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e PURPOSE: To investigate the vascular appearance of
choroidal neovascularization (CNV) treated with recur-
rent intravitreous anti—vascular endothelial growth factor
(VEGEF) injections, which have been proposed to cause
transient vascular normalization along with decreased
vascularity and leakage.

* DESIGN: Retrospective case series with perspective on
the topic.

e METHODS: Patients with treated CNV secondary to
age-related macular degeneration from a community-
based retinal referral practice were evaluated with optical
coherence tomography angiography employing split-
spectrum amplitude decorrelation. The choroidal neovas-
cular morphology of the 17 eyes of 14 consecutive
patients was described.

e RESULTS: The mean age of the patients, 8 men and
6 women, was 78.4 (standard deviation + 9.3) years. The
mean greatest linear dimension of the lesion was
3600 pm. The mean number of anti-VEGF injections
was 47 (£21). The vascular diameter of the vessels in the
CNV appeared large even in small lesions, with feeder ves-
sels approaching the size of the major arcade vessels of the
retina. The vessels had few branch points and many
vascular anastomotic connections among larger vessels.
There was a paucity of capillaries visualized within the
lesions.

e CONCLUSIONS: The findings of this study do not sup-
port the hypothesis of vascular normalization in eyes
receiving recurrent periodic antiangiogenic treatment.
The observed “abnormalization” of the vessels may be
explained by periodic pruning of angiogenic vascular
sprouts by VEGF withdrawal in the face of unimpeded
arteriogenesis. As the eye is a readily accessible VEGF
laboratory, features expressed therein may also apply to
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neovascularization elsewhere in the body, such as
in tumors. (Am ] Ophthalmol 2015;160(1):6-16.
© 2015 by Elsevier Inc. All rights reserved.)

RGANISMS EMPLOY SEVERAL DIFFERENT STRATE-

gies to grow and maintain blood vessels to deliver

proper amounts of oxygen and metabolites to tis-
sue, as well as to remove wastes produced by metabolism.
The mechanisms used to create new vascular networks
include vasculogenesis, a term used to denote the forma-
tion of vessels de novo from endothelial precursor cells;
angiogenesis, the formation of new capillaries from preex-
isting vessels; and arteriogenesis, which is the expansion
of previously formed channels into larger vessels. While
the modes of vessel formation and development may
seem to be specific names given to a seamless gradation
of vessel proliferation, there are significant differences in
how this occurs and what causes each of these changes.
Therefore there are potential features that could be
targeted in preventing progression in diseases in which
vessel growth is a significant feature, such as neovascular
age-related macular degeneration (AMD).

A principal configuration in which neovascular AMD
appears is as a fibrovascular pigment epithelial detachment
(PED)." The newly growing vessels elevate the retinal
pigment epithelium (RPE) by their physical presence,
exudation, bleeding, and any associated fibrotic prolifera-
tion. Fluid leaks from the vessels and can accumulate either
below or above the RPE monolayer or within the retina.”
Intravitreous treatment with anti—vascular endothelial
growth factor (VEGF) agents may cause a reduction of
the fluid leakage, but it is common to see persistence of fluid
despite treatment. Patients require monthly treatment, or
at least frequent follow-up and recurrent treatment, to opti-
mize visual outcome. Signs of exudation from neovascula-
rization quickly return even though anti-VEGF agents
decrease both angiogenesis and vascular leakage. The
appearance and physiology of vessels in treated fibrovas-
cular PED:s is largely unknown, but may have bearing on
the need for chronic, frequent treatment. Introduction of
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FIGURE 1. The stages of angiogenesis. (Top left) Diagrammatic representation of the main components of a capillary, the endothelial
cells, pericytes, and basement membrane. (Top middle) Under the action of vascular endothelial growth factor (VEGF) the pericytes
detach from the basement membrane, matrix metalloproteinases are released and break down the basement membrane, and (Top right)
some cells become “tip” cells. These cells release inhibitors (red arrows) to prevent the surrounding endothelial cells from differentiating
into tip cells. (Lower left) The tip cells develop filopodia that extend outward. The tip cell advances along the VEGF gradient and the
trailing endothelial cells, called stalk cells, proliferate to form the nascent capillary stalk. (Bottom middle) The tip cells migrate and even-
tually merge as an initiating event in vascular anastomosis. (Bottom right) The vascular tube forms, flow commences, the basement mem-
brane is made, and pericyte coverage is elicited. These responses are generic through the body and not ocular-specific.

the basic concepts of vascular development and
morphology in health and disease will be presented prior
to shifting to the findings specific to treated choroidal
neovascularization (CNV).

