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Undoubtedly two of the most rapidly growing fields
within ophthalmology are ocular blood flow and imaging
technology. This atlas examines the vascular anatomy
and physiology of the cye as well as the assessment of
ocular circulation in health and disease. It offers a
cutting-edge analysis of the eye's blood supply and how
it is affected by conditions such as glaucoma, age-
related macular degeneration, and diabetic retinopathy.
Section one reviews the vascular anatomy from the
heart to the eye. Within the eye, the retinal and uveal
circulation are presented with illustrations created
especially for this atlas. Detailed structures are revealed,
including extensive coverage of the complex vasculature
which nourishes the optic nerve head. These drawings
are supplemented with histological sections that provide
unique insights into the vascular structures of the eye.
Section two presents conceptual basis and details of
blood flow measurement technology. Beginning with
the physical principles, this section systematically reviews
instrumentation measuring various aspects of ophthalmic
pulsatility, the various light and sound Doppler
techniques, and analytical approaches in ophthalmic
angiography. The scientific and clinical strengths and
weaknesses of each technique are discussed.

Preface

Section three presents the role of ocular hemodynamics
in a wide range of ocular pathologies. Various imaging
technologies showcase the vascular aspects of a variety
of ocular diseases, with particular emphasis on age-
related macular degeneration, diabetic retinopathy, and
glaucoma.

Section four summarizes some of the newly-
developed technologies on the forefront of ocular
blood flow assessment, including assessment of retinal
metabolism. Quantification of retinal oxygen satura-
tion by several means is presented, as well as new com-
binations of techniques for simultaneous acquisition
of data.

This book is meant to convey scientific and clinical
information succinctly through an atlas format supple-
mented with appropriate text. Information presented in
this book is current at the time of printing; however
this nascent field is undergoing rapid growth both
conceptually and technologically. The editors hope that
this book will contribute to this rapid growth through
effective dissemination of information on perhaps the
most exciting topic within ophthalmology.

The authors
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Foreword

“When you can measure what you are speaking about, and express it in numbers, you know something about it; but when you
cannot measure it, when you cannot express it in numbers, your knowledge is of a meager and unsatisfactory kind: it may be
the beginning of knowledge, but you have scarcely, in your thoughts, advanced to the stage of science.”

The investigation and understanding of ocular blood
flow has undergone a dramatic evolution in the final
decade of the twentieth century. Current techniques of
non-invasive measurement of ocular blood flow have
contributed significantly to the understanding of the
role of ocular hemodynamics in a whole variety of
ocular diseases. The pathogenesis of age-related macular
degeneration, diabetic retinopathy and glaucoma, the
three leading causes of blindness in the developed
world, may be linked to altered ocular blood flow.
This book is written for clinicians and researchers. It
brings together internationally renowned experts in
clinical ophthalmology, physiology and biomedical
engineering to create a current and comprehensive view
on ocular blood flow. This unique book combines an
atlas with text, to achieve a visually outstanding body
of information on a crucially important and rapidly
evolving field of ophthalmology. Each chapter is

William Thomson, Lord Kelvin, 1824-1907

authoritatively presented with highly informative
figures combined with enlightening text. The book
comprehensively and logically presents; vascular
anatomy from the heart to the eye, the retinal and uveal
circulation, blood flow imaging and measurement
technology, the role of ocular hemodynamics in ocular
disease, in addition to cutting edge technologies for
ocular blood flow and oxygen saturation assessment.
We expect many of the techniques and concepts
described to become part of clinical practice in the future.
This illuminating book is an enormous contribution to
our knowledge of the rapidly expanding and evolving
field of ocular blood flow imaging and assessment.

Robert D. Yee, M.D., FA.C.S.
Professor of Ophthalmology

Chair, Department of Ophthalmology
Indiana School of Medicine
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Ocular Vascular Anatomy

Vasculature from the Heart
to the Eye

The aortic artery carries oxygenated blood from the heart.
The first two arteries branching from the aorta are the
brachiocephalic artery, which supplies the right arm and
right common carotid artery, and the left common carotid
artery (Figure 1.1). Each common carotid artery branches
into the intemal and external carotid arteries. The blood
supply to the orbit arises primarily from the ophthalmic
artery (OA), which is the first branch of the internal
carotid artery and the only branch of the internal carotid
outside the cranium (Figure 1.2). Smaller vascular con-
tributions come from the external carotid artery via the
internal maxillary artery and the facial artery. The OA runs
inferiorly to the optic nerve as it enters the orbit through
the optic canal. The OA then runs superiorly to the optic
nerve as it courses nasally and anteriorly. Its major
branches include branches to the extraocular muscles, the
central retinal artery, and the posterior ciliary arteries
(Figure 1.3).

Several of the multiple branches of the OA—the supra-
orbital, lateral and medial palpebral, and lacrimal
arteries—communicate with the facial artery to form an

Arteria carotis
interna

Arteria carotis
Arteria externa

vertebralis

Arteria carotis

Arteria :
communis

subclavia

Aorta (arcus
aortae)

FIGURE 1.1

anastomosis between the internal and external carotid
arteries.

The central retinal artery (CRA) branches off the OA
to penetrate the optic nerve approximately 10 to 15 mm
behind the globe (Figure 1.4). The CRA courses adjacent
to the central retinal vein within the central portion of
the optic nerve. It then emerges from the optic nerve
within the globe, where it branches into four major
vessels. The CRA supplies the inner two-thirds of the
retina (Figure 1.5), the most anterior portion of the optic
nerve head (the superficial nerve fiber layer), and to
some extent the retrolaminar optic nerve.

A medial and a lateral posterior ciliary artery (PCA)
branch from the OA. Occasionally an aberrant PCA is
also present. Each medial and lateral PCA divides into
one long posterior ciliary artery (LPCA) and seven to ten
short posterior ciliary arteries (SPCAs) before piercing the
sclera (Figure 1.6). The peripapillary and posterior
choroid up to the equator is primarily supplied by the
SPCAs, while the more anterior regions of the choroid are
supplied by the LPCAs and the anterior ciliary arteries
(Figure 1.7). The anterior ciliary arteries are derived from

Arteria
pericallosa

Arteria
Arteria opthalmica

cerebri anterior

Arteria
cerebri
media

Anrteria
cerebri
posterior

Arteriae
insulares

FIGURE 1.2
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the muscular branches and carry the principal blood sup-
ply 1o the anterior segment of the eye, running to the
front of the eyeball in company with the tendons of the
recti muscles. Each rectus muscle is accompanied by two
vessels (except the lateral rectus having usually only one).
The vessels form a vascular zone beneath the conjunctiva,
then piercing the sclera a short distance from the cornea
ending in the circulus arteriosus iridis major.

Vasculature of the Retina

The nutritional and waste removal needs of the retina are
mel by two separate sources. The CRA supplies approxi-

Ocular Vascular Anatomy section 1 3

mately the inner two-thirds of the retina (see Figure 1.5).
The deeper outer layers, including photoreceptors and
bipolar cells, are nourished by the uveal system, speci-
fically the choriocapillaris. The retinal pigment epithelial
layer, which separates the retina from the choroid, active-
ly transports metabolites and waste to and from the deep
layers of the retina to the choroid (Figure 1.8). The CRA
typically branches into four major trunks, each of which
supplies a quadrant of the retina (Figure 1.9). The retinal
arteries and veins lie within the nerve fiber layer of the
superficial retina. The retinal capillaries run parallel to the
retinal nerve fiber layer (Figure 1.10). In the posterior
pole, the retinal capillaries form several layers and are
higher in number than in the more peripheral retina. The

N/
Long posterior ciliary = :’a?
artery (arteria cilliaris L [
posterior longa)

(LPCA)

Short posterior
ciliary arteries
(Arteriae ciliares
posteriores breves)
(SPCAs)

—
vy -—--n’!"‘ﬁ: >

FIGURE 1.6

Arteria and vena
centralis retinae

Posterior ciliary artery
(arteria ciliaris posterior)

Circulus arteriosus
iridis minor

Circulus arteriosus
iridis major

Arteria ciliaris
anterior (anterior
ciliary artery)

B
Chorioidea
(choroid)

FIGURE 1.7
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peripapillary retina often has a superficial layer of fine
capillaries. In approximately 30% of all people, a cilio-
retinal artery may be present and supply a variably sized
region of the retina, temporal to the optic nerve (see
Figure 3.87). The cilioretinal artery, if present, may be a
direct branch of the ciliary or choroidal arteries and
emerges from the temporal aspect of the optic nerve,
extending laterally along the papillomacular bundle.

Retinal venous drainage occurs via the central retinal
vein, which exits the eye through the optic nerve and
parallels the CRA (Figure 1.11). The central retinal vein
drains into the superior ophthalmic vein or, rarely,
directly into the cavernous sinus. '

Venula temporalis
retinae superior

FIGURE 1.8

Arteriola
temporalis

: , FIGURE 1.9
retinae superior

Arteriola temporalis
retinae inferior

Vasculature of the Anterior
Optic Nerve

Despite extensive research, the precise microvascular
anatomy of the anterior optic nerve and peripapillary
region remains difficult to ascertain. Small vessel caliber,
the complex three-dimensional angioarchitecture, and
the relative inaccessibility of the tissue all make it difficult
to study the vasculature of the optic nerve head.

The anterior optic nerve is divided into four anatomic
regions (Figure 1.12). The only region visible by fundus
exam, the superficial nerve fiber layer, is continuous with
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Macula Optic nerve
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FIGURE 1.10

Vena centralis retinae
(= central retinal vein)

FIGURE 1.11

the nerve fiber layer of the retina (Figure 1.12, yellow
shaded). Immediately posterior to the nerve fiber layer is
the prelaminar region, which lies adjacent to the peri-
papillary choroids (Figure 1.12, red shaded). Posterior to
the prelaminar region, the laminar region is continuous
with the sclera and is composed of the lamina cribrosa—
a structure consisting of fenestrated connective tissue
lamellae, which allow neural fibers to pass through the
scleral coat (Figure 1.12, green shaded). Finally, the retro-
laminar region lies posterior to the lamina cribrosa,
marked by the beginning of axonal myelination, and is

Ocular Vascular Anatomy section 1 5

surrounded by the meninges of the central nervous
system (Figure 1.12, blue shaded).

The superficial nerve fiber layer receives blood from
recurrent retinal arterioles arising from the branches of
retinal arteries (Figure 1.13). These small vessels (called
“epipapillary vessels”), originating in the peripapillary
nerve fiber layer, run toward the center of the optic
nerve head. The temporal nerve fiber layer may have an
arterial supply from the cilioretinal artery when it is
present. No direct choroidal or choriocapillaris con-
tribution is observed in this region.

The prelaminar region is mainly supplied by direct
branches of the short PCAs and by branches of the circle
of Haller and Zinn (Figure 1.14; see also Figures 1.12 and
1.15). The circle of Haller and Zinn is a complete or
incomplete arterial ring of arterioles that often exists
within the perineural sclera (Figure 1.15). This structure is
formed by the confluence of branches of the short PCAs.
The arterial circle provides multiple perforating branches
into the prelaminar region, lamina cribrosa, and retro-
laminar pial system, to the peripapillary choroid, and to
the pial arterial system. Arterial branches emerge from the
circdle of Haller and Zinn to supply both the prelaminar
and laminar regions. The direct arterial supply to the
prelaminar region arising from the choroidal vasculature
is minimal. Several small centripetal arteries or arterioles
branch from the larger vessels of the peripapillary choroid,
but no direct connection between the peripapillary chorio-
capillaris and the prelaminar region exists.

The lamina cribrosa region also receives its blood
supply from branches of the short PCAs or from
branches of the circle of Haller and Zinn. These pre-
capillary branches perforate the outer aspects of the
lamina cribrosa before branching into an intraseptal
capillary network. As in the prelaminar region, the larger
vessels of the peripapillary choroid may contribute
occasional small arterioles to the lamina cribrosa region
(see Figure 1.15).

The retrolaminar region has two blood supplies: the
CRA and the pial system. The pial system is an anasto-
mosing network of capillaries located immediately within
the pia mater. The pial system originates at the circle of
Haller and Zinn and may also be fed directly by the short
PCAs. The branches of the pial system extend centripetally
to nourish the axons of the optic nerve (Figure 1.16). The
CRA may supply several small intraneural branches in the
retrolaminar region. Some of these branches may anasto-
mose with the pial system.

The venous drainage of the anterior optic nerve is
almost exclusively via the central retinal vein (see
Figure 1.11). In the nerve fiber layer, blood is drained
directly into the retinal veins, which then join to form
the central retinal vein. In the prelaminar, laminar, and
retrolaminar regions, venous drainage also occurs via
the central retinal vein or axial tributaries to the central
retinal vein.
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FIGURE 1.12
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Central retinal
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vena
Posterior
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Superficial nerve fiber layer region

FIGURE 1.13

Superiicial [T~
layers ‘[

Epipapillary
vessels

Vasculature of the Choroid

‘The outer choroid is composed of large nonfenestrated
vessels, whereas the inner choroid has a much smaller
vessel caliber. The innermost layer of the choroid, the
choriocapillaris, is composed of richly anastomotic,
fenestrated capillaries beginning at the optic disc margin
(Figure 1.17). The capillaries of the choriocapillaris are
separate and distinct from the capillary beds of the
anterior oplic nerve.

Central retinal
artery and vena

The SPCAs supply most of the optic nerve head and
the portion of the choriocapillaris posterior to the
equator. The choriocapillaris anterior to the equator is
supplied by the LPCAs and the anterior ciliary arteries
(ACAs). The LPCAs pierce the sclera and course anterior-
ly through the suprachoroidal space to branch near the
ora serrata. Each LPCA then sends three to five branches
posteriorly to supply the choriocapillaris anterior to the
equator. The ACAs, branches of the OA, accompany the
rectus muscles anteriorly to supply the major circles of
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FIGURE 1.14

Central relinal
artery and vena

Lamina cribrosa region

Lamina cribrosa
Circle of Haller
and Zinn

Sclera —

Short posterior
ciliary arteries

the iris (Figure 1.18). Before reaching the iris, 8 10 12
branches pass posteriorly through the ciliary muscle to
supply the anterior choriocapillaris together with the
LPCAs (see Figure 1.6). Functional anastomoses between
the choriocapillaris anterior and posterior to the equator
have not been demonstrated. This represents a peripheral
choroidal watershed zone.

