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Purpose: To compare aqueous humor outflow (AHO) pathway patterns between eyes
of childhood glaucoma patients and non-glaucomatous patients receiving cataract
surgery.

Methods: Aqueous angiography was performed in childhood glaucoma eyes (n = 5)
receiving glaucoma surgery and in pediatric (n = 1) and healthy adult (n = 5) eyes
receiving cataract surgery. Indocyanine green (0.4%) was introduced into the anterior
chamber, and AHO was imaged using an angiographic camera (SPECTRALIS HRA+OCT
with Flex Module). Images were acquired and analyzed (ImageJ with Analyze Skeleton
2D/3D plugin) from the nasal sides of the eyes, the usual site of glaucoma angle proce-
dures. Image analysis endpoints included AHO vessel length, maximum vessel length,
number of branches, number of branch junctions, and vessel density.

Results: Qualitatively, childhood glaucoma eyes demonstrated lesser AHO pathway
arborization compared to pediatric and adult eyes without glaucoma. Quantitatively,
childhood glaucoma and healthy adult cataract eyes showed similar AHO pathway
average branch lengths and maximum branch lengths (P = 0.49-0.99). However, child-
hood glaucoma eyes demonstrated fewer branches (childhood glaucoma, 198.2 4 35.3;
adult cataract, 506 & 59.5; P = 0.002), fewer branch junctions (childhood glaucoma, 74.6
+ 13.9; adult cataract, 202 £ 41.2; P = 0.019), and lower vessel densities (childhood
glaucoma, 8% =+ 1.4%; adult cataract, 17% =+ 2.5%; P = 0.01).

Conclusions: Childhood glaucoma patients demonstrated fewer distal AHO pathways
and lesser AHO pathway arborization. These anatomical alternations may result in a new
source of trabecular meshwork-independent AHO resistance in this disease cohort.

Translational Relevance: Elevated distal outflow pathway resistance due to decreased
AHO pathway arborization may explain some cases of failed trabecular bypass surgery
in childhood glaucoma.

stand its unique pathophysiological features as well as
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Introduction

Glaucoma is a leading cause of vision loss world-
wide!; however, this statement is mostly in reference
to adulthood glaucoma. Childhood glaucoma is rarer,
and less overall research has been performed to under-
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to develop unique pediatric-specific treatments.>-?
Intraocular pressure (IOP) is the only modifi-
able glaucoma risk factor, and IOP lowering is the
only U.S. Food and Drug Administration—-approved
glaucoma treatment.* Therefore, elevated IOP has been
extensively studied in adult glaucoma. However, such
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studies are complicated by the fact that adults can
have glaucoma without elevated mean IOP, referred
to as normal- or low-tension glaucoma.’> For this
reason, IOP does not define glaucoma. In adults,
glaucoma research is being performed to understand
other IOP behaviors such as IOP fluctuation® or
how optic neuropathy can arise independent of IOP.
For the pediatric population, the relationship between
eye pressure and glaucoma is less complex. Child-
hood glaucoma is believed to result from trabec-
ular meshwork (TM) dysgenesis; hence, childhood
glaucoma should be associated with abnormal aqueous
humor outflow (AHO) resulting in elevated mean 1OP,
the key factor leading to optic nerve damage and vision
loss. Thus, studying abnormal AHO may be more
straightforward in childhood glaucoma eyes.

Aqueous angiography is a method that was devel-
oped to visualize AHO.” It originally started with the
use of clinical tools readily available to perform intra-
venous vascular angiography (IVA) during standard-
of-care management of patients with retinal vascu-
lar diseases.® For the anterior segment, these tools
were brought into the laboratory and re-engineered
for anterior segment AHO imaging. The same tracers
used in IVA, such as fluorescein and indocyanine green
(ICG), were introduced into the anterior chamber,
and the AHO was imaged using an angiographic
camera. These methods were initially developed in the
laboratory using postmortem eyes”'? and then trans-
lated to live non-human primates,'> healthy human
volunteers,'®-!4 and then glaucoma patients.!> Results
demonstrated that AHO is segmental. Postlimbal
regions could demonstrate low- or high-flow AHO.
AHO is also pulsatile and dynamic,'>!* such that
regions of high- or low-flow can decrease or increase
across the eye. Both in eyes studied in the labora-
tory and in adult glaucoma patients, aqueous angiog-
raphy showed that TM bypass surgery improved AHO
patterns.!%!> Current data may suggest that targeting
baseline low-flow regions is more beneficial for IOP
lowering.'®

Here, we used aqueous angiography to demonstrate
AHO patterns in pediatric eyes for the first time, to
the best of our knowledge, and studied AHO in eyes
with childhood glaucoma. We hypothesized that AHO
pathways of childhood glaucoma eyes would demon-
strate vascular abnormalities in comparison to eyes
without glaucoma.