ANGIOGENESIS

THE SPROUTING OF VASCULAR ENDOTHELIAL CELLS TO FORM
new vessels from preexisting vessels is chiefly stimulated by
VEGF, along with a host of minor players (Figure 1).”
Vascular endothelial cells and their mural cells have a
common basement membrane. Under the influence of
proangiogenic cytokines the mural cells detach and matrix
metalloproteinases are released to break down the basement
membrane.”* Interactions between Notch activity and the
endothelial cells help in the selection of some of the
endothelial cells to become tip cells, which lead the
neovascular vanguard. The tip cells laterally inhibit
neighboring endothelial cells from being tip cells; instead,
they become what are known as stalk cells. The tip cells
migrate in the direction of the VEGF gradient and help lead
the proliferating stalk cells. Tip cell fusion initiates
anastomosis with neighboring vascular outgrowths as
mediated by vascular endothelial cadherin, also called VE-
cadherin. The stalk cells establish a lumen and create a base-
ment membrane, and perfusion begins. Vessel maturation is
marked by reduced proliferation of endothelial cells, pericyte

recruitment, pericyte maturation, and increased formation of
cell junctions. Vessel maturation depends on a number of fac-
tors, a notable one being transforming growth factor (TGF) B,
which participates in mural cell proliferation and migration, as
well as in deposition of extracellular matrix. Platelet-derived
growth factor (PDGF) participates in the recruitment, migra-
tion, and proliferation of both pericytes and smooth muscle
cells, as does the bioactive lipid sphingosine-1-phosphate.
Angiopoietin-1, produced by pericytes, activates the endothe-
lial receptor tyrosine kinase with immunoglobulin-like and
EGF-like domains 1, more conveniently known as TIEI,
which helps stabilize vessels, promotes pericyte adhesion,
and affects vascular tight junctions.”®

Angiogenesis is a continued process that is elicited as
needed and continues in a progressive manner until the stim-
ulus for vessel proliferation is abated. The process of angio-
genesis can be modulated or blunted by pharmacologic
intervention, but the underlying stimulus may not neces-
sarily be affected. Angiogenesis is highly VEGF dependent
and targeting VEGF has been a strategy in the treatment of
many diseases involving the eye, as well as diseases outside
of the eye, including cancer.

ARTERIOGENESIS

THE DILATION OF VESSELS IN RESPONSE TO HIGH-FLOW
states occurs as a normal process in new vessel growth
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and is called arteriogenesis (Figure 2).5% At one time the
processes involved in arteriogenesis were folded into
those of angiogenesis, but with increased knowledge of
new vessel development the differences in angiogenesis
and arteriogenesis became apparent. Angiogenesis is the
sprouting of new capillaries, while arteriogenesis is the
dilation of preexisting channels by active proliferation
and remodeling of the vessel wall. An intriguing
difference is that angiogenesis is highly VEGF dependent
while arteriogenesis is not VEGF dependent.””'" Thus
treatment of 1 aspect in neovascularization may not
necessarily affect other aspects.

Flow through blood vessels puts various stresses on the
vessel. The most important is shear stress, caused by the
moving blood over the endothelial cells."”!” Shear stress
is directly related to flow and inversely related to the
cube of the vessel radius. The pressure required to
maintain flow causes circumferential stress on the wall of
the vessel. Mechanotransducers in vascular endothelial
cells are activated by increased stress. Matrix
metalloproteinases are released, integrins activated, and a
host of inflammatory cells are recruited to the wall of the
vessel. This leads to breakdown and remodeling of the
extracellular matrix within the vessel wall and expansion
of the vessel. Smooth muscles cells are recruited to the
vessel wall, largely through the release of PDGF.

The differing role that VEGF plays in angiogenesis as
opposed to arteriogenesis is striking, but another difference,
although not as categorical, is the integral involvement of
the inflammatory system in arteriogenesis. The innate and
adaptive immune systems appear to be needed for arterio-
genesis to maximally function. Monocyte depletion in
both rabbit and mouse models leads to impaired arteriogen-
esis, which could be restored by injection of exogenous
monocytes. In particular, arteriogenesis appears to be
related to M2 macrophages. Genetically CD4-or
CD8-deficient mice have impaired arteriogenesis that can
be restored by reconstitution with the absent lymphocyte
type. Chemokines, tumor necrosis factor-a, TGF «, TGF
B, interferon-vy, toll-like receptors 2 and 4, and basic fibro-
blastic growth factor are involved in arteriogenesis as
well.'* If there is local tissue hypoxia, for instance,
coordination would occur between new sprouts of capil-
laries and the eventual expansion of these capillaries into
larger feeding and draining vessels. Feedback mechanisms
titrate the amount of increased tissue perfusion vs the
reduction in the local tissue hypoxia.