Venous drainage from the choriocapillaris is mainly
through the vortex veins. Minor drainage occurs
through the ciliary body via the anterior ciliary veins.
The vortex veins drain into the inferior ophthalmic vein
(IOV) and superior ophthalmic vein (SOV) (Figure
1.19). The SOV exits the orbit through the superior
orbital fissure and drains into the cavernous sinus. The
IOV sends a branch to the SOV and then exits the orbit
through the inferior orbital fissure into the pterygoid
plexus.

Central retinal
artery and vena

FIGURE 1.15

Variability of Vascular Patterns

Marked variation is observed in the vascular patterns of
the anterior optic nerve, peripapillary retina, and the
posterior choroid among individuals. The predominant
difference is in the arterial supply. Varying numbers of
branches have been found in the PCAs, the SPCAs, the
number of branches from the LPCAs, and the number
of branches from the ACAs.

ANATOMIC VARIATIONS

Ophthalmic Artery

The OA usually passes over the optic nerve but can pass
below the optic nerve as it continues in the orbit
medial to the optic nerve.
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FIGURE 1.17

Ciliary Arteries

Usually one main ciliary artery arises from the first
segment of the OA and supplies the choroid of the
nasal hemisphere, and usually one main ciliary artery
arises from the second segment of the OA and supplies
the temporal choroid. More than 5 main ciliary arteries
can branch into 20 SPCAs and 2 LPCAs.

Cilioretinal Artery

Cilioretinal arteries typically appear ophthalmoscopically
to arise from the temporal portion of the optic nerve
head and to course along the maculopapillary bundle
(see Figure 3.86). On fluorescein angiography, this artery
will fill in the choroidal phase, before filling the CRA.

Vortex Veins

There are usually four to six vortex veins, which drain the
choroidal circulation in a complex and variable fashion.
For example, anastomotic vessels between vortex vein
drainage areas have been identified in studies in which
colored neoprene injected into a vortex vein exited imme-
diately from the other vortex veins (see Figure 1.19).

Coloboma

Coloboma results from failure of the embryonic fissure to
close along the inferior-nasal portion of the optic cup
during development. This fissure typically closes at 33 to
40 days after conception. With incomplete closure poste-
riorly, both optic nerve head and choroidal coloboma can
result. The entire optic nerve head can be involved in a
colobomatous lesion. A choroidal coloboma typically
presents as bare sclera on ophthalmoscopy (Figure 1.20).

Innervation and Retinal Circulation

Normally, retinal blood flow remains relatively constant
over a substantial range of intraocular pressure and
systemic blood pressure. Compared with the choroidal cir-
culation (a high-flow, variable-rate system), the retinal
circulation is a lower flow, constant-rate system supplying
a highly metabolically active tissue. The choroid receives
85% of ocular circulation, as compared to 15% to the
retinal circulation. The autonomic nervous system controls
vascular resistance in the choroid. Sympathetic nerves
provide most of the regulation through the cranial cervical

: |
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ganglion, involving neuropeptide Y and provoking vaso-
constriction when stimulated. The parasympathetic system
mediates poorly defined control. Choroidal blood flow
shows modest autoregulation during perfusion pressure
changes.

The autonomic nervous system contributes to retro-
bulbar and choroidal circulatory regulation, but it ends at

FIGURE 1.19

Optic nerve
head

the lamina cribrosa, so the retinal and anterior optic nerve
head (ONH) vasculature do not possess direct inner-
vation. Although retinal and optic nerve head vessels have
alpha-adrenergic, beta-adrenergic, and cholinergic recep-
tors, the role of these receptors in vascular control remains
unclear. Consequently, retinal blood flow is autoregulated
locally in response to variable blood oxygen content, with
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FIGURE 1.20

capillary recruitment and derecruitment presumably pro-
viding constant oxygen delivery.

Local Factors Affecting
Vascular Tone

Several soluble vasoactive molecules mediate retinal vas-
cular autoregulation, including endothelial-derived nitric
oxide, endothelins, superoxide anions, renin-angiotensin,
and vascular endothelial growth factor (VEGF). Nitric
oxide is produced by two endothelial enzymes, consti-
tutive nitric oxide synthase (membrane bound) and
inducible nitric oxide synthase (cytosolic), both of which
oxidize 1-arginine to produce nitric oxide. Endothelial cell
nitric oxide diffuses to the pericyte or smooth muscle cell
surface, where it binds to guanylate cyclase, causing intra-
cellular ¢<GMP accumulation and vasodilation. Nitric
oxide production is directly stimulated by increased local
shear force, bradykinins, insulin-like growth factor 1,
acetylcholine, thrombin, and various platelet products. In
addition to its vasodilatory actions, nitric oxide protects
vessels by inhibiting platelet aggregation, platelet granule
secretion, leukocyte adhesion, and possibly smooth mus-
cle cell proliferation.

Endothelins, another group of vasoactive molecules,
are released by endothelial cells and bind to receptors on
adjacent pericytes and smooth muscle cells. Endothelins
(ET-1, ET-2, and ET-3, each with 21 amino acids) are the
most potent vasoconstrictor agents currently known.
Endothelin-dependent contraction is mediated by three
receptor subtypes (ETR-A, ETR-B, and ETR-C). Human

studies show that vasoconstriction following intravenous
injection of ET-1 is mediated through ETR-A. Several in
vitro studies, using tissues from a variety of species,
demonstrate that endothelins are involved in retinal
microvascular control, and animal experiments substan-
tiate in vitro findings that ocular blood flow can be pro-
foundly influenced by endothelin activity. For instance,
intravitreal injection of synthetic ET-1 into the cat eye
causes retinal vasoconstriction and decreased ocular blood
flow, with no change in iris, ciliary, or choroidal blood
flow. In addition, hyperoxic retinal vasoconstriction in
rats is apparently ET-1 dependent.

In addition to nitric oxide and endothelins, super-
oxide anions play a role in retinal microvascular auto-
regulation. Superoxide anions inactivate nitric oxide,
thereby inhibiting vasodilatory capacity. The vascular
endothelium generates basal levels of superoxide anions
and can be stimulated to produce deleterious amounts of
these molecules during many pathologic conditions. This
pathologic inhibition may mediate vascular changes
found in hypertension, hypercholesterolemia, retino-
pathy of prematurity, diabetes, and ischemia/ reperfusion
injury.

Another component of the retinal microvascular
autoregulatory system is the renin-angiotensin pathway.
Angiotensin-converting enzyme (ACE) on the luminal
endothelial cell surface rapidly converts angiotensin I
to angiotensin I, and ACE inactivates bradykinin.
Angiotensin 1I stimulates retinal vasoconstriction via
smooth muscle cells and pericytes. Isolated porcine
ophthalmic arteries vasoconstrict in response to angio-
tensin I and relax in response to bradykinin via a nitric
oxide-dependent mechanism. ACE-inhibitors used in
this model prevent angiotensin-mediated constriction
and potentiate bradykinin relaxation. After intravenous
infusion of angiotensin II inhibitor, cerebral and ocular
blood flow was examined in healthy subjects by Doppler
sonography and fundus pulsation amplitudes and
demonstrated little decrease in choroidal or optic nerve
head blood flow. Angiotensin 11 decreased the resistive
index and fundus pulsation amplitude and increased
the mean flow velocities in both the ophthalmic and
the middle cerebral arteries; however, when compared
with systemically measured parameters of mean arterial
pressure, the intraocular vessels were relatively insensi-
tive to angiotensin II.

Exemplary Histologic Descriptions

The following histologic images demonstrate various
aspects of normal and pathologic vasculature of the eye.
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Ciliary Antarib) ! FIGURE 1.23 Close-up of a scleral canal with continuation of
body A Iris a vessel into the choroid (PAS stain, original magnification x25).

FIGURE 1.21 Anterior chamber angle with sclera (top left),
cihary body (left), and iris (right). A prominent large vessel is
present at the root of the iris. This vessel belongs to the major
artenoles supplying the iris and chamber angle with blood (peri-
odic acid-Schift [PAS] stain, original magnification x25).

Optic nerve

FIGURE 1.24 Another scleral canal entering the choroid. A
prominent nerve is present with a large vessel (center). The reti-
na is artifactitiously detached (PAS stain, original magnification
x25).

o

Short ciliary
arteries

FIGURE 1.22  Section displaying the posterior sclera, optic
nerve (right) and choroid showing sections of the short ciliary
arteries posterior 1o the sclera (hematoxylin-eosin [HE] stain,
original magnification x10).

FIGURE 1.25 Same aspect as in Figure 1.24 seen in lower
power. The nerve protrudes completely through the sclera (PAS

s1ain, onginal magnification x10).
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Choroid

Large vessel Small vessels

FIGURE 1.26 Scleral canal close to the posterior pole of the
globe. A large and three smaller arteries are protruding through
the sclera from the outer to the inner surface along a scleral canal.
Top right. the choroid (PAS stain, original magnification x25).

Ciliary processes

\; W “.{“ '
i O
e :
I‘IGURE 1.29 Ciliary processes showing an abundance of
capillaries, which supply the ciliary epithelium (HE stain, original
magnification x25).

Ciliary processes

FIGURE 1.27 Scleral canal Iocated more anteriorly supplying the
ciliary body with vessels (HE stain, original magnification x25).

Conjunctiva

FIGURE 1.30 C|I|ary processes with several dllated capillar-
ies present. In addition, a Fuchs’ adenoma is seen (PAS stain,
original magnification x25).

Cornea

FIGURE 1.28 Limbal area with conjunctiva to the right and
cornea to the left. Larger episcleral vessels are present in addition
to smaller vessels located more superficially (HE stain, original
magnification %x25).

Central vena Central artery

FIGURE 1.31 Cross section of the optic nerve. Top, central

artery, and below, central vein (PAS stain, original magnification
x25).
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Central
artery

I-‘IG‘URE 1.35 Longltudmal section of the optic nerve head with
an artery and vein in a patient with diabetes (PAS stain, original

FIGURE 1.32 Longitudinal section of the optic nerve and magnification x25).
central section of the optic nerve head with a prominent artery
present in the center. Right off center is the vein (PAS stain,

original magnification x25). Oplic nerve
cup

FAUSG

FIGURE 1.33 Hngh-power view of large vessels (artery and FlGURE 1.36 Optlc nerve head of a patient wnh advanced
vein) at the optic nerve head (HE stain, original magnification glaucoma. The vessels are located in the area of the cup with loss
x50). of surrounding tissue (HE stain, original magnification x25).

Central retinal vein Vessels
FIGURE 1.34 Longitudinal section of the optic nerve with a FIGURE 1.37 Glaucomatous cupping of the optic nerve head
prominent central vein (HE stain, original magnification x10). with vessels located in the cup and loss of the surrounding neural

tissue (HE stain, original magnification x25).

DPugc quét bang CamScanner


https://v3.camscanner.com/user/download

14  section 1
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l‘lGlIRE 1.38 Similar aspect as in Fugure 137 showmg in
addition the centrally located large vessels in the optic nerve
(PAS stain, original magnification x10).
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Artery Vena

FIGURE 1.39 Cross section of the optic nerve near lamina
cribrosa. The strong muscular artery compresses the neighboring
vena. Both are surrounded by a common adventitia. The venous
lumen contains a partly recanalized thrombus (elastica stain, x50).
{Courtesy B. Kirchhof, Cologne, Germany.)

Occluded vessel

FIGURE 1.41 High-power view of the choroid with an occluded
larger vessel to the right of a vessel with a thickened wall (AZAN
stain, original magnification x50).

Retina

Subretinal
hemorrhage

FIGURE 1.42 Large subretinal hemorrhage evolving from a
choroidal neovascular membrane. An artifactitious gap is present
between the outer portion of the choroidal neovascularisation
(CNV) and the largely destroyed RPE (AZAN stain, original mag-
nification x25).

FIGURE 1.40 Normal choroidal vasculature with retinal pig-
ment epithelium (RPE) and Bruch’s membrane. Below, the cap-
illaries are present. The retina is artifactitiously detached (PAS
stain, original magnification x50).

FIGURE 1.43  From bottorn to top: The sclera, the choroid, and
Bruch’s membrane are present. Above Bruch’s membrane is a cho-
roidal neovascular membrane with several small capillaries, which
originate from the choroid (PAS stain, original magnification x25).
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FIGURE 1.44 VéSCglature of the retina: A larger vessel to the
right and small capillaries in both the inner and outer nuclear layers
of the retina. To. the left, a hypocellular epiretinal membrane is
present (PAS stain, original magnification x50).

FIGURE 1.45 Regular pattern of larger vessels of the retina
with an arteriole to the left and venules to the right (PAS stain,
original magnification x25).

Occluded banch vena

FIGURE 1.46 Aspect of retina with a branch vein occlusion.
Note that the retina is thinner to the right compared with the
left (PAS stain, original magnification x50).

section 1 156

Ocular Vascular Anatomy

FIGURE 1.47 Cross section of the retina from an eye with
retinopathy of prematurity (ROP). Epiretinal fibrocellular prolifera-
tions with newly formed blood vessels are present (H-E stain,
original magnification x25).

Neovascularization

'h‘,f-' i :hl"\v_'n "-“”}'- A ‘ . X o1_ P WA e Ve
FIGURE 1.48 Cross section of the retina in a patient with
diabetes. A neovascularization is protruding into the vitreous
cavity arising from the retinal vasculature (H-E stain, original
magnification x50).

Artery

FIGURE 1.49 Cross section of the retina showing an infarc-
tion of a retinal artery. Again, the inner portion of the retina is
thinner to the right compared with the left (H-E stain, original
magnification x50).

DPugc quét bang CamScanner


https://v3.camscanner.com/user/download

16 section 1 Ocular Vascular Anatomy

Lens

Superficial bleeding

Optic nerve Vitreous cavity

head
FIGURE 1.50 Eye of a fetus at the age of 10 weeks.
Vascularization of the vitreous cavity arising from the optic nerve
head is shown (H-E stain, original magnification x10).

Macroaneurysm
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FIGURE 1.51 Cross section of the retina showing a macroa-
neurysm (H-E stain, original magnification x25).