This study adhered to the tenets of the Declara-
tion of Helsinki and was conducted after a research
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review by the Institutional Ethics Committee at the
Dr. Rajendra Prasad Centre for Ophthalmic Sciences
AIIMS in New Delhi, India (IEC-681/01/10.2021).
Informed consent was acquired from the parents of
pediatric subjects undergoing exam under anesthesia
with glaucoma surgery (n = 5) or directly from adults
undergoing cataract surgery (n = 5). Parents for one
of the glaucoma cases above (that was unilateral) were
additionally consented because of the presence of a
unilateral cataract requiring surgery in the contralat-
eral non-glaucomatous eye. Inclusion criteria for child-
hood glaucoma include enlarged corneal diameter
(>12 mm) with baseline IOP > 22 mmHg detected
before 3 years of age. Classification was based upon the
Childhood Glaucoma Research Network classification
system.!”

Surgical Procedure

All subjects received anesthesia followed by surgi-
cal time-out, sterile prep, drape, and placement of a
lid speculum. Children received intravenous sevoflu-
rane for detailed exam under anesthesia followed by
surgery. Cataract patients were dilated (1% tropi-
camide) prior to surgery. Then, a I-mm side-port
paracentesis was made slightly superior temporal
(right eye) or inferotemporal (left eye) through which
a Lewicky Anterior Chamber Maintainer (K20-
3276, 20 g; Katena Products, Parsippany, NJ) was
inserted. For all cases, aqueous humor was evacu-
ated using a syringe followed by the addition of
tracer (see following Aqueous Angiography section
for details). After the aqueous angiography was
completed, the Anterior Chamber Maintainer was
removed, and ICG was irrigated from the anterior
chamber using balanced salt solution (BSS). A 10-
0 nylon suture was placed to secure the wound
when glaucoma surgery was planned, and the surgi-
cal plan for both children and adults was proceeded
with.

Aqueous Angiography

Aqueous angiography was performed similarly
to what was previously described.'*!> The surgical
suite was arranged by moving the SPECTRALIS
Flex Module (Heidelberg Engineering, Heidel-
berg, Germany) into the operating room. The
SPECTRALIS Flex Module is a modified surgical
boom arm that allows for stable three-dimensional
manipulations and positioning of the SPECTRALIS
HRA+OCT camera head relative to the patient’s
supine position and eye through the use of multiple
pivot joints. Alignment of the angiographic images
along the z-axis was controlled by an integrated
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Figure 1.

Imaging setup. (A) Surgeon view and (B) lateral view of aqueous angiography in the operating room. At least three individuals are

required: (1) surgeon, (2) photographer, and (3) an individual to acquire the images using the software. Green asterisks indicate the camera

head.

micromanipulator. The Flex Module was situated
next to the patient’s bed (Fig. 1). This provided a
working space for the Flex Module operator at the
side of the patient. Next to the head rest, an intra-
venous pole held a syringe reservoir with a three-way
stopcock, situated ~10 inches above the eye, which
provided a gravity-delivered constant pressure of
~18.7 mmHg.