OPTIMAL VASCULAR NETWORKS

LEONARDO DA VINCI MADE THE OBSERVATION IN HIS
notebooks'” that the branches of a tree at every stage of
its height, when put together, are equal in thickness to
the trunk. In a more modern way of stating this, the radius
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FIGURE 2. Arteriogenesis. Flow through vessels, particularly
high flow with its attendant shear stress, stimulates mechano-
transducers in vascular endothelial cells. Additional stress,
such as stretching along the circumference of the vessel, plays
a role also. Activation and release of matrix metalloproteinases
(MMPs) and integrins function to break down the basement
membrane and proteins within and around the vessel wall.
Signaling occurs through the release of many cytokines and
chemokines, the most important of which is platelet-derived
growth factor (PDGF). These and other factors help in the
recruitment of inflammatory cells and also, in some cases,
smooth muscle cells. The orchestrated effect of this process
leads to rapid structural expansion of the vessel wall. TNF, tu-
mor necrosis factor; CCL2, chemokine (C-C motif) ligand 2;
TGF, transforming growth factor; bFGF, basic fibroblastic
growth factor; IFN, interferon. These responses are generic
through the body and not ocular-specific.

of the parent branch, r{, equals the sum of the radii of the
daughter branches, 3, or r; = r; + 1,. However, from the
context of the descriptions as well as the appearance
of his drawings it seems that he meant that the
cross-sectional area of the parent branch equaled
the cross-sectional area of the daughter branches. Thus
112 = 1% + 1% has become to be known as da Vinci’s law
of branching. Note that both daughter branches are shown
as ry, but the branching does not have to be symmetrical.

About 3 centuries after the death of da Vinci, Jean
Léonard Marie Poiseuille was born. He analyzed the flow
of fluid in pipes and developed the relationship
resistance = 8’\']1/(1T1‘4), where m is the viscosity, | is the
length, and r is the radius of the pipe. From this we see
that small changes in radius have a large effect on flow.
However, in a biologic system there is a cost to the organ-
ism to make and maintain blood and blood vessels. Charles
Murray published a series of papers in the 1926 in which he
calculated the optimum diameters of blood vessels and
branching that minimized total work on the part of the
organism.' ' By analyzing the relationship between the
cost of a vessel vs the flow through a vessel of any given
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diameter, he found the relationship r;> = 1,° + 1,° as an
optimum. This relationship is known as Murray’s law.
Later study showed widespread application of Murray’s
law to biologic systems. In plants water transport systems
follow Murray’s law'” unless they have structural duties,
such as in larger tree branches, and then the ratios can
approach da Vinci’s law.””’! In animals the branching of
bronchioles is described by Murray’s law, as are blood
vessels. However, the exact relationship varies from
tissue to tissue. The branching of blood vessels follows a
general form of r{* = ;" + 1%, where x can range from
2.6 to 3.2. For the retina the value of x is estimated to be
2.85 (Figure 3).%!

The diameter of successive branches of blood vessels fol-
lows the same modified Murray’s law and therefore, over
the scale of blood vessel sizes, defines a fractal pattern. Of
interest is that the segment length of any branch can be
summarized as a function of its radius. For the retina the
expression is | = 7.4r""° where | is the length and r is
the radius.”” Even the branching angles of vessels can be
calculated; as shown by Murray,'® the angles of branching
are related to the relative proportions of the daughter vessel
radii.

The theoretically derived values for blood vessels are
based on simple goals of minimizing work, but what is the
relationship between these parameters and actual vascular
circuits? Sherman and associates” determined that the
majority of branches in a vascular circuit had energy cost
functions less than 1% above the Murray minimum and
the deviation for entire vascular trees departed from
optimal by an average of less than 10%. Although the deri-
vation of optimal flow characteristics has occurred recently
over human history, evolutionary derivation of the same
features happened much earlier. The efficiency of blood
flow in cancer is much lower; Less and associates estimate
that energy losses above the Murray optimum for entire
trees in mammary carcinoma may be on the order of
40%-100%.”* While the values of the parameters undoubt-
edly differ by tissue and disease, if CNV grew with the same
fractal parameters as do retinal vessels, a representation of
the vessels could be generated; Figure 4 shows a fractal
“tree” of vessels so derived. The exact format of the vascular
tree in life is dependent on tissue needs, but the basic char-
acter of vessels growth and patterning shows consistency
across many normal tissue types. This consistency seems
to break down in local environments where the cytokine
levels are presumed to be highly abnormal, such as in
tumors.