Deep bleeding

FIGURE 1.52 Hemorrhagic retinopathy after venous occlusion.
Corresponding to the retinal architecture, deeper bleedings occur
in the external plexiform layer of the retina in a locular manner
{ophthalmoscopically spotlike). Bleedings in the superficial retinal
layers line up with the nerve fiber layer (ophthalmoscopically
flarelike appearance). In addition, a venous lumen is shown with a
partially recanalized thrombus. (Courtesy B. Kirchhof, Cologne,
Germany.)

Thrombotic vena

FIGURE 1.53 Thrombotic retinal parental vena barely recanal-
ized (elastica stain). (Courtesy B. Kirchhof, Cologne, Germany.)

FIGURE 1.54 Same image as Figure 1.53 at higher magnification.
Thrombotic retinal parental vena (elastica stain). (Courtesy B. Kirchhof,
Cologne, Germany.)
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FIGURE 1.55 Penphlebms Iarge Iumen of a retinal parental
vena with focal lymphocytic infiltration of the venous wall accen-
tuated (H-E stain). (Courtesy B. Kirchhof, Cologne, Germany.)
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Cameration

FIGURE 1.56 Completely thrombotic, smaller branch retinal
vena in proximity of the macula with consecutive macular edema,
identifiable by cameration of Henle's layer. (H-E) (Courtesy B.
Kirchhof, Cologne, Germany.)

Intimal hyperplasia
FIGURE 1.57 Cross section of a biopsy of a temporal artery
with mild intimal hyperplasia and no signs of inflammation
{Verhoeff-Van Gieson stain, original magnification x25).

Ocular Vascular Anatomy section 1 17

|4 ~ o I i e S e
FIGURE 1.58 G|anl cell arteritis of the short posterior ciliary
arteries: localized pattern dispersal of the muscular layer caused
by chronic inflammatory lymphocytic and foreign body giant cell
infiltration (H-E stain). (Courtesy B. Kirchhof, Cologne, Germany.)

Optic nerve
head

Central vessels Atrophic zone
FIGURE 1.59 Partial optic nerve head atrophy in giant cell
arteritis: longitudinal section of the optic nerve and papilla.
Lightened zone surrounding the central vessels caused by nerve
fiber atrophy (H-E stain). (Courtesy B. Kirchhof, Cologne, Germany.)

—;;r*r
B =3 ey . % W)
FIGURE 1. 60 Another example of gxant cell arteritis of the
short posterior ciliary arteries with localized lamina muscularis
dispersal following chronic inflammatory lymphocytic and for-
eign body giant cell infiltration (H-E stain) (see also Figure 1.58).

(Courtesy B. Kirchhof, Cologne, Germany.)
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Measurement of Blood Flow

From the most basic standpoint, the eye offers a unique
opportunity to study hemodynamics. It is the only
location in the body where capillary blood flow may be
observed noninvasively in humans. Various factors
influence the control and regulation of ocular blood flow,
such as metabolic demands, blood nutrients, metabolic
by-products, perfusion pressure, and blood gasses. The
numerous interactions among these influences are
complex, yet they must be studied to understand potential
hemodynamic alterations in disease.

As seen in the first section, the ocular vasculature is an
intricate structure. The various layers of tissue in the retina
receive nourishment from both the uveal and retinal
vasculature. The uveal circulation surrounds the retinal
circulation in the globe, making it difficult to isolate the
individual vascular beds. However, the two vascular beds
have profound anatomic and regulatory differences, for
example, highly fenestrated versus tight endothelial cell
junctions and innervation versus noninnervation. The
behavior of one ocular vascular bed does not predict the
behavior of the other. Consequently, to determine the
status of ocular hemodynamics in a patient, a compre-
hensive examination of ocular perfusion is necessary,
with the contribution of each vascular bed of the eye
cvaluated separately.

Classic physiology teaches that blood flow is measured
in milliliters per minute per gram of tissue. Only one
commercially available technique can provide volumetric
blood flow measurements in absolute units, and it is
limited to measurements of flow in large retinal vessels.
At this time, volumetric flow measurements in absolute
units from retinal tissue and in the choroid are
unobtainable. However, a number of hemodynamic
measurement techniques can assess various aspects of
blood flow in the retina, in the choroid, and in the vessels
that supply each. Each of these techniques are examined
in detail in this section.

Pulsatility Measurement Devices

The first blood flow assessment technique discussed is,
at best, an indirect hemodynamic indicator. Measure-
ments obtained with a blood pressure cuff may point to
a stroke risk without any direct cerebral measurements

being made. Similarly, measurement of intraocular pres-
sure (IOP) may provide insight into the hemodynamic
status of the fundus.

Picture air being pumped into a tire with a puncture.
Air surges in, and air leaks out. With each surge into the
tire, there is a transient increase in tire pressure as the
volume of air in the tire increases. Over time, the
average volume of air in the tire does not change but
only pulses up and down. Of course, the entire pulse of
air into the tire is not reflected in the surge in volume,
because when the pressure in the tire increases, so does
the rate of air leaking out of the puncture. If the leak is
never stopped, then air pulsing out offsets some
unknown percentage of the air flowing into the tire.
Can airflow into the tire be calculated from an air
pressure measurement?

PULSATILE OCULAR BLOOD FLOW

Blood surges into the blood vessels of the eye during
systole and continues to flow in more slowly during
diastole. Similarly, blood pulses out of the ocular veins
throughout the cardiac cycle, though at some delay in
time relative to the inward flow from the arteries. It has
been proposed that real-time measurements of IOP can
be used to calculate the pulsatile component of blood
flow. The pulsatile ocular blood flow (POBF) device
(Figure 2.1; Paradigm Inc, formerly OBF Labs) is a
pneumotonometer that measures IOP in real time. It is
based on the principle (Figure 2.2) that blood volume in
the eye increases with the systolic pulse and decreases
during diastole. When the volume increases, eye pressure
increases as well. If the relationship between eye pressure
and eye volume is identical for everyone (Figure 2.3),
then transient changes in IOP can be used to calculate
absolute transient changes in ocular volume. As with the
leaking tire, however, the true volume of blood entering
the eye is unknown because the rate of venous flow (the
leak) is not measured, is unknown, and varies among
individual eyes. The 10P pulse wave is transformed into
an ocular volume wave using the presumed universal
relationship (Figures 2.4 and 2.5). The change in volume
over time is reported as the POBF

The POBF instrument is like a Goldmann applanation
tonometer but uses air instead of mechanical pressure to

19
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measure 10P. A pressurized tip is positioned in contact
with the comea, and air pressure within the tip is
increased until the cornea is indented. By measuring the
level of air pressure required to indent the cornea, IOP is
measured (Figures 2.6 and 2.7). Individual pressure
readings are taken at a rate of 200 per second. This rate is
sufficiently rapid to allow real-time tracking of IOP

18 |
17 |

15 F

14

|OP (mm Hg)

Time (sec)

FIGURE 2.4

a5 I oV/ot = Pulsafile Flow

14

10 |

(03]
T

Calculated Volume ( microliters )

Time (sec)

FIGURE 2.5

throughout the cardiac cycle (Figure 2.8). The patient is
provided with a red fixation light within the center of the
probe, delivered by a fiber-optic cable (Figure 2.9). As the
measurement is acquired, the POBF device provides the
user with an audio signal. If the probe is properly
positioned, the pulsation in IOP can be heard, as well as
observed on the POBF display (Figure 2.10). When the
measurement is complete, the waveforms seen on the
display can be printed, along with a detailed report
containing the average IOP, I0P range, pulse amplitude,
and calculated pulsatile component of ocular blood flow
(Figures 2.11 and 2.12).

Several advantages and disadvantages are associated
with the POBF technique. The greatest advantage is that
the system is relatively inexpensive and affordable for the
average small clinic. It also has been approved recently
for Medicare reimbursement. The POBF device is simple
to operate and requires no special training for anyone
able to perform Goldmann tonometry (Figure 2.13). The
greatest disadvantage of POBF is that it is not a direct
measurement of blood flow (Figure 2.14). IOP is
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FIGURE 2.6 FIGURE 2.9

FIGURE 2.7 FIGURE 2.10

Left Eye Pulse: 1 2 3 4 5 Average

Minimum intraocular pressure [mmHg] 155 154 157 15.2 14.5 153
Maximum intraocular pressure [mmHg] 17.3 17.5 17.8 17.4 16.5 17.3
Average intraocular pressure [mmHg] 16.4 16.4 16.7 16.3 155 16.3
Pulse amplitude [mmHg] 19 21 21 21 19 20
Pulse volume [ul] 38 42 42 44 41 441
Systolic time [sec] 0.30 0.37 0.40 0.39 0.38 0.36
Diastolic time [sec] 0.50 0.55 0.53 0.46 0.43 0.49
Pulserate [/min] 75 65 64 70 74 70
Pulsatile ocular blood flow [uV/min] 601 608 640 681 749 656
OBF % Standard deviation 9

FIGURE 2.11

small air pump and a small leak. In the eye, large arteries

P T Y T IR T SR T TR T and veins may provide large volumetric blood flow,
which is indistinguishable from a lesser flow through
S S smaller vessels.

POBF measurements have been performed in
measured, and several assumptions about scleral rigidity numerous studies of healthy subjects. Test-retest studies
and a universal IOP-eye volume relationship are made. have found that the POBF produces highly reliable
Returning to the tire analogy, a large air pump and large measurements, with men presenting with lower normal
leak could produce the same pulse in air pressure as a values than women (Figure 2.15). The 95% confidence

DPugc quét bang CamScanner


https://v3.camscanner.com/user/download

22 soction 2 Measurement of Blood Flow

OBF Labs UK Ltd
Crowsnosl, Claverton, Wilts. SN15 5BS. 0666 822269

OBF Test recorded using OBF Labs (UK) Ltd Tonograph,
Copyright 1992.

Tha test was carried oul with the patient at a slit lamp
The nght eye was recorded first.

Name : EVANS, DAVE Patient No.:

Date 1.25.1995 D.o.B. : 07.17.56
Time @ 17.18 Sex : M
Test No. : MC1007-102-4

Intraocular Pressure Recording
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FIGURE 2.12

Pros

inexpensive
Easy to use

- Similar to Goldmann IOP
No Offline processing

- Immediate data

Minimally invasive

FIGURE 2.13

Cons

Measures IOP
Is the pressure volume
relationship universal?

Only measures pulsation
No diastolic measurement?

Coneal Contact

FIGURE 2.14

interval for normal data in men and women is shown in
Figure 2.15. Many glaucoma medications have been
studied using POBF (Figures 2.16 and 2.17). As with other
methods, the POBF system has produced a wide range of
results.

Reproducibility

Reliability-
Coefficient: 92%

Male mean: 669.9 + 233.0
Female mean: 841.9 + 254.6
Male 95% C.I.: 364 to 1266
Female 95% C.l.: 398 to 1346
FIGURE 2.15
Medications

Levobunolol: ’f‘

Betaxolol:

Pilocarpine: No Effect

Timolol:

Latanoprost: 1\

FIGURE 2.16

Health & Disease

Age:

Glaucoma NTG:
Estrogen:
Carotid Endart.:
Diabetic Retinop:
Choroidal Tumor:

>ED>D> e

FIGURE 2.17

Systolic blood flow into the choroid causes the
choroidal vasculature to increase slightly in volume. It
is this fluctuation in eye volume that the POBF device
presumes to calculate. The relative strength of the sclera
compared with other parts of the eye means that
engorgement of the choroidal vasculature causes the
fundus to enlarge toward the center of the eye. One
result of the fundus moving toward the center is a
decrease in the distance between the fundus and cornea
during systole. As the blood drains from the choroidal
vasculature during diastole, the volume, as well as retina
to cornea distance, is reduced to its original level
(Figure 2.18). Therefore, as the fundus pulses throughout
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the cardiac cycle, the inner surface of the retina at the .':::'-
posterior pole moves toward and away from the cornea. SeeSe
o
INTERFEROMETRY s
.....-
Interferometry is a technique used to directly measure ssssae vz |
the pulsation of the fundus relative to the cornea. As '.:-:-‘
implied by its name, interferometry is based on the =
interference pattern formed by two sources of light: one FIGURE 2.22
reflected from the fundus and one reflected from the
cornea. The two beams are created from a single laser
beam passing through the center of the eye. The beam As the separation between two sources changes,
is partially reflected by the cornea and also partially position of the interference pattern also changes
reflected by the retina (Figure 2.19). (Figure 2.22). If the interference pattern is measured in
Because the source of the two reflections is a single real time, changes in node spacing can be used to
laser, the reflected light from each source has the same calculate the change in the relative position of the two
frequency. The result is a stationary interference pattern wave sources (Figure 2.23). In the case of pulsations
(Figure 2.20). The geometry of the interference pattern within the fundus, the pulsing fundus surface is
is a function of the distance between the two reflective displaced anteriorly as blood surges into the choroid.
sources. As the fundus pulses with the cardiac cycle, the When this occurs, the relative distance between the
location of the interference pattern moves. The surface of the fundus and the anterior surface of the
magnitude of fundus pulsation can be calculated if the cornea is decreased. If each surface acts as a reflector,
change in the interference pattern is known. This the spacing within the resulting interference pattern
spacing is measured by the interferometer using a linear will pulsate with the cardiac cycle.
array detector (Figure 2.21). The detector quantifies the The greatest advantage of the interferometry technique
light level along its axis. is that it measures fundus movement in micrometers and
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Pros

Direct measurement of

fundus displacement
Directly related to changes

in choroidal blood volume
Absolute measurement in

micrometers

FIGURE 2.24

Reproducibility

Intraclass correlation
coefficients: 0.95 to 0.98

Normal fundus pulsation
amplitude: 3.9*0.3 ym

FIGURE 2.25

is not a relative or unitless measurement. Very few of the
technologies discussed in this section can quantify
hemodynamic parameters in absolute terms (Figure
2.24). The other major advantage of this technique is that
it has excellent reproducibility (Figure 2.25). The main
disadvantage is that it is not commercially available.
Currently, this device is only used by one laboratory
(Figure 2.26). Another disadvantage is that the technique
uses fundus pulsation as a surrogate for choroidal blood
flow. The relationship between pulsation of the posterior
pole relative to the corneal surface and volumetric
choroidal blood flow is unknown.

The effects of various glaucoma medications on
fundus pulsation have been tested by interferometry
(Figures 2.27 and 2.28). Although several medications

Cons

Not commercially available
yet...

