg, Germany) in the operating room. The Spectralis FLEX
Module is a modified surgical arm that allows for stable three-dimensional manipulations
and positioning of the Spectralis HRA+OCT (Heidelberg Engineering GmbH, Heidelberg,
Germany) camera head relative to the supine patient’s eye via multiple pivot joints.
Alignment of the camera along the z-axis was controlled by an integrated micro-
manipulator. Next to the head rest, an IV pole was sterile draped (General Purpose Probe
Cover [PC1289], Ecolab, MN, USA) and placed on the side of the eye to be imaged. This
pole held three syringe reservoirs, each with a stop-cock, situated ~10 inches above the eye
to provide a gravity-delivered constant pressure of ~18.7 mm Hg for BSS, fluorescein, and
ICG.

From this position, the Spectralis FLEX camera head was placed above the eye, and
confocal scanning laser ophthalmoscopic (cSLO) infrared (IR) images were acquired to
center the eye in the picture frame using a 55-degree lens (~25 diopter focus). Fluorescence
images were obtained using the fluorescein capture mode (excitation wavelength: 486 nm
and transmission filter set at > 500 nm) or ICG capture mode (excitation wavelength: 786
nm and transmission filter set at > 800 nm) to establish a pre-injection background that
appeared black. After tracer introduction, IR and angiographic images were acquired
immediately posterior to the limbus, near to where Schlemm’s canal is located, with the
subject looking in different directions.
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The specific angiographic steps were as follows (Fig. 1). To start ICG aqueous angiography
and introduce the tracer, the tubing from the ICG reservoir was connected to one AC
maintainer. To initiate fluid exchange, the second AC maintainer was uncapped and held
below the level of the eye to create unidirectional flow of ICG into the eye and aqueous out
of the eye via the second AC maintainer. The second AC maintainer was then capped to
build pressure in the eye and ICG angiographic imaging commenced as described above.
After ICG aqueous angiography and to clear the tracer, the first AC maintainer was
connected to the BSS reservoir, and the second AC maintainer uncapped and held below the
level of the eye to initiate unidirectional flow of BSS into the eye and ICG out of the eye via
the second AC maintainer. The second AC maintainer was capped to build pressure in the
eye. The patient was then instructed to look nasal while the microscope tilted temporal. The
tip of the iStent Inject hand-piece was inserted into the eye through a 1.5 mm temporal
incision. The angle and trabecular meshwork were visualized using a gonioprism, and TMB
performed in the prescribed locations. No viscoelastic was used as the BSS reservoir
provided a pressure head for chamber stability. After TMB, the subject was instructed to
look forward and the microscope returned vertical. The first AC maintainer was then
connected to the fluorescein reservoir. The second AC maintainer was uncapped and held
below the level of the eye to initiate unidirectional flow of fluorescein into the eye and BSS
out of the eye via the second AC maintainer. The second AC maintainer was capped to build
pressure in the eye and fluorescein angiographic imaging commenced. After fluorescein
aqueous angiography, all AC maintainers were removed. BSS was introduced into the eye
via a cannula to flush out the fluorescein, and viscoelastic was injected before transitioning
to routine cataract surgery. At the end of the case, all wounds were hydrated or a suture
placed for water tight closure.