ABNORMAL VESSEL DEVELOPMENT
AND “VASCULAR NORMALIZATION"

FOLKMAN PROPOSED THAT ADMINISTRATION OF ANTIAN-
giogenic drugs could starve tumors of their source of oxygen
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FIGURE 3. Fractal nature of retinal vascular structure. (Top)
The branching nearly follows Murray’s law, where the sum of
cubes of the radii of the daughter vessels equals the cube of
the parent vessel. Although the daughter vessels are drawn as
symmetrical equal branches, this is for stylistic convenience.
The length of a retinal vascular segment is related to the radius
of that segment, as per the formula shown.”! (Bottom) Murray
also calculated how branch angles for various-sized daughter
vessel segments can be optimized to minimize work. Symmetri-
cal branching of equal segments (similar to how the common
iliac arteries branch from the aorta) is shown at Bottom left,
while asymmetrical segments are shown Bottom right.
(For the actual equations see reference 17.) Note that only
2 of the angles need to be explicitly stated, but for illustration
purposes all 3 are shown. Each branching step follows the gen-
eral mathematical rules shown in these panels to establish the
fractal patterning of retinal vessels.

and nutrition by inhibiting vascular supply.”” Eventually
VEGF was discovered and agents designed to bind to
VEGEF were developed. In clinical use it became apparent
that anti-VEGF treatment did not lead to tumor starvation
or even prolong survival for many forms of cancer. Instead
of an orderly branching network of vessels, newly growing
vessels in tumors can appear as bizarre vessels with saccular
dilations, shunts, and numerous anastomoses.’® The vessels
produced are leaky, and account for the increased hydro-
static pressure seen in tumors. In addition, the aberrant
vascular formation does not appear to be able to effectively
supply oxygen to the tumor tissue.

In a series of articles,”’” Jain highlighted these features
and questioned the mechanisms by which antiangiogenic
treatments worked in cancer therapy. The efficacy of
antiangiogenic treatment in cancer has been a
disappointment, but when given seems to accentuate the
effects of ionizing radiation or chemotherapy. lonizing
radiation depends in part on oxygen levels;
chemotherapy works only if it is delivered to the growing
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FIGURE 4. A fractal vascular tree showing branching
approximating the scale in the retina. Note the extensive
branching of the vessels shown in red and the large amount of
capillaries shown in white. The venous return is not shown.

cancer tissue. Jain hypothesized that the abnormal vascular
phenotype in tumors was secondary to excessive angiogenic
cytokines’” and that antiangiogenic treatment pruned the
portions.”fw After antiangiogenic
treatment in animal models the remaining vascular
network appears more normal, blood flow and oxygen
delivery is improved, and the tissue hydrostatic pressure is
reduced. Thus the idea of “vascular normalization” was
developed. The normalization was proposed to be
transient, as the angiogenic cytokines would again induce
exuberant proliferation of vascular endothelial cells once
the antiangiogenic drugs wane. The idea of vascular
normalization was extended to potentially include CNV,
with the proposal to use drugs targeting PDGF as a
promising combination therapy in AMD.’!

more anomalous

THE EYE AS A LABORATORY FOR
ANTIANGIOGENIC DRUGS

THE IDEA OF VASCULAR NORMALIZATION WAS QUITE INFLU-
ential, but remains unproven in humans. Repeated biopsy, or
even imaging, of tumors to evaluate blood vessel supply is not
a routine practice in cancer patients, who are subjected to
numerous interventions as part of their normal therapies.
On the other hand, repeated ocular imaging of patients
treated with antiangiogenic therapy is a standard of care
and, depending on the treatment strategy used, can be
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performed monthly. The predominant morphology of most
treated CNV is fibrovascular pigment epithelial
detachments. Fluorescein angiography is poor at visualizing
the interior of fibrovascular PEDs, but has utility in evalu-
ating leakage from them. Indocyanine green angiography of-
fers better visualization of the vessels within the PED because
the excitation and resultant fluorescence is in the near-
infrared region, which penetrates through pigmented layers
better than do the shorter wavelengths used by fluorescein.
Even so, the multiple layers of vessels in the eye are all imaged
simultaneously; the images often have low contrast; and, as
with fluorescein, there is a risk, albeit low, from the dye injec-
tion. Nondye angiography based on optical coherence to-
mography (OCT) is capable of imaging vessels based on
flow and consequently does not require dye injections.’”
Similar to other forms of OCT imaging, structures visible
in OCT angiography can be separated by segmenting the
anatomy based on anatomic features and the vessels are
not obscured by staining or leakage. As such, vascular layers
can be isolated and studied in detail. Analyzing the vascular
structure of treated CNV would provide information
concerning the response to treatment, and may provide clues
as to the vascular structure in tumors treated with periodic
anti-VEGF medications.