From this position, the SPECTRALIS camera head
was placed above the eye, and confocal scanning laser
ophthalmoscopic infrared (IR) images were acquired
to center the eye in the picture frame using a
30-degree lens with a 20-diopter focus. Subsequently,
fluorescent images were obtained using ICG capture
mode (excitation wavelength, 786 nm; transmission
filter set at >800 nm) to establish a preinjection
background that appeared black. Pharmaceutical-
grade ICG (Aurogreen, ICG 25 mg; Aurolab, Kalikap-
pan, India) was thoroughly dissolved with 0.7 mL
of the manufacturer-provided solvent followed by
5.6 mL of BSS to a final 0.4% ICG concentra-
tion. These concentrations were chosen based on
prior experience in postmortem eyes (cow!! and
human'’) and in the eyes of living subjects (non-
human primate'> and human'*~'%). After introduc-
tion of the tracer, IR and angiographic images were
acquired using the SPECTRALIS HRA+OCT Flex
Module while grasping the eye and gently rotating it
in different directions. The maximum time for allow-
able imaging was 3 minutes, and imaging was termi-
nated if any tracer leak was observed on the ocular
surface.
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Image Analysis

Initial image review demonstrated variable image
quality and degree of postlimbal exposure among
different quadrants of the eye. Due to tracer handling,
inadvertent staining of the ocular surface could make
visualization poor. Thus, the only consistently imaged
region was the nasal hemisphere. This made sense, as
nasal imaging was easier due to temporal Anterior
Chamber Maintainer placement. Further, because
most angle-based surgeries are performed on the nasal
hemisphere, it was decided to perform image analysis in
the superior nasal, nasal, or inferior nasal parts of the
eye. Quantitation for statistical analysis was performed
only for childhood glaucoma and adult cataract
eyes.

An examiner masked to the condition of the
images performed the analysis using the ImageJ Fiji
plugin (National Institutes of Health, Bethesda, MD)
(Fig. 2). Scans with signal distortion due to insuf-
ficient focus or motion artifact leading to irregular
vessel patterns were excluded. The portion of the origi-
nal image (Fig. 2A) showing the cornea and underly-
ing fluorescent signal from the anterior chamber was
manually cropped (Fig. 2B), and the resultant image
was binarized (Fig. 2C). A skeletonization algorithm
was then applied (Fig. 2D), and the Analyze Skeleton
2D/3D algorithm!'®:!? was used to quantify the number
of branches, number of branch junctions, average
branch length, and maximum branch length (Fig. 2E).
Lengths were determined using built-in software with
a scaling of 8.59 um per pixel. For vessel density, the
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Figure 2.

Image analysis. (A) Original image. (B) After segmentation or cropping of the cornea and anterior chamber; the yellow curved line

denotes the limbus. (C) After binarization. (D) After skeletonization. (E) After Analyze Skeleton 2D/3D evaluation. Yellow lines are branches
and red dots are junctions. Inset shows a zoomed-in region of interest. Arrowheads indicate intrascleral venous plexus, and arrows indicate

aqueous or episcleral veins.

number of bright pixels in the cropped binarized image
(Fig. 2C) was divided by the total pixel area of the same
image outside the cropped region.

Circuit Analysis

A circuit analysis was performed on the skele-
tonized images to assess the contribution of vessel
branching on theoretical AHO resistance in these
eyes. Vessel width was not included in this analy-
sis because vessel width within an image can be
influenced by factors other than true vessel caliber,
such as vessel depth, and aqueous angiography is
not depth resolved. Based upon the average number
of branches and junctions from aqueous angiogra-
phy imaging, we generated electrical circuits to model
fluid flow networks. We first generated 500 random
graphs for each group where the number of nodes
(Ny) and edges (Ng) were equal to the number of
junctions and branches, respectively, using MATLAB
2023a (MathWorks, Natick, MA).?" To generate the
random graphs, we randomly selected two uncon-
nected nodes following an even distribution between
1 and Ny and connected these two nodes with an
edge. We repeated this process until the number of
edges reached Np and all nodes were connected to
at least two other nodes. Then we generated a circuit
by replacing each edge with a l-ohm resistor. We
applied 1-V voltage to the first node (N;) and set
the voltage of the last node (Ny) to 0 V. Using the
simulated circuit, we applied Kirchhoft’s laws to find
the effective total conductance of the circuit.”! Given
that this analysis was only for the nasal quadrant
(not intended to model the whole eye) and was only
based on branches and junctions, the adult cataract
eye conductance was arbitrarily set to an average value
of 1 for relative comparison to childhood glaucoma
eyes.
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Data Analysis and Statistics

All data are presented as mean =+ standard error of
the mean (SEM). Comparisons between pediatric and
adult eyes were performed using unpaired two-tailed -
tests (SigmaPlot 12.0; Inpixon, Palo Alto, CA).