Aqueous Angiography Image Analyses

Aqueous angiographic images were analyzed similar to previous publications16-18, To
compare the development of initial angiographic signal for each tracer in each eye, images
were exported from the Spectralis and opened in Photoshop CS5 (v.12x32) for image
processing and pixel intensity measurements. Additionally, to standardize the comparison
between ICG and fluorescein despite different angiographic start-times with each tracer in
each eye, the angiographic patterns in the first minute after signal initiation (~0, 10, 30, and
60 seconds) were compared. Because of subject motion, images were analyzed from as close
to these time points as possible. In all images, “background signal intensity” was measured
using a 75 x 75 square-pixel box placed over a region without angiographic signal and away
from targeted TMB locations. Then, there were two image analysis approaches based on
whether the TMB were placed in initially low- or high-ICG angiographic regions. For cases
where TMB was placed in low 1CG-angiographic regions, the same 75 x 75 square pixel box
was placed post-limbal near-adjacent TMB locations on ICG and fluorescein images at the
final time-point (~60 second image). The signal intensity of each was then divided by the
“background signal intensity” from the same image to obtained a normalized signal intensity
ratio. This controlled for varying sensitivity settings on the Spectralis that were adjusted
during image acquisition to minimize signal-oversaturation. In other words, by dividing the
signal intensity in the region of interest by background signal intensity from the same image,
setting changes on the device could be controlled for. Therefore, a normalized signal
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intensity ratio of ~1 (no units as this is a ratio) would imply that the signal in the test region
of interest was no different from background. Statistical comparison between the ICG and
fluorescein normalized signal ratios were then performed with a two-sample, equal-sized,
and paired, Student’s T-test (Microsoft Excel 2010). For eyes that had high and uniform
initial nasal ICG-angiographic signal, the above analyses would not work. Both ICG and
fluorescein signals were uniformly high at the ~60 second time point. Therefore, for each
tracer, the same normalized signal intensity ratios near TMB regions were determined just as
above except that this was done at every time point (~0, 10, 30, and 60 seconds after
initiation of angiographic signal). These values were plotted over time, and the slope (or
rate) of the signal intensity ratio increase was obtained (change in normalized signal
intensity ratio over time; units = change in ratio/seconds). Slopes were compared between
ICG and fluorescein aqueous angiography using a two-sample, equal-sized, and paired,
Student’s T-test. All data are expressed as mean +/- standard error.

As an example, sequential aqueous angiography in a normal individual during cataract
surgery without TMB showed similar results between the two tracers (Fig. 2). ICG and
fluorescein showed similar regions with (green arrows) and without (red arrows)
angiographic signal arising at comparable pace. These results replicated findings using the
same experimental paradigm in laboratory post-mortem human eyes to show that TMB
could improve regions of low aqueous angiographic outflow patterns’8.

In 14 glaucoma subjects, sequential aqueous angiography was performed during cataract
surgery and TMB with no complications. In these patients, average pre-operative IOP was
21.2 +/- 0.7 mm Hg, 24.5 +/- 0.8 mm Hg after a 1-week drug holiday, and 11.4 +/- 0.3 mm
Hg at post-operative month 3.

In these patients, the average time for ICG aqueous angiography to show a signal (anywhere
on the eye) was 33.7 +/- 4.6 seconds. After TMB, fluorescein aqueous angiography first
showed signal (anywhere on the eye) at 26.9 +/- 3.8 seconds. The angiographic signal start-
time was not statistically different comparing ICG and fluorescein (p = 0.28) as the initial
signal sometimes appeared away from the nasal hemisphere or where TMB was conducted.
Therefore, in order to study the angiographic impact of TMB (that was only performed on
the nasal hemisphere of the eye), we investigated the post-limbal angiographic AHO signal
on the nasal portion of the eye and just adjacent to where TMB was performed. Additionally,
to standardize the comparison between ICG and fluorescein despite different angiographic
start-times with each tracer in each eye, the angiographic patterns in the first minute after
signal initiation (~0, 10, 30, and 60) were compared.

Trabecular Micro-Bypass (TMB) in Initially Low ICG-Angiographic Regions

In two cases, there were large enough regions of low nasal ICG angiographic signal (Fig. 3;
red arrows) to accommodate placement of two TMB stents ~2 clock-hours apart (Fig. 3; blue
arrows). After TMB, fluorescein aqueous angiography demonstrated development of new
angiographic signal (Fig. 3; green arrows = “new recruitment”). In the first subject, this was
particularly clear as infero-nasal there was pigment on the cornea creating a fluorescence
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shadow that served as a reference point (Fig. 3B/F; black arrows). TMB was performed next
to this reference point, and baseline ICG angiography clearly showed no post-limbal signal
(Fig. 3D; red upper arrow). After TMB, fluorescein angiography showed the new
angiographic pattern (Fig. 3H; green upper arrow).