METHODS

THIS RETROSPECTIVE STUDY WAS APPROVED BY THE
Western Institutional Review Board and complied with
the Health Insurance Portability and Accountability Act
of 1996. Eyes in this study had preliminary OCT evaluation
with the Heidelberg Spectralis (Heidelberg Engineering,
Mountain View, California, USA ) as part of the normal eval-
uation workflow of patients with CNV. From these scans the
greatest linear dimensions of the lesions were measured, by
evaluating the infrared scanning laser ophthalmoscopic im-
ages and the successive OCT scans within the volume scan.

e OPTICAL COHERENCE TOMOGRAPHY ANGIOGRAPHY:
The instrument used for OCT angiography (OCTA) images
is based on the Optovue RTVue XR Avanti (Optovue, Inc,
Fremont, California, USA) to obtain amplitude decorrela-
tion angiography images. This instrument has an A-scan
rate of 70 000 scans per second, using a light source centered
on 840 nm and a bandwidth of 45 nm. Each OCTA volume
contains 304 X 304 A-scans with 2 consecutive B-scans
captured at each fixed position before proceeding to the
next sampling location. The scan area was 3 X 3 mm.
Split-spectrum amplitude-decorrelation angiography was
used to extract the OCT angiography information.’” Each
OCTA volume is acquired in 3 seconds and 2 orthogonal
OCTA volumes were acquired in order to perform motion
correction to minimize motion artifacts arising from micro-
saccades and fixation changes.”* Angiography information
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FIGURE 5. Optical coherence tomography angiography of treated choroidal neovascularization. (Top left) The sizes of the main trunk
vessels (in pum) are shown. The lesion size is approximately 4700 pm in greatest linear dimension (data not shown); however, the trunk
vessels approximate the diameter of the major arcade vessels. Note the multiple loops and shunts present (green arrowheads). The pattern
of these vessels does not follow the generic branching structure of retinal vessels as shown in Figure 3. The visual acuity is 20/30 and the
eye had 49 anti—vascular endothelial growth factor (VEGF) injections. (Top right) This neovascular lesion is approximately 4000 pm in
greatest linear dimension. Note the large diameter of the trunk vessels (shown in pum) and the terminal loops of the vessels (blue arrow-
heads) that appear to have anastomotic connections at the outer border of the neovascularization. The visual acuity was 20/40 and the eye
had 54 intravitreous anti-VEGF injections. (Bottom left) The yellow circle encompasses the trunk vessels of the lesion. Note the long
extent of the vessels as they reach the edge of the lesion (white double arrows) and the relative lack of branching. Shunt vessels are visible
within the lesion. At the periphery there appears to be a clearly defined anastomotic connection around the border (blue arrowheads). The
visual acuity was 20/80 and the eye had 29 intravitreous anti-VEGF injections. (Bottom right) This lesion has multiple trunk vessels
measuring 100 pm or greater. The vessels course outward toward the edge of the lesion, which is 2300 pm in greatest linear dimension.
The outer portion of the lesion was composed of many medium-sized vessels, approximately 40 pm in diameter, that formed interconnec-
tions with each other. The dense network of these vessels suggested a latticework. An enlargement of the area highlighted by the white
arrow is shown as an inset. The visual acuity was 20/40 and the patient had 42 intravitreous injections.

displayed is the average of the decorrelation values when
viewed perpendicularly through the thickness being evalu-
ated. This methodology does not use phase information

from the OCT signal.

e SEGMENTATION OF THE OPTICAL COHERENCE TOMOG-
RAPHY ANGIOGRAPHIC IMAGE: To evaluate the blood

vessels within the fibrovascular PED, the layers were
segmented by fitting a curve to the region directly under
the Bruch membrane. A similar curve was offset through

VoL. 160, NO. 1

the thickness of the tissue being evaluated and the volume
of tissue between the 2 planes was evaluated. The thickness
can be offset from above or below the starting level to
obtain slices of tissue at any arbitrary location. Light
entering a retinal vessel can strike a formed blood element,
which can lead to reflection, adsorption, or refraction.
The temporal variation in the reflected light forms the basis
that decorrelation methods use in image creation.
Moment-to-moment changes in reflected light caused by
a moving blood element decreases local correlation in a
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region and decorrelation is interpreted to represent flow.
The problem with this technique is that temporally chang-
ing patterns of light are interpreted as flow even if the struc-
tures themselves are not moving. Light passing through
blood vessels can be reflected from deeper structures such
as the RPE. This reflected light is not constant, as it varies
over time in its passage through the overlying retinal ves-
sels. Since this light varies with time, an image of the
retinal blood vessels can be artifactually obtained by
segmenting at or near the level of the RPE. This means
sections through the tissue that include the RPE may
show images of the retinal vessels even though the sections
do not specifically include the retinal vessels.