Not a direct blood flow
measurement, but a “blood
flow effect”

FIGURE 2.26

Medications

Acetazolamide:

Nifedipine: No effect
Losartan: 4
Isoprenaline: A
Betaxolol: No effect
Levobunolol: No effect

FIGURE 2.27

Medications Il

Befunolol
Metipranolol:
Timolol:
Clonidine:
Dipivefrin:
Pilocarpine:

R

No effect

FIGURE 2.28

have been found to reduce fundus pulsation, the
meaning of these results with respect to blood flow or,
more importantly, retinal metabolism is unclear.

Pulsation has also been studied in relation to a
number of diseases and in relation to age (Figure 2.29).
Interestingly, pulsation increases in patients with diabetic
retinopathy. Alterations that occur in retinal vasculature
early in diabetic retinopathy include thickening of the
basement membrane, alterations in elastin, and reduced
collagen solubility. Each of these would tend toward less
pliable ocular vasculature, confounding the clinical
interpretation of altered fundus pulsation with regard to
altered blood flow.
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Health and Disease

Age:

Diabetic Retinopathy:
Hyperinsulinemia:
Peribulbar anesthesia:
Elevated IOP
Angiotensin Il

CcEed>>e

no effect

FIGURE 2.29
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FIGURE 2.30

The oculo-oscillodynamography (OODG) device is a
pneumotonometer that measures IOP in real time,
similar to the POBF device (Figure 2.30). The OODG
differs from the POBF in that it is used in combination
with a scleral suction cup. During the measurement, IOP
is increased. With sufficient 10P increases, flow ceases
within cach of the vascular beds within the globe
(Figure 2.31). When blood flow ceases within a vascular
bed, its contribution to the 10P waveform measured by
the pneumotonometer disappears. The OODG uses this
phenomenon to directly quantify the perfusion pressure
within the uveal and retinal beds.

Several of the glaucoma medications studied using
interferometry have also been studied with the OODG
(Figure 2.32). In several cases, the interferometer
identified reduced pulsation, but the OODG found no
change. This may suggest that interferometry is more
sensitive to small changes in ocular pulsation or that the
local ocular mechanisms controlling fundus pulsation
may differ from the systemic parameters that drive blood
into the eye in the face of increasing IOP. The effect of
intenal carotid stenosis has also been studied with
O0DG (Figure 2.33).

Measurement of Blood Flow section 2 25

FIGURE 2.31
Medications
Timolol: No effect
Betaxolol: No effect
Carteolol: Decrease
Pilocarpine: No effect
Acetazolamide: No effect
FIGURE 2.32

Health and Disease

Therapy normalizes reduced
OO0DG in carotid stenosis

OAG subjects have normal
ciliary perfusion pressure

FIGURE 2.33

Laser Devices

THE CANON LASER BLOOD FLOWMETER

The Canon Laser Blood Flowmeter (CLBF) (Canon
U.S.A., Inc. One Canon Plaza, Lake Success, NY. 11042)
is the only hemodynamic assessment device that can
measure volumetric blood flow in absolute units. The
CLBF is a Microsoft Windows®-based flowmeter that
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uses two lasers to simultancously measure blood
velocity and vessel diameter. Blood flow is calculated
from these two measurements (Figures 2.34 and 2.35).
Used in a manner similar to a fundus camera, the CLBF
provides an image of the fundus, from which the
technician can target a large retinal artery or vein. The
unit then performs measurements at the specified site.
The velocity measurement is based on the Doppler
principle. When a light wave of frequency f, is scattered
by a moving reflective source, the scattered wave has a
different frequency, f, (Figure 2.36). In the case of the
cye, moving blood cells are surrounded by stationary
tissue. Light scattered by the tissue is not Doppler
shifted and returns with the same frequency. Light
reflected by moving blood cells is Doppler shifted and

returns with a slightly altered frequency. Light from
these two reflective sources creates an interference
pattern (Figure 2.37). Unlike the stationary pattern
produced by two identical frequencies, the pattern
produced by Doppler-shifted and non-Doppler-shifted
light moves. The rate at which the interference pattern
moves through space is determined by the difference in
frequency of the two sources; a large difference in f,
and f, produces a fast moving pattern, and a small
difference in frequencies f, and f, produces a slow
moving pattern. If the moving nodes are observed by a
stationary detector, the resulting detector signal
fluctuates, forming a time-based sinusoidal signal
(Figure 2.38). In this simple example of two distinct
frequencies forming an interference pattern, the rate at
which the pattern passes the detector (the “beat”
frequency)—and therefore the frequency of the
resulting signal produced by the detector—is equal to
the frequency difference of shifted and nonshifted
frequencies (f;-f;) (Figure 2.39). This fact is used to
determine the various Doppler-shifted frequencies
contained in the interference pattern.

When the frequency of the Doppler shift is known,
the velocity of the moving reflective particle can be
calculated. The Doppler shift equation is presented in
Figure 2.40. The Doppler shift is equal to 2 times the
velocity of the reflective source (erythrocytes in the case
of blood flow) multiplied by the cosine of the angle
between the velocity and light vectors, all divided by
the wavelength of nonshifted light. With laser Doppler,
the wavelength of the incident beam is known, and the
Doppler shift is calculated by analyzing the beat
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frequency from the resulting interference pattern. The
missing piece of information is the angle between the
incident beam and the velocity vector of the moving
blood.

‘The CLBF uses an innovative solution that allows the
unit 1o deduce the orientation of the blood vessel under
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Interference frequency
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frequency
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FIGURE 2.40

investigation. Two parallel photomultiplier tubes are used
to sample Doppler-shifted light (Figure 2.41). Because the
magnitude of Doppler shift is a function of the angle
between the motion and observer (see Figure 2.40) and
the additional angle (alpha) between the reflective source
and two detectors is known (Figure 2.41), the detectors
observe two different levels of Doppler shifts. The ratio of
Doppler shifts observed is proportional to a combination
of the known and unknown angle (Figure 2.42). The
equation in Figure 2.42 can be solved for the angle, theta,
which is required for a calculation of absolute blood
velocity. In a complicated system (i.e., the real world), the
signal contains a large number of velocities. The CLBF
uses Doppler shifts to identify the fastest moving blood
particles and uses the fastest velocity to calculate the
average velocity.

Similar to a fundus camera, the CLBF has a chin rest
and forehead bar for the patient (Figure 2.43). The
height is adjusted so that the lateral canthus is
approximately level with an indicator line of the frame
of the headrest (Figure 2.44). Eye position is controlled
by manipulating a fixation target (Figure 2.45, the black
cross) within the unit. While the technician is preparing
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----------- Photomultiplier A

------------ Photomultiplier B

FIGURE 2.41

CLBF Bi-Directional Optics

Shift A _ CosO+&
Shift B = Cos9

FIGURE 2.42

FIGURE 2.43

1o acquire an image, the patient sees a fixation target
and a green laser line (used to measure vessel diameter)
on a yellow field.

The technician has an option of viewing the fundus
image on the computer monitor or through the
camera’s viewfinder (Figure 2.46). Patient compliance
is easily monitored, as the fixation target should be

FIGURE 2.44

FIGURE 2.45

centered on the macula if the patient is focusing on
the target. The CLBF software requires the user to enter
the correct eye for examination (Figure 2.47). By
sensing the camera position relative to the headrest,
the CLBF will not take an image in the wrong eye.
The software also requires the user to enter the
position of the area to be analyzed (superior, inferior,
temporal, etc.) and displays the location and orienta-
tion of the measurement bar (green laser line) relative
to the macula. By moving the fixation target, the vessel
of interest is positioned in the center of the image
(Figure 2.48).

Camera alignment and distance to the eye are
critical for an accurate measurement. To ensure proper
positioning, the CLBF displays two yellow flashing
triangles (Figure 2.49) on the image. The camera
position is gently adjusted on each axis (laterally,
superior/inferior, anterior/posterior) until the flashing
yellow triangles are in sharp focus and positioned at
each edge of the image. If there is difficulty in
obtaining a clear, sharp image, the Doppler data may
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exhibit noise and be of poor quality. The CLBF allows
the user to select a “high-intensity” laser setting for
patients with poor optics, such as would result from
cataract formation (Figure 2.50). After data has been
acquired, the Doppler waveforms appear in the top
right quadrant of the computer display (Figure 2.51). If
the quality of the data is acceptable, the waveforms
should resemble the cardiac cycle, and the quality
control indicator bar (seen between the Doppler

waveform and diameter display) should be in the
green area.

Each blood flow measurement requires two sets of
data. Once the data is acquired, blood flow and
velocity figures are calculated. These figures can be
displayed in tabular form along with vessel diameter
measurements and data quality scores (Figure 2.52).
From the table, both the waveform of any individual
measurement as well as the measured velocity at any
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selected point along that waveform, can be displayed
(Figure 2.53).

The CLBF is the only blood flow device currently
available that can calculate volumetric blood flow to the
retina. ‘The system is an improvement over older laser
technologies that could not track vessels or maintain the
Doppler sampling laser position automatically on the
center of the vessel. Furthermore, older versions of this
velocity and diameter measurement combination did not
allow simultaneous measurements; instead, they required
Doppler sampling with one device and diameter imaging
with another (Figure 2.54).

The CLBF has several weaknesses (Figure 2.55). The
biggest is an assumed relationship between the

FIGURE 2.48

FIGURE 2.50

maximum Doppler shift and the true average blood
velocity. In a turbulent flow system, the average velocity
is equal to the maximum velocity. In a laminar flow
system, the average velocity is half of the maximum.
The CLBF uses something in between these two values.
Although it may be a good assumption, it is still an
assumption and depends heavily on the measurement
location used. Areas with a high degree of tortuosity or
near branch points will tend to be more turbulent,
whereas vascular areas that are relatively linear and free
of branches will tend to be closer to laminar flow. No
single relationship exists between the maximum
velocity (measured by CLBF) and the average velocity
(used to calculate flow).
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Several validation studies have been performed on the
CLBF (Figures 2.56 and 2.57). When using a device in
clinical research, it is vital to first document the repro-
ducibility of the new measurement technique. Coefficients
of variation for CLBF data differed between users, ranging
between 16% and 22%—levels that are high but
acceptable for research when taken into account during
the design of a study. A second study compared CLBF flow
measurements in retinal arteries with the average flow

I SCHWARTZ RD1A 01

FIGURE 2.51

FIGURE 2.52

velocity measured in the central retinal artery by color
Doppler imaging (CDI). A significant correlation was
observed; low flow values measured in the retina by CLBF
corresponded with low velocities measured in the central
retinal artery by CDI. Even though the CLBF measure-
ments had both diameter and velocity components, the
agreement between the two devices tends to suggest that
the CLBF is sensitive to different levels of blood velocity as
measured by Doppler shifts in laser light.
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Pros Cons

Measures volumetric bloodflow Mean velocity is assumed to
Vessel tracking be 1.6 times the maximum
Simultaneous vessel diameter

and velocity measurements Flow is calculated,

not measured

FIGURE 2.54 FIGURE 2.55

- - - -
Validation 1 Validation 2
> ®
Observer 1 Observer 2 N
cov [ sD | RG cov [ sD RG ';;.; 81 )
Diameter| 533 | 2.75 | 1.18-1001 | 7.71 | 8.89 | 1.01-27.30 ] _
Velocity | 17.23/ 11.01 | 10.53-39.81 | 15.88 | 14.36 | 1.57- 45.04 o 7 P=0.009
Flow [21.41/1073| 80-39.36 | 15.97 | 18.17 | 0.01- 66.41 g 6 R%=0.48
CoV ~ mean coellicient of variation (%), .
SD - standard deviation (®e). RG = range (%0) é 51
O 41
5 b CLBF Flow
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FIGURE 2.56 FIGURE 2.57
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Angiography

FLUORESCEIN ANGIOGRAPHY

Scanning laser ophthalmoscopes are capable of a wide
range of imaging applications in ophthalmology (Figure
2.58 to 2.60). The Heidelberg retina angiography (HRA)
system is a digital imaging platform equipped with argon
and near infrared lasers (Figure 2.58). ‘The Rodenstock
scanning laser ophthalmoscope (SLO) is another imaging
device that produces images of the fundus (Figure 2.59).
Fquipped with argon, infrared, and helium-neon lasers
and many apertures and filters, the SLO has a large
number of imaging modes.

Both the MRA and SLO use a confocal optical system
(Figure 2.61). For each point of the image, light is
focused 10 a point on the fundus. Light reflected from
this point is quantified by a photodetector. Confocal
systems create sharp images by blocking scattered light
from the image (Figure 2.61). Only light from the point
of interest is focused to a point at the hole in the confocal

FIGURE 2.58

FIGURE 2.59

Measurement of Blood Flow section 2 33

aperture. After passing through the optics, scattered
light from adjacent reflective sources is blocked by the
confocal filter (Figure 2.62). Combined with excellent
aptics, the SLO produces incredibly clear images of the
fundus. In the 20° red-free image in Figure 2.63, the
texture of the nerve fiber layer is clearly visible. Figure
2.64 is an example of a 40° red-free fundus image from
a healthy volunteer.

The HRA and SLO are also used to quantify retinal
hemodynamics. By recording fluorescein and indocya-
nine green angiograms, both the SLO and HRA systems
provide valuable data on the movement of blood
through the retinal and choroidal vasculature; however,
measurement of volumetric blood flow by angiography
is currently impossible.

To perform SLO angiography, the patient is first seated
comfortably with the chin in the chin rest and forehead
against the bar (Figure 2.65). No fixation target is
provided during SLO angiography. The fellow eye gazes
into the frame of the SLO (Figure 2.66) while the eye
being examined looks into a field of light (Figure 2.67).

FIGURE 2.60
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FIGURE 2.61

DPugc quét bang CamScanner


https://v3.camscanner.com/user/download

34 section 2 Measurement of Blood Flow

N

Confocal
¥  Aperture

Photomultiplier
FIGURE 2.62

n('lnrm"lr- d
== B B

.Y

FIGURE 2.65

FIGURE 2.63

FIGURE 2.64

Because of the size of the instrument, alignment of the eye
must be accomplished by verbal commands to the
patient. The red-free image seen in Figure 2.63 was
obtained by asking the patient to look slightly nasally and

FIGURE 2.66

downwards. With no fixation target or precise eye
movements necessary for proper alignment, it is necessary
for patients to concentrate while keeping their head
motionless during the examination. In addition, patients
must make small precise adjustments in gaze, while
keeping their eyes wide open in the face of constant high
illumination and receiving injection of dye through an
antecubital vein. A cooperative patient is vital for the
production of high-quality angiography sequences.