Aqueous angiography was performed in the eyes
of childhood glaucoma patients (» = 5) and patients
requiring cataract surgery (pediatric, n = 1; adult,
n = 5) (Table). Among childhood glaucoma cases,
the average age was 2.7 + 1.6 years. Three were
diagnosed with primary congenital glaucoma, and
two were diagnosed with Axenfeld—Rieger syndrome.
Among adults, the average age was 49.8 + 5.8 years,
and cataracts included nuclear sclerotic and posterior
subcapsular types.

Aqueous angiography images on the nasal sides of
the eyes were compared qualitatively. Imaging times
after the start of aqueous angiography were similar
across conditions: 107.2 £+ 19.6 seconds for childhood
glaucoma versus 110.2 £ 20.8 seconds for healthy
adults (P = 0.92); the pediatric cataract time was
99 seconds. Aqueous angiography images normally
capture distal outflow, past collector channels. Quali-
tatively, healthy adult eyes and the single pediatric
cataract eye demonstrated expected patterns (Fig. 3).
Additional images from the same location seconds
apart from Figure 3 are shown in Supplementary
Figure S1. Aqueous angiography showed the typical
small branching intrascleral venous plexus and the
normal larger Y-shaped aqueous and episcleral veins.
Qualitative images from childhood glaucoma eyes also
demonstrated expected Y-shaped branching, but the
intrascleral venous plexus was less prominent with
fewer overall vessels seen (Fig. 3)
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Table. Subject Demographics

Subject Age Sex Eye Diagnosis IOP (mmHg) Corneal Diameter (mm) CDR  Surgery Imaging Time (s)
P1 5mo M OS PCG 35 14 x 145 0.8 GATT 68
P2 9y F OD ARS 30 13 x 135 0.9 TRAB 101
P3 1y M OD PCG 34 16 x 15 0.9 GATT 146
P4 1MTmo F OD ARS 31 13 x 135 0.7 TRAB 158
P5 2y M OD PCG 28 145 x 15 0.8 Goniotomy 63
PC 2y M OD Pediatric cataract 10 105 x 11 0.1  Cataract 99
Al 44y M OD Posterior subcapsular XX XX XX  Cataract 157
A2 41y M OS Nuclear sclerosis XX XX XX Cataract 153
A3 40y M OS Nuclear sclerosis XX XX XX Cataract 68
A4 71y M OD  Nuclear sclerosis XX XX XX Cataract 57
A5 53y F OS Nuclear sclerosis XX XX XX Cataract 116

IOPis the intraocular pressure of pediatric cases on presentation. Corneal diameter values are shown as vertical x horizontal.
Imaging time is the imaging time used for image analysis. A, adult; ARS, Axenfeld—Rieger syndrome; CDR, cup-to-disc ratio; F,
female; GATT, gonioscopy-assisted transluminal trabeculotomy; M, male; OD, right eye; OS, left eye; P, pediatric; PC, pediatric
cataract case; PCG, primary congenital glaucoma; TRAB, trabeculotomy and trabeculectomy; XX, unavailable or irrelevant.

Figure 3. Aqueous angiography imaging. (A-E) Eyes from adult cataract patients. (F) Pediatric cataract case. (G-K) Eyes from childhood
glaucoma patients. Arrowheads indicate intrascleral venous plexus, and arrows indicate aqueous or episcleral veins. Scale bar: 250 pm.

To quantitate outflow patterns, image analysis was
performed. Similar to adult eyes, childhood glaucoma
eyes showed comparable average branch length (child-
hood glaucoma, 88.7 4+ 11.3 um; adult cataract,
88.5 &+ 8.0 um; P = 0.99) and average maximum
branch length (childhood glaucoma, 557.7 £+ 126.4
um; adult cataract, 444.2 + 90.3 um; P = 0.49)
(Fig. 4). However, childhood glaucoma eyes demon-
strated a reduced number of branches (childhood
glaucoma, 198.2 + 35.3 branches; adult cataract, 506
+ 59.5 branches; P = 0.002) and a reduced number
of branch junctions (childhood glaucoma, 74.6 + 13.9
junctions; adult cataract, 202 + 41.2 junctions; P =
0.019) (Fig. 4). Childhood glaucoma eyes also demon-
strated reduced vessel density (childhood glaucoma,
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8% = 1.4%; adult cataract, 17% =+ 2.5%; P = 0.01)
(Fig. 4). Data from the single congenital cataract
case mirror adult results, but no statistical analy-
ses were performed (average branch length, 142 um;
maximum branch length, 549 pum; branch number,
335 branches; branch junctions, 188 junctions; vessel
density, 14%).