e TREATED FIBROVASCULAR PIGMENT EPITHELIAL
DETACHMENTS: Patients with fibrovascular pigment

epithelial detachments were imaged in this study. Acute
PEDs related to choroidal neovascularization secondary
to AMD often have varying amounts of blood and fluid;
the current segmentation scheme used cannot provide reli-
able or accurate results in the face of large amounts of these
materials. In addition, blood masks underlying structures.
Treated patients have a much lower proportion of these
components with typically better visual acuity, and there-
fore they are more readily imaged. Fibrovascular pigment
epithelial detachments were defined as dome-shaped eleva-
tions of the RPE by fibrovascular material. To be consid-
ered an elevation, the outer boundary of the RPE must
have exceeded the height of the adjacent inner boundary
of RPE in regions that were not affected. OCT angiography
using the technique employed in this study requires
patients to hold their eye steady for 3—4 seconds, and
motion control software cannot compensate for informa-
tion lost during movement. Patients with very poor acuity
cannot maintain accurate fixation and therefore were not
candidates. Visualization of vessels is difficult with lower
signal strength levels. Therefore patients with a visual
acuity of 20/100 or less and those with a signal strength
of 55 or less were not included in this study. This
retrospective study was of consecutive patients meeting
these requirements. To help visualize the vessels in the
fibrovascular PED, some of the eyes had consecutive sec-
tions made at 9 wm, which were then exported from the
Optovue program. These were then imported into the pro-
gram Medical Image Processing, Analysis, and Visualiza-
tion (US National Institutes of Health, Bethesda,
Maryland, USA) for volume rendering.

RESULTS

THERE WERE 17 EYES OF 14 PATIENTS EVALUATED IN THIS
study (8 men and 6 women), and the mean age of
the patients was 78.4 (standard deviation = 9.3) years.
The patients had a mean visual acuity of 0.326 logMAR
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FIGURE 6. To compensate for the lack of good descriptors for
vessel shape and branching, a stylized drawing of the vessels in a
choroidal neovascular lesion given periodic anti-VEGF treat-
ments was made. (Left) Some lesions had the outer terminus
composed of vascular loops, while (Right) other lesions had an
anastomotic vessel bounding the outer border of the vascular
lesion (arrows). Contrast these diagrammatic representations
with the fractal branching seen in Figure 3.

(20/42 Snellen equivalent, interquartile logMAR range
0.239-0.438) and received a mean of 47 (=21) intravitre-
ous anti-VEGF injections. The mean greatest linear dimen-
sion was 3600 (+1480) wm. The vascular networks seen in
the patients of this study shared similar characteristics
(Figure 5). All patients demonstrated prominent vascular
loops and anastomotic connections. The main trunk ves-
sels, also called “feeder” vessels, were large in diameter,
given the relatively small lesion sizes. The vessels in the
neovascularization did not appear to branch as frequently
as would be expected if they followed the generic fractal
pattern of the retinal vessels, and the diameter of the ves-
sels remained relatively large even to the periphery of the
neovascular lesions (Figure 5). At the outer border a
circumferential anastomotic border was seen in 5 eyes
(31.3%). The remaining lesions had loops of larger vessels
seen at the outer periphery. One eye had a large lesion in
which the full extent of the periphery could not be evalu-
ated; this lesion was 7400 wm in greatest linear dimension.
In all eyes there was a paucity of capillaries visualized. Two
representative drawings were made illustrating the vascular
patterns present in these eyes (Figure 6).

DISCUSSION

THE CHOROIDAL NEOVASCULARIZATION EXAMINED IN THIS
descriptive study shared common vascular features when
examined by OCT angiography. The trunk vessels were
large in diameter, given the relatively small lesion sizes;
the vessels within the lesions showed limited branching
as they coursed to the peripheral portions of the lesion;
and there were prominent anastomotic connections
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between large-diameter vessels. The vascular diameter did
not appear to follow the fractal branching arrangement
expected if they were to follow the same pattern as retinal
vessels. In addition, a variable amount of peripheral anasto-
mosis existed at the border of many lesions. These observa-
tions do not preclude the possibility of capillaries being
present, but not visualized, within the lesions. However,
the salient characteristics were the large diameter and
prominent anastomoses of the vessels in treated CNV.

In the early process of growth of the CNV lesion the his-
tology resembles that of granulation tissue.”” Untreated
CNV grows in size, and is accompanied by bleeding,
leakage, and exudation. For untreated eyes this process
resolves with the formation of a macular scar, much the
same as transition from granulation tissue to scar in other
areas of the body. While there are many theories of why
CNV occurs and grows in the macula, the resolution of
the process coincident with the destruction of the macula
and the disruption of underlying layers like the RPE sug-
gests that the process is efficient at resolving the stimulus
for its own formation. Treatment with antiangiogenic
agents seeks to blunt or halt the invasion of blood vessels
and to reduce the exudative manifestations from the ves-
sels. The anti-VEGF treatment does not address the stim-
ulus for the process. Reducing VEGF halts a significant
and necessary step, the sprouting of new capillaries, and
also reduces VEGF-mediated vascular leakage.