To operate the SLO, the technician works through
a Microsoft Windows®-based interface (Figure 2.68)
program. The SLO program consists of a laser control
panel on the right of the screen (Figure 2.69) and an
image recorder window displayed in most of the screen
(Figure 2.70). If desired, the image quality can be
observed through a higher quality auxiliary monitor, as
seen in the center of the table in Figure 2.71. To the
right of the second video monitor is a Super VHS video
cassette recorder (VCR) and a time encoder with a
1/100 second resolution. In testament to its versatility,
the SLO provides several more video-output channels
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that are not used in the configuration in Figure 2.71, as
well as video-input channels. The video inputs allow
innovative experimentation, providing the user with
the ability to project video images directly onto the
retina while monitoring their position in the SLO
image. Projection of an image directly onto the retina
would allow the operator 1o visualize the area of the
retina reacting to light.

To perform fluorescein angiography (FA), a butterfly
needle is placed into an antecubital vein (Figure 2.72).

Measurement of Blood Flow section 2 35

.
o e Oomes B0

CHAMICELA FER 8EEE00 i-‘-’-lf;;- 5

Bve] BGAY preten  [[SetemiueT w0 T DRI o
FIGURE 2.70

FIGURE 2.71

FIGURE 2.72

Fluorescein dye, 5 cc, and a 10-cc saline flush are
connected to the needle through a stopcock (Figure 2.73).
Before injection of the dye, an angiography filter is placed
into position within the SLO. The filter blocks reflected
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laser light while allowing light emitted by the stimulated
dye to pass through to the SLO photodetector (Figure
2.74). A rapid injection of dye is immediately followed by
asaline flush. The filling phasc of a 40° angiogram is seen
in Figures 2.75 through 2.80.

An optical version of dye dilution analysis is
performed on the recorded angiogram. Dye dilution
experiments are designed 1o calculate total blood
volume. A known amount of a chemical marker is
injected into a vein, and the concentration of the dye in
an artery is monitored in real time. The first experi-
ments were accomplished in 1929, by performing a
series of blood draws, collecting one sample per second
into vials on a rotating drum (Figure 2.81). Analysis
was performed, and the concentrations of the marker
were graphed (Figure 2.82). With ophthalmic angiog-
raphy, the concentration of dye is represented by the
fluorescence level, that is, the brightness of the image.
Fluorescence is graphed against time to form a dye
dilution curve. Figure 2.83 shows two curves, each

FIGURE 2.73

Angiography
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FIGURE 2.74

consisting of optical samples obtained at two positions
on a retinal artery. The separation in time represents the
amount of time required for dye to travel from the first
to second position on the vessel. When this is
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FIGURE 2.75
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FIGURE 2.79

combined with a distance measurement (Figure 2.84),
a mean dye velocity can be calculated. If two curves are
obtained, one from an artery and the other from the
corresponding retinal vein (Figure 2.85), the difference
in time between the curves represents the amount of
time necessary for blood to travel through the retinal
vasculature in that quadrant. This is the arteriovenous
passage (AVP) time.

To produce dye dilution curves, it is necessary to
optically sample the brightness at the center of the
vessels recorded on the video. Analysis is performed on
a Mac G4 computer equipped with a scientific frame
grabber and custom written software, and a Super VHS
VCR (Figure 2.86). After the filling segment of the FA is
digitized, the brightness of an artery and vein pair in each
frame is sampled. This is done by manually placing a
5 x 5 pixel sample window on the center of the vessel in
every frame of the dye arrival video and then calculating
the average value of the pixels contained within (Figure
2.87). The image is magnified to ensure placement within
the vessel boundaries and to avoid including the
surrounding tissue (Figure 2.88). If a good deal of eye

FIGURE 2.80

FIGURE 2.81
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FIGURE 2.82

movement occurs during the filling phase, image
magnification must be limited to ensure that the
measurement area remains within the window after
saccades. If the eye remains stationary during dye filling, a
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FIGURE 2.84

high magnification may be used (Figures 2.88, 2.89).
Note that the 5 x 5 pixel sample area nearly fills the vessel
(Figure 2.90). There is only a 1 or 2 pixel window of error
for sample placement before the sample begins to include
the surrounding tissue in the measurement (Figure 2.91).
In the case of the vein, the box is placed near the edge
of the vessel. This ensures that the sample contains both
blood and dye from the center of the vein, representing
dye returning from the peripheral retina, as well as blood
near the edge of the vein, representing dye returning
from capillaries near the disc. If the sample were limited
to the 2 or 3 square pixels near the edge of the vein,
where dye first appears, the AVP time would be close to
zero. Further, measurement of the first appearance in
the periphery of the vein would limit the measurement
to peripapillary circulation.

The dye dilution plots represent the brightness in the
vessel, as well as some degree of noise (Figure 2.92). A
statistical method is used to determine objectively the
precise frame of dye arrival. The yellow line in Figure
2.93 represents the upper limit of a 95% confidence
interval calculated from the baseline artery brightness
levels. When two of three frames contain fluorescence
levels above the 95% confidence interval, the first of
those frames is identified as the dye arrival frame. A
similar limit is calculated for the vein. This analysis

FIGURE 2.85

FIGURE 2.86

FIGURE 2.87

procedure is performed for the temporal superior and
inferior artery and vein pairs (Figure 2.94).

The greatest advantage of dye dilution analysis over
other techniques is that it has proven to be sensitive to
small changes in retinal hemodynamics. The average
number of frames between arterial and venous dye
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arrival is approximately 45 to 50 frames. A change of 10
frames, which represents only a quarter of a second,
may be enough to reach statistical significance in a
study. In addition, dye dilution analysis technique has
the advantage of being sensitive to regional changes in
retinal blood flow, as the procedure is performed on
both the inferior and superior artery and vein pairs
(Figure 2.95).

The greatest disadvantage of FA AVP time analysis is
that it produces a measurement in seconds. Flow is
measured in units of milliliters per gram of tissue per
second. The amount of time required for blood 1o
traverse the retinal vasculature may indicate some
clinically relevant information concerning retinal blood
flow, but this is far from the metabolic information
desired. Analyzing changes in AVP time with disease may
provide the most clinically relevant data. However, the
magnitude of improvement in AVP time necessary to

Pros

- High resolution

- Large field (40 degree)

- Measurement of visible dye
Movement

- Measurement of vessel
Diameter

FIGURE 2.95

Cons

- Relatively invasive

- Pupil dilatation

- Sensitive to dye injection technique
- Analysis difficult and long (40 min)

FIGURE 2.96

induce significant improvements in retinal metabolism is
unknown (Figure 2.96). Other disadvantages of the
technique include its invasive nature, specifically the need
for pupil dilation, and the injection of dye. Clearance of
dye limits the design of clinical experiments, eliminating
the use of rapidly repeated examinations.
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Reproducibility data and normative data are presented
in Figures 2.97 and 2.98, respectively (Wolf, Arend,
Reim, 1994). The figures represent AVP time analysis
before the recent additions of time-based correction
and frame deinterlacing into the analysis procedure.
In a different series of experiments, scleral suction was
used to increase 10OP. AVP and arm-to-retina times were
found 10 be correspondingly increased (Schulte, Wolf,
Arend, 1996) (Figure 2.99). Arm-to-retina time is defined
by the amount of time from injection of the dye to the
first appearance of dye in the eye.

Reproducibility

Arteriovenous

Passage time: 15%

Capillary Transit

Velocity: 18%
FIGURE 2.97

Health and Disease

Normal AVP:

1.58+.4 sec.

Normal arterial
dye velocity: 6.67+1.6mm/s

Capillary transit
velocity: 2.89+.4 sec.

FIGURE 2.98

Health & Disease Il

IOP* > ART & AVP 4
mac. CTV < PP CTV
AVP4, MDV ¥
AVP+4
CTVY

Normal:
Normal:
POAG:
Diabetic Ret:
Cystoid mac. edema:

FIGURE 2.99
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FA studies have also compared eyes affected by disease
with healthy eyes. In healthy eyes, the velocity of blood
in the peripapillary capillaries was greater than the
velocity of blood in the perimacular capillaries. This
may possibly be due to higher arterial pressure in the
vessels near the disc as opposed to those in the periph-
eral retina. This difference was not observed in the eyes
of patients with normal tension glaucoma (NTG) (Figure
2.100). Patients with NTG also presented with AVDP
times slower than normal. The effect of various medica-
tions on AVP time has also been studied (Figure 2.101).

Health & Disease Il

NTG: mac. CTV = PP CTV

NTG: Carotid to Retina time %

NTG: Avp 1
NTG w/ hemifield: VF { AVP 4
FIGURE 2.100
Medications

Normal: Dorzolamide AVP |
Normal: Dorzolamide Cap. Vel. 4
NTG: Betaxolol AVP -

NTG: Dorzolamide 1

FIGURE 2.101

SLO Resolution

- GRDC 40 degree pixel
size: 11.6 x 13.25 micrometers

- GRDC 20 degree pixel
size: 11.6 x 13.25 micrometers

- Capillary Velocity= time/distance

FIGURE 2.102
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Exact pixel size may vary between machines, depend-
ing on performance of the rotating mirror. For example,
the SLO at Indiana University has been calibrated by
imaging a target with known dimensions. The pixel
resolution was found to be 11.6 x 13.25 p per pixel at
40°. By converting distance measurements on SLO
images from pixels to micrometers, large vessel diameter
and blood velocity measurements can be computed
(Figure 2.102). In Figures 2.103 and 2.104, the macula is
imaged at 20° while a bolus of dye travels through a
perimacular capillary. The movement of individual dye
particles is often observed in 20° perimacular and peri-
papillary fluorescein  angiograms. The frame-to-frame
distance can be measured in pixels and converted to
micrometers for an absolute distance. The frame rate can
be converted to a time measurement between frames;
however, use of the encoded time signal to read the time
difference between frames is more reliable.

As explained earlier, the CLBF uses Doppler shifts to
measure velocity. Those velocities correlate significantly
to blood velocity in the central retinal artery as meas-
ured by CDI. However, further validation of the CLBF's
ability 1o accurately translate measurements of Doppler
shift into velocity is difficult without a microscope flow

FIGURE 2.103

FIGURE 2.104

phantom and accurate low-flow pump. FA measure.
ments of capillary velocity have the distinct advantage
of measuring visible events, that is, the movement of
dye. In addition, unlike dilution curve analysis, minimal
software is required. Only one distance measuremen
necessary, and this may be accomplished by many
commercially available software packages. Ideally, if a
perfect frame grabber existed, AVP time could be
calculated by counting frames. In reality, a video timer
with high temporal resolution is used when recording
the angiogram, and AVP times are read from sequential
frames (Figure 2.105).

In reality, producing clear, sharp images of the perima-
cular capillary beds is difficult. In healthy individuals,
angiograms of sufficient quality may be obtained in
approximately 75% of the participants in a study. In
patients with NTG, the figure drops to approximately
50% and is near zero in elderly patients with age-related
macular degeneration (AMD), even with minimal con-
cealment of the vessels by the disease process. Therefore
capillary velocity measurements are difficult to use in
glaucoma studies and nearly impossible to use in AMD
studies (Figure 2.106).

Conversion of pixels to micrometers is useful in area
measurements, as well as those of distance. In the case
of avascular zones, accurate measurements require clear
visibility of all capillaries in the perimacular region. In

Pros

- Direct measurement of visible
movement of dye

- Minimal analysis software
necessary

FIGURE 2.105

Cons

- Difficult to obtain adequate
image quality in glaucoma
subjects

- Nearly impossible in AMD
subjects

FIGURE 2.106
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such a vidco frame, the foveal avascular zone can be
traced manually. This ability requires software that
allows such image analysis; a large, high-quality
computer monitor; and a steady hand on the mouse. If
a large amount of computer tracing work is anticipated,
a computer graphics pad is superior to a mouse and is
worth the investment. Previous studies have found that
the size of the foveal avascular zone is increased in
patients with diabetic retinopathy and acquired
immunodeficiency syndrome (Figure 2.107).

The HRA (HRA, Heidelberg Engineering, GmbH,
Heidelberg Germany) system is a completely digital
SLO that also can produce fundus angiograms. Instead
of recording a video sequence onto a Super VHS tape,
cach frame of it is stored individually on the HRA hard
drive. The number of frames that can be acquired is
limited by the memory of the HRA computer. The total
length of any individual segment is therefore limited to
a short amount of time (1 to 2 minutes at full frame
rates) before recording must stop and frames are saved
to the hard drive (Figure 2.108).

The HRA requires less skill on the patient’s part than
SLO. The examined eye gazes into the camera.
However, unlike the Rodenstock SLO, the HRA can be

Health and Disease

- Foveal avascular zone size is
increased in AIDS, and
diabetic retinopathy (dr)
patients

- Capillary blood velocity is
reduced in dr

FIGURE 2.107

o iR

FIGURE 2.108
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moved to locate and frame the desired anatomy. The
patient is instructed to focus on a distant stationary
target with the fellow eye, and the HRA camera head is
positioned (o frame the area of interest on the fundus
(Figure 2.109). The levels of laser light intensities are
similar in the SLO and HRA.

The HRA is more sensitive to small head movements
than the SLO. While undergoing SLO, a patient could
drift away from the headrest without the technician
being aware. This slight movement makes it challenging
for the technician to center and focus the image, but it
can occur without a noticeable change in image quality.
Should the patient’s head drift away from the forehead
bar while undergoing HRA, the near complete loss of
the image is immediately evident (Figure 2.110).

AL 20 frames per second, 1,200 images are generated
cach minute. Each image contains 65,536 individual
pixels, each representing the fluorescence detected at a
30 x 30 pm area of the fundus (Figure 2.111). At its
highest frame rate, a 1-minute angiogram segment

!

i

FIGURE 2.109

FIGURE 2.110
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FIGURE 2.111

requires 75 MB of hard drive space for storage. Of course,
th¢ machine must also have 75MB of available RAM to
cven record such a sequence (Figure 2.112).