In two other cases, regions of low ICG angiographic signal were more restricted and only
one stent could be targeted to low ICG angiographic regions (Fig. 4). These examples
supported the above in that TMB still led to new fluorescein aqueous angiographic signal
recruitment (Fig. 4; green arrows). However, when placed next to a region with prior ICG
angiographic signal (Fig. 4; orange arrows), instead of showing a new fluorescein
angiographic pattern, the same patterns would emerge faster and brighter (Fig. 4; yellow
arrows = “earlier recruitment”). These results suggested that each TMB site can be
independent of each other as different types of improvement (new vs. earlier recruitment)
could be seen, even in the same eye.

Another two cases demonstrated that TMB in initially low ICG angiographic signal regions
did not always lead to new and robust fluorescein aqueous angiographic signal. In the first
case, it appeared that TMB (Fig. 5D; lower blue arrow) did not lead to “new recruitment.”
However, careful observation at very early time points showed initially new, albeit transient,
recruitment of fluorescein angiographic signal (Fig. 51-L; green arrows). Interestingly, in the
same eye, TMB (Fig. 5D; higher blue arrow) near a baseline ICG angiographic pattern (Fig.
5; orange arrow) led to “earlier recruitment” of the same angiographic pattern using
fluorescein (Fig. 5; yellow arrows). This again supported that each TMB location can behave
independently of each other.

In the second case, TMB in a low ICG angiographic region (Fig. 6D; lower blue arrow) did
not lead to improved fluorescein angiographic signal (Fig. 6D; red arrows), even at earlier
time frames (data not shown). However, in this eye, the second TMB stent (Fig. 6; higher
blue arrow) was again near a baseline ICG angiographic pattern (Fig. 6; orange arrow) and
showed evidence of “earlier recruitment” using fluorescein (Fig. 6; yellow arrows).

In total, 8 TMB stents were placed in 6 eyes in clearly low ICG angiographic regions with
results ranging between no alteration to new or earlier angiographic AHO. The average post-
operative month 3 I0OP was 11.7 mm +/- 0.7 mm Hg. To quantify the impact of TMB,
normalized ICG and fluorescein angiographic signal intensity ratios were determined at ~ 60
sec after initiation of angiographic signal (see methods and Fig. 3C). In these glaucoma
patients, fluorescein normalized angiographic signal intensity ratios obtained after TMB
were 11.2-fold greater than ICG normalized angiographic signal intensity ratios obtained
before TMB (fluorescein: 15.7 +/- 4.8; ICG: 1.4 +/- 0.5; p=0.014).

Trabecular Micro-Bypass (TMB) in Initially High ICG-Angiographic Regions

In the 6 eyes above, the remaining 4 TMB regions represented examples of “earlier
recruitment.” This phenomenon was also seen in cases where baseline nasal ICG
angiographic signal was uniform (n = 8 subjects with 16 TMB stents) such that there was no
low-signal region available to perform TMB. In these eyes, the average post-operative month
3 10P was 11.3 +/- 0.4 mm Hg and not statistically different (= 0.57) from above where at
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least one stent was successfully placed in a low angiographic signal region. This may be as
TMB in initially high-ICG angiographic signal regions still showed “earlier recruitment.”
TMB performed near baseline ICG angiographic patterns (Fig. 7; orange arrow) showed
faster and brighter signal using fluorescein (Fig. 7; yellow arrows). To assess the rate of
increase, ICG and fluorescein normalized angiographic signal intensity ratios were obtained
at each time-point and plotted over time. Combining the data, the average elevation in signal
intensity was relatively linear (ICG r2 = 0.968 and fluorescein r2 = 0.975). Comparing the
exact same locations in the eyes, fluorescein aqueous angiography after TMB showed a
faster rate (18.2 +/- 4 ratio/min) of signal increase compared to ICG aqueous angiography
obtained before TMB (5.8 +/- 2 ratio/min; p=0.02).