It appears possible to explain the observed vascular
changes by using known features of vascular physiology.
With administration of anti-VEGF medications the level
of free VEGF drops precipitously, and newly growing vascular
sprouts regress (Figure 7 shows this theoretical construct).
Vessels with adequate pericyte coverage do not, as the peri-
cytes supply VEGF locally to their associated vascular endo-
thelial cells. The flow through a network is a function of the
pressure gradient and the vascular resistance. Closing many
newly formed channels, even if small in radius, would
increase the vascular resistance for the entire vascular circuit.
The remaining patent channels would have a higher pressure
differential and thus a higher flow. Increased flow through the
remaining channels is the stimulus for arteriogenesis, with its
attendant effect of increasing vessel size. As the anti-VEGF
medication wanes the levels of unbound VEGF rise, leading
to a resumption of capillary sprouting. The capillaries grow
out of the vessels that remain, the formerly pruned larger
branches. Increased flow can cause these branches to expand
in size, again owing to arteriogenesis. Repeated anti-VEGF
treatment prunes back the newly growing vessels, to begin
the cycle again. Thus the vessel ingrowth is faced with a
continuous stimulus for expansion punctuated by periodic
inhibition of 1 aspect of the proliferation, namely angiogen-
esis. The balance between angiogenesis and arteriogenesis as
mandated by stimulus for growth is disturbed, with arterio-
genesis not being inhibited.

An analogy can be made comparing periodic treatment
with anti-VEGF agents to the steps used to produce a
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FIGURE 7. Proposed stages of vascular change with periodic
anti—vascular endothelial growth factor (VEGF) treatment.
(Top left) High levels of cytokines such as VEGF lead to
exuberant vascular proliferation. The blood flow into and out
of the vascular bed is shown by the gray arrows. (Top right) Af-
ter anti-VEGF injection, the levels of free VEGF drop precipi-
tously and there is corresponding regression of the newly
growing vessels, particularly those with poor pericyte coverage.
Some tubes that have pericyte coverage remain (arrow).
(Middle left) With increased flow through the remaining vessels,
arteriogenesis leads to an increase in vascular diameter (arrow).
(Middle right) As the anti-VEGF drug wanes, the levels of free
VEGEF increase and lead to regrowth of the vascular sprouts.
(Bottom left) Pruning of the sprouts concomitant with the
administration of anti-VEGF medication leaves the now larger
vascular tubes. (Bottom right) After numerous iterations the
formerly capillary-sized connections between the efferent and
afferent vessels have enlarged to shunt vessels (1 being
highlighted by the arrow). The large size of the anastomotic con-
nections means the pressure differential between the efferent
and afferent sides of the vascular tree is decreased. These
responses would be generic and not ocular-specific.

bonsai tree. There are 2 principal ways trees grow: the
tips of branches grow and branch through the proliferation
of apical meristem tissue, and the branches can increase in
diameter through the production of more tissue (xylem and
phloem) by the vascular cambium. A bonsai tree is created
over years of time by repeatedly pruning back the buds and
newly growing branches of the tree.’® In the interim the
trunk and larger branches continue to grow larger in
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diameter, to produce small trees with large trunks. The
growth from the apical meristems is analogous to the
growth and branching of vascular sprouts, angiogenesis,
while the expansion of the trunk and large branches is anal-
ogous to arteriogenesis. The analogy serves as a teaching
tool to illustrate how the iterative nature of modifying
the normal progression of growth and pruning can produce
an altered phenotype.

There are possible treatment implications that may be
related to the changed phenotype. In an ordinary vascular
bed the progressively decreasing branch diameters of the
arterial system help diminish the blood pressure at each
stage, both by passive frictional effects and by active autor-
egulation. As such, the transluminal pressure at the termi-
nal capillaries has the potential to be exquisitely
controlled. The vessels present in eyes having received
recurrent anti-VEGF treatment are large and display
numerous connections between the efferent and afferent
vessels of the CNV. The large channel size suggests that
the flow should be relatively unimpeded and thus the pres-
sure differential should be relatively low. Therefore any
growing sprouts from these vessels would be subject to rela-
tively high transmural pressure. If this is the case, a dispro-
portionate amount of leakage could occur. Small amounts
of capillary growth would be associated with a dispropor-
tionately large amount of leakage, thus necessitating
frequent treatment. In addition, this possibility may help
explain the higher incidence of hemorrhage in eyes with
a decreased dosing schedule of ranibizumab.’’