Backing up data is crucial in a busy clinic; without
diligent backup, the computer hard drive memory will
be used up very quickly. Consider the filling phase of
an FA and the filling phasc of an 1CG angiogram. Assume
that only the first minute is necessary 10 capture dye
entering the eye. This would produce two 1-minute
segments. Ina busy research clinig, it is easily possible
1o perform ten examinations in a day. The total data
eencrated (remember just the filling phase) would be
1.5 GB. Untl recently, that would have been oo much
data for a single hard drive. Personal computer (PC)
technology is only now catching up to the space demands
of digital imaging systems (Figure 2.113).

Ihe greatest advantage of the HRA is that the images
produced are digital. Rodenstock SLO data begins as a
voltage level that is digitized within the SLO imaging
swstem. ‘This digital level is converted back to analog to
form the video signal out of the machine. The signal is
stored inanalog format on the S-VHS tape and converted
back 1o digital by a frame grabber for analysis. In each of
these steps, a small amount of signal degradation occurs.
In the case of HRA, no digitization is required for com-
puter analysis of angiograms. Images are, and remain
in, their original state (Figure 2.114).

As opposed to the SLO, HRA has several disadvan-
tages. HRA images are of a lower spatial and temporal
resolution than SLO images. SLO produces a video
signal using National Television Standards Committee
(NTSC) standard, used in the United States, and Phase
Alternating Line (PAL), standard in most of the rest

FIGURE 2.112

FIGURE 2.113

of the known world. The conventional NTSC standard
image contains 525 X 427 pixels, as opposed to the
256 % 256 pixel 20 frame per second (fps), or 512 x 512
pixel 10 fps HRA image sequence. Further, the NTSC
standard video signal displays images at 30 per second,
and the maximum HRA temporal resolution is 20
frames per second. Of course, at maximum resolution,
the HRA cannot record long segments of digital video
(Figure 2.115). The other disadvantage of the HRA is its
sensitivity to small head movements, making patient
compliance vital.
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Pros

- Digital system preserves
image quality

- No data loss during
digitization for analysis

FIGURE 2.114

Cons

- Lower resolution than
Rodenstock SLO 256 x 256
pixels

- Small head or eye movements
destroy the image

FIGURE 2.115

TN

FIGURE 2.116

INDOCYANINE ANGIOGRAPHY FOR ANALYSIS OF
CHOROIDAL HEMODYNAMICS

Indocyanine green (ICG) angiography can be performed
on either a Rodenstock SLO 101 (Figure 2.116) or the
HRA digital SLO. To quantify the ICG angiogram, the
Glaucoma Research and Diagnostic Center (GRDC) uses
a small injection of high-concentration ICG dye. One
cubic centimeter of solution contains the same 12.5 mg
of dye used in the standard clinical dosage (Figure 2.117).
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Clinical ICG Preparation
|
Fe

|

10cc 25mg
solvent ICG

GRDC ICG Preparation N

2 x 5¢cc
injections

+ | —

— 2
2ccsolvent oG 2 x 1cc injections

FIGURE 2.117

FIGURE 2.118

This concentration allows rapid injection of a small bolus
of dye. Previous work using the standard 5-cc injection
produced prolonged dye filling curves with indistinct
features. The smaller 1-cc bolus contains the same
amount of fluorescent material; however, the smaller
volume facilitates rapid entrance into and clearance from
the eye (Figure 2.118). To graph angiogram intensity, it is
also important that the image never saturate, that is, the
amount of fluorescent light does not exceed the
sensitivity of the instrument’s photodetector. The GRDC
therefore uses laser and photodetector sensitivity settings
that result in darker images than those obtained in the
normal clinical examination.

The series of Figures 2.119 through 2.124 shows the
filling and clearance of ICG in an SLO angiogram. This
image series was obtained on a Rodenstock SLO 101. In
Figure 2.119, dye is just beginning to arrive in the
fundus. Note that dye arrival is more rapid in the
perimacular region, and the peripapillary area remains
relatively dark (Figure 2.120). This difference in areas
becomes more evident, and quantifiable, when area
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FIGURE 2.119

FIGURE 2.120

dilution analysis is performed. To quantify this video
series, fluorescence levels in four areas surrounding
the macula and two areas temporal to the disc are
graphed. The high level of brightness in the macular
region is due, in part, to the higher density of large
choroidal arteries in the area (Figure 2.121). Maximum
brightness is observed as the dye is distributed through-
out the choroidal arteries and veins (Figure 2.122)
before large amounts of dye have cleared from the
choroid (Figure 2.123). The dye leaves the eye through
the choroidal venous system (Figure 2.124).

The same examination may be performed by HRA.
The HRA control panel (Figure 2.125) differs from that
of the HRF and HRT in appearance. The control panel
can be used to adjust laser intensity, gain the field of
view, and focus the image. As with HRA FA, the same
difficulties in sensitivity to movement are encountered
with ICG image acquisition (Figure 2.126).

Figures 2.127 through 2.132 present a series of ICG
angiogram frames obtained on the HRA. As with FA, HRA

FIGURE 2.121

[ T

FIGURE 2.122

FIGURE 2.123

provides a lower resolution image, only 256 x 256 pixels
compared with the 525 x 427 pixels of the NTSC video
signal and the 640 x 480 pixels produced by the frame
grabber. HRA does produce sharper images of the fundus,
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FIGURE 2.124

FIGURE 2.125

FIGURE 2.126

and these images are collected and stored in a digital
format, making them immune to data degradation
associated with aging videotape. Again, because of the
large amount of data produced by a digital angiogram,
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FIGURE 2.127

FIGURE 2.128

HRA data must be archived frequently, which is not a
problem encountered with S-VHS video recording of SLO
angiograms.

To demonstrate the creation of a dye dilution curve,
the average brightness in an arbitrary area of interest
will be graphed from each of the video frames in
Figures 2.127 through 2.132. The graphs are displayed
in Figures 2.133 through 2.138. The fluorescence level
within a superior temporal peripapillary sample
window that is positioned on the first frame is
measured and graphed. With repeated sampling of a
single tissue location within frames throughout the
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FIGURE 2.129

FIGURE 2.130

filling cvele, a dve dilution curve is constructed. As data
accumulates, the characteristic filling curve becomes
evident. In this sequence, the fourth measurement
(Figure 2.136) in this dilution curve confirms that dye
clearance is undenway. Despite the apparent darkness of
the mimage, the fluorescence level remains well above
the predye baseline level as dye begins 1o recirculate
(Figure 2.138). These six graphs represent only 2% of
the towal data contained in just one dilution graph. To
calculate the parameters used in area dilution analysis,
this sampling and graphing process is performed 1,800
umes. Figure 2.139 maps the six areas from which

FIGURE 2.131

FIGURE 2.132

dye dilution graphs are constructed: four surrounding
the macula (B, C, E, and F), and two near the disc (A
and D).

The dilution curves are first analyzed individually, and
then comparisons of several parameters are made
between curves (Figure 2.140). The filling slope, repre-
senting the rate of dye filling, is calculated for each curve
independently (Figure 2.141). The 10% time describes
the dye arrival times at the various areas measured. It is
defined as the amount of time between dye injection and
the achievement of 10% of total brightness above
baseline (Figure 2.142). The 63% filling time is
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FIGURE 2.133

FIGURE 2.134

influenced by both dye arrival and the filling rate of the
different areas. Dye duration in the choroid is quantified
by measuring the width of the curves and represents
the amount of time that dye lingers in the choroid
(Figure 2.143). Faster flow rates will have smaller dye
duration times. The difference between macular and
peripapillary 10% times can be used to quantify the
rate of dye passage through the choroidal vasculature
(Figures 2.144, 2.145). Similarly, the difference in
macular and peripapillary maximum brightness level
quantifies the difference in vascular density between the
two regions (Figure 2.146).
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FIGURE 2.136

The greatest advantage of ICG angiography is that
data is gained directly from the choroidal vasculature.
Furthermore, regional information comparing one area
to another is produced (Figure 2.147). Parametric
analysis of the angiograms requires an expensive digital
video analysis system, customized software, and approxi-
mately 45 minutes per data point (Figure 2.148). This
technique is by no means practical in a clinical environ-
ment; however, useful knowledge of multiple diseases,
such as glaucoma and AMD, is being gained through
digital analysis of ICG SLO angiograms in an academic
research setting. The use of ICG angiography could also
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FIGURE 2.137

FIGURE 2.138

be extended to provide information on arteritic and non-
arteritic anterior optic neuropathies amongst other
conditions.

Reproducibility of the technique varies between
parameters. However, with a coefficient of variation of
approximately 18% for most, this variability has been
found to be acceptable (Figure 2.149). Subjects with
NTG have greater delays in peripapillary choroidal
filling compared with age-matched controls. This
may suggest sluggish movement of dye through the

FIGURE 2.139
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FIGURE 2.140

choroidal vasculature of NTG subjects. AMD subjects
present with delayed 10% and 63% macular choroidal
filling times compared with age-matched controls
(Figure 2.150). Validation is important with any new
analysis technique. Figure 2.151 shows the correlation
of filling delays observed in the choroid by area
dilution analysis and resistance to flow in the choroid
as measured in the nasal posterior ciliary arteries. As
choroidal resistance to flow increases, the delay in
peripapillary filling, shown by slow movement of dye
across the choroid, is increased (Figure 2.151). Further
validation is required; however, early data obtained
from the choroid agrees with other measurements
obtained f{rom the surrounding vasculature.
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FIGURE 2.141

10% Filling

10% Above Baseline
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FIGURE 2.142

Dye Duration

70% Above B_a_seline
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FIGURE 2.143
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1 25 49 73 97 121 145 169 1983 217

FIGURE 2.144
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Choroidal Dye _
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FIGURE 2.145
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FIGURE 2.146
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Pros

- Visible individual choroidal
vessel

- Hemodynamic data in
addition to morphological
information

FIGURE 2.147

Cons

- Relatively invasive pupil dilation

- Sensitive to dye injection
technique

- Fast & precise alignment
program is required

- Analysis is difficult and time
Consuming (40 min.).

r= 0,757, p=0,00]
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Peripapillaky

.6 .65 7 75 .8

NasallPCA Resistance

FIGURE 2.148 FIGURE 2.151

Laser Doppler Flowmetry

cons LASER DOPPLER FLOWMETER
. ) i L The Laser Doppler Flowmeter (LDF) (Oculix LDF
- Relatively invasive pupil dilation Philadelphia, PA. USA) is a laser Doppler device
- Sensitive to dye injection conf;isting of a modified fundus camera and computer.
technique Unlike the CLBE the LDF is not designed to examine

velocity in large vessels, but volumetric flow in the

- Fast & precise alignment capillary beds of retinal tissue. Although no longer

program is required commercially available, the device is well represented
- Analysis is difficult and time o i‘el “‘Edlca; literature (Figure 2.152).
. . aser is focused ont < i :
Consuming (40 min.). nto a 50-pm diameter circular

area of the fundus. Research published in the American
Journal of Ophthalmalogy found that the flow measure-
ment could not distinguish retinal or choroidal sources
of Doppler shifts (Petrig BL, Riva CE, Heyreh SS, 1999)

FIGURE 2.149
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FIGURE 2.152

FIGURE 2.153

FIGURE 2.154

Therefore LDF is now primarily used to measure
choroidal blood flow in the foveal avascular zone
(Figure 2.153). Although the measurement of choroidal
flow within the avascular perimacular region may consist

Measurement of Blood Flow saction 2 53

FIGURE 2.155

FIGURE 2.156

primarily of Doppler shilts originating in the choroidal
vasculature, the measured tissue area represents only a
minute percentage of the entire choroid.

A photodetector collects scattered light from a 150-pm
circular area of the fundus surrounding the laser spot
(Figure 2.154). By including an area larger than the
incident beam, laser light can scatter deeply into the
tissue being measured. In general, the greater the sepa-
ration between the incident beam and the detector, the
deeper the sources of Doppler shifts within the tissue.

The photodetector will receive Doppler-shifted light
as well as non-Doppler-shifted light (Figure 2.155).

These multiple frequencies interfere with each other,

forming a drifting pattern of nodes as seen with the laser
Doppler velocimeter and Canon Laser Blood Flowmeter
(Figure 2.156). As with the other laser Doppler
technologies, the photodetector in the LDF analyzes the
beat frequency of the interference pattern.
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Pros

- Volumetric flow measurement

- Signal from capillary beds

FIGURE 2.157

Cons

- 50 micrometer laser spot
can hit or miss hidden
choroidal vessels.

- Unknown retinal contribution
away from macula.

- Flow in arbitrary units.

FIGURE 2.158

The LDF has the advantage of producing localized
volumetric flow measurements from capillary beds
within the fundus (Figure 2.157). In its day, it was a
state-of-the-art hemodynamic analysis device.

The disadvantages of the LDF are plentiful. The main
onc is that meaningful data is limited to choroidal
measurements obtained only through the foveal
avascular window. Measurements obtained anywhere
clse in the fundus would include some unknown blend
of retinal and choroidal blood flow (Figure 2.158). The
ratio of choroidal to retinal blood flow varies with
location and is unknown. Because the optical system is
not confocal, and, therefore, is not retrieving data from
a specific planar depth (as is done in SLO), separating
data from multple layers of tissue cannot be done.
Consequently, it can be argued that flow data from
vascular beds deep to the retina, such as the choroid,
are inherently present in every LDF reading.

The LDF acquires the least reproducible blood flow
measurements of any technique currently described in
the literature (Figure 2.159). LDF has found peri-
papillary rim flow to be lower in the temporal than the
nasal rim. It has also been used to show that blood
flow is maintained through slow changes in 10P;
however, rapid changes in IOP reduce blood flow
(Figure 2.160).