Discussion

For the first time, aqueous angiography was performed in glaucoma patients simultaneously
undergoing TMB with cataract surgery. Baseline aqueous angiography in these glaucoma
patients continued to show segmental angiographic AHO patterns. Post-limbal regions
around the eye could have more or less angiographic AHO. The segmental AHO patterns
were consistent with previous literature showing segmental uptake of fluorescent microbeads
in the trabecular meshwork0: 12. 15 These results also supported observations of segmental
aqueous angiographic AHO demonstrated in live normal humans20: 21, live non-human
primates!®, and post-mortem pig2®, cow!’, cat (McLellan et al, 2018 ARVO C0195), and
human eyes16. 18,

Current results also showed robust nasal aqueous angiographic AHO. Only 2/14 eyes had
enough nasal area of low ICG angiographic signal to accommodate two TMB stents placed
~2 clock-hours apart. An additional 4/14 eyes had enough nasal area of low ICG
angiographic signal where one TMB stent could be confidently placed. The remaining 8/14
eyes had robust nasal and near uniform baseline ICG angiographic signal with no areas of
low angiographic signal for TMB placement. This preponderance of strong nasal
angiographic AHO was consistent with previous literature showing that structural AHO
pathways were more present on the nasal hemisphere of the eye?2 23, These results also
supported prior aqueous angiographic results from live non-human primates® and normal
humans2%: 21 demonstrating more angiographic AHO on the nasal hemisphere of the eye.

In this study, the primary purpose was to conduct two-dye sequential aqueous angiography
before and after TMB. Now, tracer studies during glaucoma surgery have been previously
performed where trypan blue was introduced after trabecular ablation33. In this case,
imaging was conducted after surgical ablation using just one tracer. Thus, there could be no
prior knowledge as to whether the trabecular ablation was placed in a region of initial low or
high segmental AHO. The question33 was focused on whether trabecular ablation could lead
to any observable outflow using a tracer. Here, because of the sequential aqueous
angiographic approach, the question was different. The primary outcome was whether there
were alterations to initial angiographic AHO patterns as a consequence of TMB.

Replicating prior experimental design in post-mortem human eyes!8 (TMB performed
between two angiography using different tracers), similar results were seen in this study with
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live glaucoma patients. After TMB, angiographic AHO improvement was demonstrated, and
in particular there were different types of improvement. In regions of low baseline ICG
angiographic signal, “new recruitment” of fluorescein angiographic signal was documented
just as in post-mortem human eye experiments. This could be persistent or transient. In other
cases, where ICG aqueous angiography showed the presence of baseline angiographic signal
patterns, TMB in those areas could lead to earlier or stronger fluorescein angiographic
signal. The biological underpinnings of different types of responses are currently unknown,
although trabeculotomized ex vivo eyes have continued to show resistance changes in
response to vasoactive agents3*. Therefore, distal AHO pathway regulation maybe partially
responsible for the spectrum of responses that were recorded.

While TMB could improve angiographic AHO patterns and signal, how these results relate
to IOP reduction in glaucoma patients undergoing TM-based MIGS is not yet clear. In this
report, all patients showed some type of angiographic improvement, and all patients
demonstrated 10P reduction. It is also important to emphasize that the primary purpose and
outcome in this study was to study changes in angiographic patterns. To study IOP,
consistent with clinical trials, a larger sample size would be needed to have enough power to
detect significant differences. Also, to study IOP, a two-tracer experimental paradigm would
not even be necessary. In fact, it would make the experiments more difficult because the
second tracer and extra time for tracer delivery would lead to more corneal staining that
would diminish the gonioscopic view critical for TMB. To study 10P, a more streamlined
approach would consist of conducting angiography with one tracer, identify regions of high
or low angiographic signal, and then placing the TMB in either one of these two regions.
Lastly, in the current experiments, the results specifically looked at angiographic pattern
changes before leaving the operating room in the immediate intra-operative period after
TMB. Ideally, we could follow these subjects over time and repeat angiography in the future
with correlation to 10P; however, there is often no clinical indication to re-enter the eye.
Alternatively, anterior segment optical coherence tomography in angiographically altered
regions is another way to follow what happens over time. These results may help understand
but can’t entirely explain why some patients have longer-lasting or stronger 1OP lowering
after surgery. Post-surgical healing, scarring, deposition of biological material3°, and
additional factors likely also contribute to the long-term final IOP outcome after trabecular
MIGS.