It is possible that the vascular response of new vessel
growth in other conditions to repeated periodic anti-
VEGEF injections could mirror those found in the patients
of the present study. Inspection of a small number of eyes
treated with multiple bevacizumab injections for neovascu-
larization secondary to retinopathy of prematurity has
shown the presence of multiple peripheral arteriovenous
shunts at the boundaries of previous areas of neovasculari-
zation. An example is shown in Figure 8. Additional
research in the response of neovascularization in retinop-
athy of prematurity seems indicated. Retinal neovasculari-
zation in diabetic retinopathy appears to show pronounced
regression following anti-VEGF injection, implying that
the recruitment of pericytes may be different in this situa-
tion. Tumor resistance to anti-VEGF therapies, unfortu-
nately, is common, and even if the tumor type is sensitive
the benefit is temporary.”® *° While there may be many
mechanisms by which tumors gain anti-VEGF resistance,
one may be the dilation of vascular channels related to
periodic administration of anti-VEGF agents similar to
what is seen in choroidal neovascularization. The architec-
ture of the vessels could shift toward the resistance to
VEGF withdrawal by continued arteriogenesis.

The present study has numerous limitations. The cur-
rent series of patients used a first-generation OCT angiog-
raphy device that was difficult for some patients because
of fixation and the need to avoid eye movement during
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FIGURE 8. Fluorescein angiogram of an eye with retinopathy
of prematurity after several treatments with bevacizumab. In
retinopathy of prematurity there can be pathologic proliferation
of neovascularization out of the plane of the retina. Injection of
bevacizumab causes regression of the new vessels followed by
continuing physiologic vascularization of the more peripheral
retina. After pruning of the neovascularization by bevacizumab,
remaining vascular channels could undergo the effects of arte-
riogenesis according to the hypothesis generated in this paper,
thus explaining the anastomotic connections at previous tide-
marks of neovascularization. The retinal vascular shunts (green
arrowheads) are arranged in tiers. Note the relatively large size
of some of the vessels in the periphery (white arrow) as
compared with the arcade vessels near the disc, or even the prox-
imal vessels (yellow arrow), thus violating the vascular
patterning shown in Figure 3. (Fluorescein angiogram image
courtesy of Audina Berrocal.)

the scan process. The sensitivity fall-off with depth and
the problems of image segmentation of abnormal tissue
makes imaging untreated lesions difficult. Therefore the
untreated CNV is difficult to adequately image at present.
This ability may change in the future. The morphology in
the untreated state may change after the first treatment or
so to emulate the transient normalization seen in tumor
vessels after antiangiogenic treatment. Given the efficacy
of modern treatments and the poor outcome for untreated
eyes, the OCT angiography of the natural history of CNV
is not likely to be known. Consequently the present find-
ings of treated CNV from this study exist in isolation.
However, because the proportion of treated patients
with useful vision will continue to increase over time sec-
ondary to effective treatment, investigation of lesion
vascularity may prove valuable in both understanding
and managing neovascular AMD. There is likely a life cy-
cle to the neovascular process. It is possible that with
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atrophy there is loss of the tissue eliciting the growth of
CNV and in that situation there would be less need for
anti-VEGF injections. There have been large research ef-
forts devoted to studying the potential risk factors for
AMD, the genetic associations, aspects of cell physiology,
tissue interactions, and imaging characteristics of the eye
as it progresses toward late AMD, but there is a paucity of
information available regarding the vessel characteristics
of treated CNV. OCT angiography appears to be an im-
aging modality that can be exploited for this purpose,
particularly in light of expected technical improvements
expected to occur over time. The ability to image based
on blood flow provides an opportunity to improve our un-
derstanding of exudative lesions in late AMD and may
offer methods of gauging treatment effect.

Strategies for the economical management of flow in ves-
sels has been characterized by humans over the last century
or 50, but has been honed over hundreds of millions of years
of evolution. Growth, selection, and pruning of vessels are
tactics used in managing vascular networks in health and

disease. The normal transition from granulation tissue to
scar illustrates how vascular pruning is part of the life cycle
of tissue maturation. Current therapy of CNV for AMD
relies on periodic pruning of newly growing vessels by phar-
macologic intervention in the context of chronic stimulus
for their growth. While this approach blunts the progression
of some disease processes, the same strategy appears to alter
the morphology of the remaining vascular bed. The induced
changes are likely to have therapeutic consequences. The
eye is a readily accessible organ where blood vessels can
easily be seen and evaluated by multiple test modalities.
Cytokine levels can be measured in ocular fluids, although
the exact relationship to tissue levels has not been quanti-
fied. Injection into the vitreous of anti-VEGF agents is
performed in the treatment of a variety of important ocular
diseases, and these injections may be given repeatedly over
years of therapy. Thus the eye is a laboratory for studying the
effects of VEGF blockade. Learning about the effects in
1 disease may carry over to other ocular diseases or to sys-
temic conditions such as cancer.
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