Reproducibility

- Intrasession SD flow: 24%

- Intersession SD flow: 32%

FIGURE 2.159

Cons

- Nasal peripapillary rim blood
flow is greater than temporal
peripapillary blood flow

- Blood flow remains constant
through slow changes in 10P,
but not through rapid changes

FIGURE 2.160

FIGURE 2.161

HEIDELBERG RETINA FLOWMETER

The Heidelberg Retina Flowmeter (HRF) (HRE Heidelberg
Engineering, GmbH, Heidelberg Germany) is a confocal
scanning version of the LDE The system consists of a
camera head and a computer system (Figure 2.161).
Unlike the stationary laser point of the LDF and CLBE the
HREF laser quickly scans the fundus (Figure 2.162). Each
scan line is divided into 256 individual points (Figure
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FIGURE 2.164

2.163). Doppler shifts from each point are considered
independently (Figure 2.164). Scattered light from each
point is quantified as with LDF; however, only scattered
light from the point of illumination is analyzed by the
HRE Because separation of the incident beam and
detection point, as used in the LDF (see Figure 2.154),
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FIGURE 2.166

increases penetration of the measurement, HRF measure-
ments tend to be concentrated on surface vasculature. In
addition, the system is confocal, with a focal plane
thickness of 400 pm, further eliminating the contribution
of deeper tissue to the measurement.

As the HRF laser repeatedly sweeps the fundus, every
point on the scanned line is measured once per scan. The
effect is similar to the rotating beacon at an airport. The
light is on continuously, but a motionless observer sees
the light only briefly once per cycle. Every point is illu-
minated and sampled 128 times at a frequency of 4,000
hertz. The sampling rate limits the beat frequency that the
technique can detect. The black lines in Figure 2.165
represent the moment when the two waveforms are
sampled. The black dots are the measurements. One of
the waveforms has a very high frequency relative to the
sampling rate. When the samples are isolated and waves
are reconstructed to fit the samples, the faster original
wave is misrepresented by the reconstruction (Figure
2.166). Notice that the “very fast” wave is grossly distorted
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Nyquest and HRF

4000 Hertz sampling rate:

2000 Hertz Maximum
detectable Doppler Shift

FIGURE 2.167

Nyquest and HRF

2x vBIood

780 nm.

2000 Hz =

Maximum blood
velocity: 0.78 mm/sec

FIGURE 2.168

after reconstruction based on the samples. This is because
the sample rate was 0o slow to obtain an accurate
description of the fast wave.

As determined by an engineer named Nyquest, the
digital samples must be obtained at least twice per wave
to reconstruct adequately the wave from the samples
(Figure 2.167). With HRF samples at 4,000 hertz, the
“Nyquest {requency,” or maximum measurable wave,
for the HRE is 2,000 hertz. Inserting the maximum
detectable Doppler shift frequency of 2,000 hertz into
the Doppler equation, we see that the maximum
velocity that the HRF can measure accurately is 0.78
mm/sec (Figure 2.168). FA has measured blood
velocities  within  the perimacular capillaries at
approximately 3 mm/sec. Notice that the cosine term
has been disregarded in the calculation. The relative
angle between the incident beam and velocity vector
may allow the HRF to accurately detect change in
retinal capillaries despite the limitation of the Nyquest
frequency.

The database associates image data with patient
information (Figure 2.173), Because the HRF software
does not have a feawure that backs up the database, it is
vital to back up the database frequently. However, the
file containing the image contains no patient demo-
graphic data. The file name of the image, which contains
a reference to the database number, is the only link to

— IR
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FIGURE 2.169

FIGURE 2.170

all of the demographic information that gives the image
its meaning. The user is responsible for using the oper-
ating system software of the HRF computer to copy the
database to a backup device.

Use of the HRF is very similar to that of the HRA. The
patient’s head is held comfortably in the chin rest and
against a forehead bar (Figure 2.169). Looking into the
HRF camera, the patient sees the red light of the near-
infrared laser (Figure 2.170). The patient’s fellow eye
focuses on a distant target to avoid eye movement (note
the eye chart on the far wall in Figure 2.161). The
technician cannot see the laser spot on the patient’s eye
and therefore must adjust the camera position to align it
with the eye while observing the image on the computer
monitor. The optimal distance between the camera and
eye is approximately 15 mm (Figure 2.171), and extreme
care must be taken when working this closely to avoid
contact with the eye.

The control box is used to set sensitivity (or gain),
scan size, and focus (Figure 2.172). The gain setting is
determined visually by the color content of the image,
which should contain no white pixels.

—
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FIGURE 2.171
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FIGURE 2.172

After a scan is complete, all raw data is displayed. Each
line is scanned 128 times, and each reflectance scan is
stacked. The upper left portion of the image in Figure
2.174 is the data obtained from a single scan line of the
retina. Reflected light from each of the 128 scans is
presented, resulting in an image that appears as vertical
bars. The x-axis of the image contains data from a single
line, and each line on the y-axis is a separate scan. After
the frequency content of each point is determined by a
Fourier transformation, it is displayed as Doppler shift
intensity (Figure 2.175). The top image in the series is
reflected light. The other images are representations of
Doppler shifts. Just as Doppler weather radar can map a
storm system by plotting air movement without ever
“seeing” the clouds, the HRF can map blood flow
without actually seeing or displaying blood vessels.
Rather, it creates an image based on the differences in
Doppler shifts between stationary points such as cells
that make up blood vessels and dynamic points such as
moving red blood cells.
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Use of a 40 x 40 sample box is a quick, convenient
way to quantify image brightness in areas that are being
considered for flow analysis. In the area of interest in
Figure 2.176, the peripapillary retina, the image has an
average brightness of 178 on a scale from 0 to 255.
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Brightness below 70 and above 200 on the scale renders
the image unsuitable for analysis. However, the overall
quality of the image is still important because overly
bright arcas can affect measurements across the whole
image. In order to visualize the vessels within the HRF
flow map, contrast may be adjusted. When considering
areas to be analyzed for flow, the HRF also provides
contrast and brightness adjustments that can be useful
in identifying capillary beds. In Figure 2.177, both the
brightness and contrast have been increased to better
visualize of the capillaries present in the image. In
Figure 2.178, all Doppler maps have been enhanced to
increase visualization of the capillaries. This manipu-
lation of the image appearance does not affect any
measurement.

Description of HRF blood flow measurements is
not a trivial topic. Previously in this section, blood
flow has been described as being measured in milliliters
per minute per gram. This standard is sufficient when
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considering quantities of tissue that contain more than
one capillary. HRF measurements contain volumes of
tissue smaller than anything previously considered. The
individual flow measurements may be completely filled
with a capillary or may contain tissue in between capil-
laries, which is devoid of vessels. The measurement of
flow in tissue between capillaries is zero. If this is the
case, then the classic definition of flow loses meaning.
If all individual flow measurements from the peripap-
illary retina are displayed on a histogram (Figure 2.179),
two properties of retinal blood flow distribution become
apparent:

1. Flow values within the tissue are not normally

distributed.
2. A large number of pixels have a flow measurement
of "0.”

These zero-flow pixels may represent areas of tissue
located between capillaries. In Figure 2.180, at higher
magnification the measurement of zero-flow black
pixels in the space between capillaries can be seen. The
percentage of total pixels with values of zero is recorded
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FIGURE 2.180

and used to represent vascular density. Should capillaries
be recruited in response to increased metabolic demand,
the percentage of zeros would decrease.

Removing the zeros from the histogram, the
remaining data is skewed to the right (Figure 2.181).
Descriptive statistics assume a normal distribution, and
therefore the use of average and standard deviation
values to describe the HRF data set is inaccurate. A
cumulative percentage curve identifies the rate at which
flow measurements accumulate within the histogram.
Using this curve as a “look-up” tool, various landmarks
on the distribution can be identified (Figure 2.182). The
GRDC uses the 10th, 25th, 50th, 75th, and 90th
percentile values 1o describe the distribution of HRF flow
data (Figure 2.183). Using this technique of individual
point-by-point analysis (pointwise analysis), HRF images
from eyes with retinal ganglion cell loss have been

' " l||| - _I...I,, I.‘_lr.,,.-,r-j.-ﬁ_-—g,.-., P e —
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studied. These eyes present with increased zeros but also
feature higher extreme flow values. These may represent
a higher choroidal contribution to the signal detected by
HRF (Figure 2.184).

An automated software package currently available for
the HRF (Scanning Laser Doppler Flowmetry) averages
all measurements with its surrounding flow measure-
ments before analyzing the data set (Figure 2.185). It
provides automated measurements of the average
distance between capillaries (Figure 2.186). Unfortunately,
after smoothing the data, capillaries are no longer evident
in the image. 1o its credit, the software allows the user to
identify the disc margin and disc orientation, after which
it will provide data from various structures on and
around the disc (Figure 2.187). Further, it provides a 95%
confidence interval based on normative data and plots
the current HRF flow distribution within that confidence
interval (Figure 2.188). Note the distortion of the HRF
data set that occurs when the data is first smoothed
(Figure 2.189). The characteristics of flow in the retina
are lost. Comparison of the distribution in Figure 2.190
and the distribution of raw HRF values in Figure 2.193
shows the two prominent features of the distribution of
HRF flow measurements are eliminated. Despite the fact
that data smoothing eliminates zeros (unless you happen
to have a 5 x 5 block of data entirely composed of zeros,
in which case the single pixel in the center would retain
its original value), the SLDF flow package also is said to
provide a measurement of the average distance between
capillaries (Figure 2.191). This presents an impressive
challenge because smoothing obscured the vessels before
these distance measurements were performed. In this
magnified view of an image before and after smoothing,
the disappearance of distinct capillaries within the image
as a result of smoothing is unmistakable (Figure 2.192).
The effect of smoothing on the distribution is also

FIGURE 2.181
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conspicuous. In Figure 2.193, individual flow values are
once again presented before and after the sweeping 5 x 5
pixel average smoothing process has occurred. Data
averaging (smoothing) unmistakably distorts HRF data.
If it were not for this error in analysis, the SLDF software
would provide an excellent solution to the problem of
HRF data analysis.

To its advantage, the HRF measures volumetric flow,
although in arbitrary units. Further, the HRF represents
an important advance in hemodynamic analysis. With
subcapillary resolution, the device has forced us to
reconsider how we approach the description of blood
flow. Although the exact meaning of HRF blood flow
measurements remains unclear, studies with in vitro
models have shown that the HRF is sensitive to small
changes in blood flow (Figure 2.194).

The greatest disadvantage of the HRF is that flow
measurements are in arbitrary units. The gold standard of
milliliters per minute per gram has not been met, and it
is unlikely that the current instrument will ever produce
absolute measurements of blood flow. In studies with an
in vitro model and a follow-up study in humans, the
instrument was shown to be susceptible to errors caused
by improper sensitivity settings (Figure 2.195). Both the
LDF and HRF have identified reduced blood flow in
subjects with glaucoma compared with healthy control
subjects. HRF has also quantified reduced vascular
density in glaucomatous eyes (Figure 2.196).
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Color Doppler Imaging

The imaging methods discussed up to this point have
focused primarily on devices that make measurements
based on the reflection and scatter of light. Valuable
diagnostic information also may be obtained by
projecting sound into the body and observing how it is
reflected and scattered. Color Doppler imaging (CDI)

(INBEIY wld soapm

(CDI, Siemen’s Quantum 2000, Siemens Ultrasound
Group, Issaquah, WA.), or ultrasound, is a common
imaging technology used extensively in radiology,
cardiology, and obstetrics (Figure 2.197). Sound waves
move much slower than light. The CDI probe emits
sound waves and uses the time taken for echoes to
return to map structure and movement (Figure 2.198).
Ultrasound imaging devices can use this information to
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quantify the exact location of the sources of reflection
within the body. The same Doppler effect described for
the light wave-based technologies also applies to
sound waves reflected from moving sources. The
frequency of sound waves striking moving reflective
sources is Doppler shifted (Figure 2.199). CDI
measures Doppler shifts to quantify velocities.

Consider the stationary reflective sources within the
eye. Ultrasound performed on a line from a single
point (an “A-scan”) can identify the depths of various
reflective layers (Figure 2.200). If a number of A-scan
probes are arranged in a line, the resulting depth
measurements could be assembled to form an image
(Figure 2.201). This is how a linear array probe is
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configured. By locating the distance of structures from a
number of measurement points arranged in a line, the
B-scan creates an image slice through the globe. Figure
2.202 is a B-scan of a healthy eye. The cornea is visible
on the far left, and the posterior surface of the lens is
highly reflective. The black bullet-shaped structure
within the fauy tissue on the far right of the image is a
slice through the optic nerve.

CDI examinations begin by applying sterile
ultrasound coupling gel to the linear array ultrasound
probe (Figure 2.203). The probe is then placed on the
closed eyelid (Figure 2.204). Care is taken to minimize
pressure on the globe. As long as there is a continuous
layer of gel between the probe and the eyelid, no
pressure is necessary to obtain a good image. If the
patient has difficulty with eye movements, the fellow

DPugc quét bang CamScanner


https://v3.camscanner.com/user/download

64

section 2 Measurement of Blood Flow

o Cauimon Arsdon Cobws Jooh Window  Help

M\

DL B A

slWwR W

0 131 Pastision Anslysie: SIATUALIDTI12 < Aversged Flow
xf20 v [ies

MW | n2ssn e o PO
nZEREYe o P

S | N ra | A Mt e
nem | v v | e

Nya 108 Neas 197

MmN Geler N9 v 10038

(17—

bHH

e o

Mg 1410
My 295 80

0

|

Nrae 2997
Welev NI 47 Lun €20) 05

FIGURE 2.191

un L] "

Nit 4%
Men 2482

MNeuroretrnl R
Onter Crote .

= e

rer Croe: x|.3 Qe Qrcl-;
Freehnnd Ares
™ Use Cour.&rea
v O}
I's l ___I Show I Dwatione

b

Nmae

bl
ft140ev. 20 01 Mar 18000

37 avsots | copy || [S
|

Fiamad Image Intercapdy Squse:

stan| | Whero | yTech | yMork | Smen [[THsta spion | || & K FS i A

Capillaries

FIGURE 2.192

eye can be open and used to fixate on a target. The
ultrasound technician focuses on the video image while
scanning the orbit (Figure 2.205). Because the
technician focuses attention on the video monitor, he
or she must use her sense of feel to monitor the
location of the probe relative to the patient’s eye.
‘Therefore, the technician holds a finger against the
patient’s check to monitor the distance between the
probe and the eye (Figure 2.206). The cord of the
ultrasound probe is supported by the technician’s
shoulders and arm to avoid fatigue during the exam
(Figure 2.207). To take the weight of the probe off the
arm, the technician rests the base of the hand on the
patient’s forehead, both 1o avoid fatigue and to reduce
pressure on the globe. With proper technique, a high

N3l T s

level of probe control is maintained (Figure 2.208),
which is essential for accurate assessment of vessels
with diameters between 80 and 200 pm.