An additional limitation in this study was that aqueous humor dynamic parameters were not
measured real-time during the procedure. It is possible that pressure perturbations in the
current approach altered the normal physiology of AHO pathways. However, as a study done
as a part of routine clinical care, the subjects required excellent visual outcomes. Therefore,
time was limited and the exact pressures during exchange, time interval, and volumes were
not measured. Taking this type of research in a more controlled direction, animal studies
would be one place to start where more sophisticated experimental designs requiring more
time and manipulation could be performed.

Despite these limitations, it is clear that in both live and post-mortem human eyes!8, regions
of segmentally low angiographic signal can be rescued by TMB. This result is also
consistent with the observation of dynamic angiographic outflow seen in live non-human
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primates!® and live humans2C. Dynamic outflow showed that regions with or without initial
angiographic signal can bi-directionally decrease or increase through yet unidentified
mechanisms!®: 20, Therefore, areas of the eye without angiographic outflow are not
necessarily permanently so and can be improved either by TMB or through dynamic change.
The regulation of whether a region of the eye supports AHO at any given time could occur at
(or in any combination of) the trabecular meshwork, collector channels, intrascleral venous
plexus, aqueous veins, and/or episcleral veins. Current IOP lowering drugs might already be
targeting multiple components of this pathway.

In conclusion, this study demonstrates that TMB can improve AHO, as assessed by aqueous
angiography. Different patterns or types of improvement are seen. Understanding these
behaviors during surgery may lead to improved IOP reduction through targeted placement of
TMB in optimal locations. Exploring these native behaviors in the eye may unveil previously
unrecognized points of outflow regulation. Studying the molecular governance of how
regions of outflow can dynamically change may lead to novel future pharmacological targets
for IOP lowering.
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(1) Place AC-maintainers “A” (input) and “B” (output)
(2) AC-maintainer “A” is connected to reservoir

Reservoir

(5) Fluid flows from
reservoir

into the eye via “A” and
B out of the eye via “B”

(/ (3) Uncap AC-maintainer “B”
(4) Hold AC-maintainer “B” below the eye
(6) Cap AC-maintainer “B” to close the
system and commence imaging

Figure 1. Aqueous Angiography Perfusion System
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Sequential steps (1-6) spell out the process of delivering tracer (fluorescein or indocyanine

green) or balanced salt solution into the eye.
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Figure 2. Sequential Aqueous Angiography in a Normal Subject.

A-D) Aqueous angiography with indocyanine green (ICG) was performed first. E-H)
Agueous angiography with fluorescein (FL) was conducted immediately after the ICG
angiography. Green arrows point out regions with post-limbal angiographic signal. Red
arrows point out regions without post-limbal angiographic signal. s = seconds after signal
initiation.
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Figure 3. Sequential Aqueous Angiography in Glaucoma Patients with TMB in Initially Low
Outflow Regions Showing New Angiographic Patterns.

(A-H) The first patient. (I-P) The second patient. (A-D and I-L) First, indocyanine green
(ICG) aqueous angiography was performed. D/L) Second, TMB was conducted (blue
arrows). (E-H and M-P) Third, fluorescein (FL) aqueous angiography was performed
immediately after TMB. (B/F) In the first patient, black arrows point out conjunctival
pigment on the cornea that blocked fluorescence transmission. This location serves as a
reference point across all images for that eye. D/L) Red arrows point out nasal regions of the
eyes without initial ICG angiographic signal. H/P) Green arrows point out regions of new
fluorescein angiographic signal after TMB. (C) This image serves as an example of how to
calculate an angiographic signal intensity ratio. A 75 x 75-pixel region of interest was
placed post-limbal near the region of TMB (white boxes). Then for each region of interest,
the signal intensity was normalized by dividing it by the signal in a region of known
background away from proposed areas of TMB (yellow box). This allowed for assessment of
signal intensity in any image, internally normalized to the settings on the Spectralis. A ratio
of 1 would imply that the signal intensity in that region of interest was no different than the
background. Because these values were ratios, they have no units. s = seconds after signal
initiation.
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Figure 4. Sequential Aqueous Angiography in Glaucoma Patients with TMB Showing New or
Earlier Signal Development