To estimate the impact of the observed decreased
AHO pathway arborization in childhood glaucoma
eyes, we estimated the relative change in AHO resis-
tance arising from only distal outflow pathway data.
Using only average branch and junction number data,
500 theoretical circuits were created each for child-
hood glaucoma and adult cataract eyes to model
AHO circuits (Figs. 5A, 5B). In a relative comparison,
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Figure 4. Quantitative distal AHO pathway assessment. Box-and-whisker plots. X, average; center line, median; top of bar, third quartile;
bottom of bar, first quartile; error bars, maximum and minimum. *P < 0.05; **P = 0.01, ***P < 0.01.
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Figure5. Circuit analysis. (A) An example graph with five nodes (N1-N5) and seven edges (E1-E7). (B) Circuit corresponding to graphin (A).
The first node is connected to the input, and the last node (node 5 in this example) is connected to the ground. Edges in the graph correspond
to resistors in the circuit (EX in graph corresponds to RX in circuit). The total current in the circuit corresponds to the sum of currents leaving
the first node, which is the sum of 11 to I3 in this example. (C) Five hundred theoretical circuits were created each for childhood glaucoma
and adult cataract eyes using the branch and junction data from Figure 4. The graphs corresponding to each circuit had nodes equal to
the number of junctions and edges equal to the number of branches. Adult eyes were arbitrarily set to an average conductance value of 1
for relative comparison to childhood glaucoma eyes. Blue indicates adult; orange, pediatric; dark orange, overlap regions between blue and
orange.

lower relative conductance (or increased resistance)
was seen in the childhood glaucoma eyes (childhood Discussion
glaucoma, 0.61 £ 0.01 relative conductance; adult

cataract, 1.0 £ 0.13 relative conductance; P < 0.001) We have shown for the first time, to the best of
(Fig. 5C). our knowledge, AHO patterns in pediatric eyes and
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demonstrated altered AHO pathways in childhood
glaucoma eyes using aqueous angiography. Viewed
on the ocular surface, aqueous angiography directly
visualizes distal outflow after aqueous humor leaves the
TM and Schlemm’s canal. Qualitatively and quantita-
tively, the results demonstrated that AHO branching
was still present in the childhood glaucoma eyes with
similar average branch length and average maximum
branch length compared to non-glaucomatous eyes.
Thus, existing AHO vessels in childhood glaucoma
and non-glaucomatous eyes were similar. However,
compared to adult eyes, childhood glaucoma eyes
showed fewer branches, fewer branch junctions, and
lower vessel density. In brief, childhood glaucoma eyes
demonstrated decreased AHO pathway arborization.

Reduced AHO arborization may be relevant for
elevated IOP. For all ages, the TM is known to be a
major source of outflow resistance in the eye and the
major source of elevated outflow resistance in ocular
hypertension.?? Segmental AHO is also associated with
segmental regions of the TM showing locally increased
or decreased AHO resistance.”® Therefore, TM bypass
or ablation is an effective surgery to lower IOP in
adult and childhood glaucoma patients.’*->> However,
success is variable for unknown reasons. Recently,
this has been a major limitation for adult TM-
targeted minimally invasive glaucoma surgery, and this
variability has stimulated considerable research into
understanding adult AHO pathway physiology. In the
childhood glaucoma eye, abnormal anatomy, such
as a pre-TM Barkan’s membrane’® or abnormal
primary TM development,>’ has been hypothesized
and debated to be the cause of pathophysiologi-
cal outflow resistance that can be alleviated by TM
ablation. However, it is well known that both ab interno
and ab externo trabeculotomies in childhood glaucoma
eyes can still be ineffective for lowering IOP.?® This
suggests that, in both congenital and adult glaucoma
eyes, resistance sources distal to the TM may be
important.

The observation of decreased distal outflow
arborization in childhood glaucoma eyes is consistent
with potentially relevant distal AHO outflow resis-
tance. Recall that, in an engineering circuit analysis,
when resistors are placed in series, overall resistance
in the circuit increases; however, when resistors are
placed in parallel, overall resistance in the circuit
decreases. Demonstrating decreased outflow pathway
arborization in childhood glaucoma eyes is equivalent
to saying that AHO outflow resistors are reduced
in parallel. This may result in an additional TM-
independent cause of elevated AHO resistance, which
we have modeled (Fig. 5). Thus, the results from this
work (1) potentially identify an additional source of
post-TM outflow resistance in childhood glaucoma
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eyes and (2) may explain the failure of ab interno
or ab externo trabeculotomy in some cases. What is
unknown is whether distal AHO pathway changes are
due to primary dysgenesis of the vessels or high IOP
vessel collapse from lack of flow that subsequently
could be rescued later. Critical to addressing this are
planned studies using aqueous angiography after the
initial glaucoma surgery at a later time to determine
if rescue is possible and if that rescue correlates with
IOP responses.

The comparison between childhood glaucoma
patients and healthy adult volunteers warrants further
discussion. Pediatric research is difficult to perform,
and an appropriate comparator for a childhood
glaucoma study is difficult to determine. The best
control is simply a normal pediatric eye, but such eyes
would never require surgery. Then, one could consider
pediatric cataract eyes without glaucoma as a control.
We show one case, but our group has limited research
access to such patients as our division is responsi-
ble only for glaucoma, so we must rely on very rare
unilateral glaucoma cases with contralateral cataracts.
Also, it can be argued that pediatric cataract eyes
are themselves fundamentally abnormal in the front
of the eye. This is unlike adults, whose cataracts are
considered a normal part of the aging process that
just so happens to limit the patient’s quality of life.
Thus, for quantitation, we focused on comparing child-
hood glaucoma eyes to eyes from healthy adult volun-
teers requiring cataract surgery. This means that results
could be influenced by differences in ocular develop-
ment.

Another confounder between the adult cataract and
childhood glaucoma cases relates to adult cataract
surgery requiring pupil dilation using a muscarinic
antagonist. Muscarinic activation is known to increase
AHO.” Thus, in this case, the associated drug
treatment would tend to decrease AHO in adult
cataract eyes, leading to a theoretically diminished
difference between the two groups. However, statis-
tically significant differences were still seen, suggest-
ing that the underlying differences between child-
hood glaucoma and adult cataract eyes could be
greater.

Genetics must also be considered. For primary
congenital glaucoma, CYPIBI mutations’® repre-
sent the main genetic cause of childhood glaucoma.
However, TEK mutations,’!-*2 exist as well, with
current research suggesting that 7EK mutations impact
distal AHO pathways. As childhood glaucoma is likely
more heterogeneous than we appreciate, the type of
genetic mutation may influence the source of AHO
resistance, as well. In this study, the genetic mutations
are not known, and this can be further studied in the
future.
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There are additional limitations of this study. First,
the sample size is small because childhood glaucoma
is relatively rare and research participation is less.
Also, ocular surface staining from the tracers precluded
a more comprehensive evaluation of circumferential
outflow patterns around the limbus. Thus, a tracer-free
method to study AHO pathways is preferable. Recent
work in human eyes studying segmental TM pigmenta-
tion did not show that variable segmental TM pigmen-
tation matched segmental AHO patterns.> Another
option is anterior segment optical coherence tomog-
raphy (AS-OCT). Although it has been used to study
AHO pathways,**3> additional technological develop-
ment is first needed for further study. Most AS-OCTs
are simply posterior segment OCTs adapted for the
anterior segment. An AHO-specific AS-OCT needs to
be developed (including features of tracking/averaging
with proper wavelength and angle of illumination).
AHO-specific AS-OCT would allow better research to
be performed, including non-invasive circumferential
imaging around the limbus and potentially defining the
relationship between the AHO pathway structure and
outflow patterns to allow structural assessment alone
to be sufficient in describing AHO.

In conclusion, childhood glaucoma eyes demon-
strated visible distal AHO pathways with the use of
aqueous angiography, but they showed less arboriza-
tion. This could be due to childhood glaucoma
changes in AHO pathways and may represent an
additional source of post-TM AHO resistance that is
unaccounted for by angle surgery.
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