(A-H) The first patient. (I-P) The second patient. (A-D and I-L) First, indocyanine green
(ICG) aqueous angiography was performed. D/L) Second, TMB was conducted (blue
arrows). (E-H and M-P) Third, fluorescein (FL) aqueous angiography was performed
immediately after TMB. In the first patient, the upper TMB location (D; upper blue arrow)
had a larger area for insertion into a low ICG angiographic region. The lower TMB (D;
lower blue arrow) was placed ~ 2 clock hours inferior and close to a pre-existing ICG
angiographic structure (D; orange arrow). In the second patient, the lower TMB location (L;
lower blue arrow) had a larger area for insertion into a low ICG angiographic region. The
upper TMB location (L; upper blue arrow) was placed ~ 2 clock hours superior and close to
a pre-existing ICG angiographic structure (L; orange arrow). Red arrows (D/L) point out
regions with initially low ICG angiographic signal that showed the development of new
fluorescein angiographic patterns (H/P, green arrows) after TMB. Yellow arrows
demonstrate nasal regions of the eye that had ICG angiographic signal (D/L; orange arrows)
which appeared earlier on fluorescein angiography after TMB (E/N [fluorescein] vs. A/J
[ICG]). s = seconds after signal initiation.
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Figure 5. Sequential Aqueous Angiography in a Glaucoma Patient with TMB Showing Transient
and Earlier Signal Development.

A-D) First, indocyanine green (ICG) aqueous angiography was performed. D) Second, TMB
was conducted (blue arrows). The lower TMB location (D; lower blue arrow) had a large
enough area for insertion into a low ICG angiographic region. The upper TMB (D; upper
blue arrow) was placed ~ 2 clock hours superior and close to a pre-existing ICG
angiographic structure (D; orange arrow). (E-H) Fluorescein (FL) aqueous angiography was
performed immediately after TMB. Red arrows show a nasal region of the eye (D) without
initial ICG angiographic signal that (H) did not appear to improve after TMB. I-L) However,
fluorescein angiography between 2-8 seconds after TMB did show a transiently appearing
new angiographic pattern in the initially low ICG angiographic region (green arrows).
Yellow arrows demonstrate nasal regions of the eye that had initial ICG angiographic signal
(D; orange arrow) which appeared earlier on fluorescein angiography after TMB (F/I
[fluorescein] vs. B [ICG]). s = seconds after signal initiation.

Ophthalmol Glaucoma. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 18

Figure 6. Sequential Aqueous Angiography in a Glaucoma Patient with TMB Showing No
Alteration and Earlier Signal Development.

A-D) First, indocyanine green (ICG) aqueous angiography was performed. D) Second, TMB
was conducted (blue arrows). The lower TMB location (D; lower blue arrow) had a large
enough area for insertion into a low ICG angiographic region. The upper TMB (D; upper
blue arrow) was placed ~ 2 clock hours superior and close to a pre-existing ICG
angiographic structure (D; orange arrow). (E-H) Fluorescein (FL) aqueous angiography was
performed immediately after TMB. Red arrows show a nasal region of the eye (D) without
initial ICG angiographic signal that (H) did not improve after TMB. Yellow arrows
demonstrate a nasal region of the eye that had ICG angiographic signal (D; orange arrow)
which appeared earlier on fluorescein angiography after TMB (F [fluorescein] vs. B [ICG]).
s = seconds after signal initiation.
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Figure 7. Sequential Aqueous Angiography in a Representative Glaucoma Patient with TMB in
Initially High Outflow Regions.

A-D) First, indocyanine green (ICG) aqueous angiography was performed. Note uniform
nasal ICG angiographic signal (D) such that there were no low angiographic signal regions
to place TMB. D) Second, TMB was conducted (blue arrows). (E-H) Third, fluorescein (FL)
aqueous angiography was performed immediately after TMB. The lower TMB (D; lower
blue arrow) demonstrate initial ICG angiographic signal (D; green arrow) that did not
improve after TMB (H; red arrow). Yellow arrows demonstrate nasal regions of the eye that
had ICG angiographic signal (D; orange arrow) which appeared earlier on fluorescein
angiography after TMB (F [fluorescein] vs. B [ICG]). s = seconds after signal initiation.
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