The technician’s other hand operates the CDI control
panel, pictured in Figure 2.209. During imaging the
sensitivity and depth settings are frequently adjusted,
especially when moving from one vessel to another. In
Figure 2.210, the depth setting, “42 mm,” and velocity
range, “low,” are displayed on the ultrasound screen and
circled in yellow. Low implies velocities within a low range
of values and is appropriate for assessment of the central
retinal artery (CRA) and posterior ciliary artery (PCA)
interrogation. Ophthalmic artery (OA) velocities would
saturate (be above the range of sensitivities of) the CDI on
the low setting.

Figure 2.211 presents two images of the same eye
obtained using a deep scan with low sensitivity to
movement and a shallow scan with high sensitivity to
movement. Note the difference in presentation of the
low-velocity vessels (PCAs and CRA) in and around the
optic disc. To actually measure the velocity within one
of these vessels, the vessel of interest is located, and the
green bars or sample gate are placed over the vessel
(Figure 2.212). The CDI will measure velocity from the
tissue located between the bars. Velocity is graphed on
the y-axis, against time on the x-axis (Figure 2.213). The
velocity waveform differs between vessels and may be
used to confirm the vessel being inspected. The
technician identifies the peak systolic and end-diastolic
velocities from the velocity waveform (Figure 2.214).
Pourcelot’s resistive index is automatically calculated
from the velocity measurements and is associated with
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resistance in the vascular beds being perfused by the
artery being measured (Figure 2.215).

In summary, CDI has several advantages, compared
to the previously described optical imaging techniques

Health and Disease

- Both LDF and HRF find lower
temporal than nasal flow in
normals

- Glaucoma patients present
with lower vascular density
than age matched normals

FIGURE 2.196

(Figure 2.216). To it's favor, CDI is a noninvasive
procedure that allows hemodynamic data to be
obtained from eyes which have poor optical media. A
clear view of the fundus is not required; therefore
patients with cataracts or non-dilated pupils can be
readily examined.

On the other hand, use of CDI technology does not
come without its own set of problems. The device itself
is very expensive, and reproducible data requires an
experienced technician (Figure 2.217). Excessive
pressure on the eye when using the ultrasound probe
may acutely alter IOP, changing the velocities being
measured. In addition, CDI contrasts from previous
techniques as it is the only ocular hemodynamic
measurement that is not performed with the patient in a
sitting position. In younger patients it is often difficult
to locate the PCAs because the strong activity of the OA
masks their appearance to the probe. The CRA has the
worst reproducibility, with coefficients of variation over
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lower than age-matched controls (Figure 2.219). Patients
with NIG have presented with reversible vasospasm
within their ocular vasculawre, Figure 2.220 is an image
obtined from a patient with nearly 100% blockage of the
nght internal carotid artery:. The direction of flow in the
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IUHC OPh k. : : 0 Measurements across the vessel are rapidly made in

ek random order at each pixel location between the two
boundary markers. Each diameter measurement, its
location on the vessel, and the time of measurement
are recorded. For each frame of video, the vessel
brightness profile within the user-designated segments
are digitized and analyzed with a measuring program.
Estimated diameters are recorded digitally.

The instantaneous vessel diameter was defined as the
local (temporal and spatial) statistical expected mean.
The standard deviation of vessel diameter is used as a
measure of temporal variation.

RVA measurement variables include:

Local measuring resolution in

" measuring direction: 1 um (interpolation)
FIGERE 2281 Vessel segn?ent length 70uto 300 upm

Local measuring resolution in

vessel direction 186 pm

right OA was reversed with reduced flow in the CRA and Maximum local scan area 0.186 to 5 mm
PCAs. In the same patient, the flow direction in the left Measuring time for single value 40 ms
OA, the side with the unblocked internal carotid artery, Measuring time range 40 ms to 10 minutes
was in the normal direction and higher than in healthy Measuring frequency >1/25 second
participants (Figure 2.221). Measuring image field (angle) 40°

The RVA provides information on vascular tone and
Other Vessel Measurement Devices may be useful in examining the effect of vasoactive
compounds on the large retinal vasculature. However,
the instrument may be insensitive to changes in the

RETINAL VESSEL ANALYZER (RVA) peripheral vascular tone or changes in blood flow

The Retinal Vessel Analyzer (RVA) from Zeiss Jena pro- caused by altered blood rheology. The second factor
duces real-time diameter measurements of large retinal may be important in disease; for example, blood
vessels with a spatial resolution of less than 1 pm. This is chemistry is altered in glaucoma patients. Therefore,
accomplished through a statistical process. The physical the instrument is most suitable for clinical research in
resolution of the device is approximately 17 pm per the areas of vascular autoregulation and is most
pixel. By performing a rapid series of vessel diameter revealing when used in combination with a retinal
measurements and maintaining a floating average over hemodynamic assessment device.

time, the device has demonstrated the ability to accu-
rately monitor the pulsation of retinal vessels throughout

the cardiac cycle. Conclusion
The patient’s eye must be dilated for an RVA exam.

The device consists of a modified retina camera (FF450 No single technique measures all vascular beds. The
from Zeiss GmbH; Jena, Germany). A charged-coupled- CLBF alone can measure volumetric blood flow, but it
device (CCD) camera is fitted to the retina camera and is limited to large retinal vessels in patients with clear
creates an analog video image of the fundus. In a optical media. By combining the various technologies
procedure similar to that used in fundus photography, that are currently available, it is possible to accumulate
the fundus camera is positioned to maximize fundus substantial information describing hemodynamics in
image quality, with vessels of interest near the image the retinal macrocirculation, retinal microcirculation,
center. The examiner views the live video image on the choroid, and retrobulbar arteries. The clinical meaning
monitor, and selects the desired measuring area. The of cohort data or a single snapshot in time remains
area is selected by manually drawing proximal and unclear. The current level of technology, however, is
distal boundaries across the vessel of interest on either sufficient to document and monitor diminutive
the y- or x-axis. Picture sequences are digitized in real changes in each of these vascular beds.

time using a PC equipped with a digitizer.
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Principal Clinical Applications with
Examples of Altered Circulation

Common Maculopathies

AGE-RELATED MACULAR DEGENERATION

Traditionally, investigators have believed that senescence
of the retinal pigment epithelium (RPE), which mela-
bolically supports and maintains the photoreceptors,
leads to age-related macular degeneration (AMD).
Senescent RPE accumulates metabolic debris as remnants
of incomplete degradation from phagocytosed rod and
cone membranes. Progressive engorgement of these RPE
cells leads 10 drusen formation with subsequent further
dysfunction of the remaining RPE. Consequently, sunlight
may contribute to RPE senescence through photo-
chemical damage via the production of activated forms of
oxygen. In the Maryland Waterman survey, advanced
macular degeneration was more common in men
exposed 1o increased levels of blue light, but not with
increased ultraviolet exposure (West, Rosenthal, Bressler,
et al, 1989; Bressler, Munoz, Maguire, et al, 1995).
Likewise, the Beaver Dam Eye Study found that exposure
1o visible light was associated with macular degeneration.
Similarly, nutrition may play a role in minimizing
macular degeneration via RPE senescence (Cruickshanks,
Klein, Klein, 1993). Some investigators speculate that
antioxidants such as vitamin C and vitamin E, as well as
the carotenoids found in the macula (lutein and
zeaxanthin), may protect against macular degeneration by
limiting oxidative damage (Mares Perlman, Brady, Klein,
VandenLangenberg, Klein, 1995; Seddon, Ajani, Sperduto,
ct al., 1994; Mares Perlman, Brady, Klein, et al., 1995). In
some studies, for example, higher blood levels of beta-
carotenes and carotenoids were associated with a
decreased risk of macular degeneration. The Age-Related
Eye Disease Study (AREDS)a multicenter, prospective,
NIH-supported trial, has shown that antioxidants plus
zinc decreased the risk of developing advanced AMD in
subjects with intermediate AMD (Arch Ophthalmol 2001
Oct;119(10):1417-1436).

Although the theory of RPE senescence is appealing, it
does not fully account for the wide variety of dlinical
presentations in AMD, including various forms of drusen,
hyperpigmentation, and RPE atrophy in nonexudative
AMD, as well as choroidal neovascular membrane
(CNVM) formation in exudative AMD. For example, it is

unclear why a primary RPE defect would cause an
atrophic macular lesion with loss of the underlying
choroidal blood supply, the choriocapillaris.

Consequently, a second pathogenic theory involves
primary vascular changes in the choroid, which then
secondarily affect the RPE and lead to AMD (Friedman,
1997). Further, both theories may apply because non-
exudative AMD, with its widely varying clinical
presentations, may actually represent several distinct
disorders that have yet to be more clearly differentiated on
a pathogenic basis; it is possible that RPE senescence
represents the primary derangement in some subforms
and that choroidal perfusion defects represent the primary
derangement in other subforms. For example, the
choriocapillaris is known to supply the metabolic needs
of the RPE and the outer retina; a primary perfusion defect
in the choriocapillaris could account for the physiologic
and pathologic changes in AMD, including RPE and
Bruch’s membrane abnormalities. Some authors, for
instance, have suggested that prolonged choroidal filling
may correlate with diffuse thickening of Bruch's
membrane.

Prolonged choroidal perfusion has been noted
angiographically in patients with exudative AMD, and
some evidence has shown choroidal blood flow to be
abnormal in patents with nonexudative AMD (Boker,
Fang, Steinmetz, 1993; Remulla, Gaudio, Miller, Sandberg,
1995; Zhao, Frambach, Lee, Lee, Lopez, 1995). Eyes with
prolonged choroidal filling angiographically have been
shown to harbor discrete areas of increased threshold on
static perimetry (Chen, Fitzke, Pauleikhoff, Bird, 1992). In
addition, prolonged choroidal filling appears to be
independently associated with loss of vision; in one study,
38% of 32 eyes with this sign lost two or more lines of
vision by 2 years compared with 14% of 64 eyes without
this sign (Piguet, Palmvang, Chisholm, Minassian, Bird,
1992). This difference was related to the greater incidence
of geographic atrophy in the patients with prolonged
choroidal filling; significantly, the incidence of CNVM was
similar in each group of patients.

Choroidal blood flow is difficult 1o quantify angio-
graphically, given the overlying retinal drculation and
multilayered choroidal circulation that complicates
analysis. One group recently used a new analysis
technique based on indocyanine green (ICG) angiography

7
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to compare the choroidal circulation in patients with
AMD to a control group. They noted a statistically
significant increased frequency of presumed macular
watershed filling, which they described as “characteristic
vertical, angled, or stellate-shaped zones of early-phase
indocyanine green videoangiographic hypofluorescence,
assumed to be hypoperfusion, which disappeared in the
carly phase of the angiogram” (Ross, Barofsky, Cohen,
Baber, Palao, Gitter, 1998). Another group studied
nonexudative. AMD subjects using an area dilution
analysis technique applied to ICG angiography (Ciulla,
Harris, Kagermann, et al, 2002). In this study, mean
intensity levels at specific locations in the macular area
were graphed over time to yield dye dilution curves, which
were then analyzed for dye appearance time, maximal
fluorescence, and the rate of fluorescence buildup. This
technique showed heterogeneity of filling and decreased
flow within the choriocapillaris of patients with non-
exudative AMD when compared with healthy participants.
Two groups have previously used color Doppler imaging
1o evaluate the retrobulbar vasculature in AMD, and they
found statistically significant lower flow velocities and
resistive indices of the central retinal and posterior ciliary
arteries in those with AMD compared with control
subjects (Friedman, Krupsky, Lane, et al.,, 1995; Ciulla,
Harris, Chung, et al,, 1999). In a cohort study consisting
only of patients with nonexudative AMD, one group used
a new technique called laser Doppler flowmetry to show
that the choroidal blood flow was decreased at the center
of the fovea compared with a control group (Grunwald,
Hariprasad, Du Pont, et al., 1998).

FIGURE 3.1 Left eye, color fundus photo of nonexudative
AMD. Note the confluent soft drusen in the perifoveal region, as
well as the coarse RPE clumping (arrows). Also, some hard
drusen are located more peripheral to the fovea. These features
are typical of nonexudative AMD, and this would be considered
high risk given the soft confluent drusen and coarse RPE
clumping.

Consequently, choroidal perfusion abnormalities
undoubtedly exist in AMD. However, at this time, it is not
possible to determine if these choroidal perfusion
abnormalities play a causative role in nonexudative AMD;
if they are simply associated with another primary
alteration, such as a primary RPE defect or a genetic defect
at the photoreceptor level; or if they are more strongly
associated with one particular form of this heterogeneous
disease (Ciulla, Harris, Martin, 2001). Clearly, future
progress in developing effective treatment strategies for
this devastating disorder hinges on a better understanding
of disease development (Ciulla, 2001).

FIGURE 3.2 Right eye, color fundus photo of nonexudative
AMD. Note the soft drusen (white arrows) and central RPE
clumping (black arrows) typical of nonexudative AMD.

FIGURE 3.3 Fluorescein angiogram, 1°12” frame. The
midframe of the angiogram reveals staining of the drusen
(arrows) and blockage of the underlying choroidal fluorescence

by the RPE mottling centrally. There is no leakage to suggest a
CNVM.
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FIGURE 3.4 Right eye, color photo. Note the diffuse drusen FIGURE 3.7 Right eye, color fundus photo of disciform
and RPE changes consistent with AMD. In addition, central scarring from the AMD. Note the central 4.5 disc area circular
subretinal fluid and some early subretinal fibrosis are present, collection of subretinal fibrosis that is typical for disciform
suggestive of CNVM caused by AMD. scarring from AMD. Note the hard drusen (arrows) superior

nasal to the lesion.

FIGURE 3.5 Same patient, 28" frame. This frame is taken FIGURE 3.8 Frame, 28”. This laminar venous flow phase
from the laminar venous flow phase. Some mild and poorly angiogram reveals central hypofluorescence in the region of the
defined hyperfluorescence is noted centrally. The fixation pointer disciform scar caused by subretinal fibrosis. At this stage the
(arrows)1s used 1o confirm the central location of this lesion. CNVM becomes less vascularly active, and this along with the

blockage by the subretinal fibrosis leads to early hypofluorescence.

FIGURE 3.6 Same patient, 6"59” frame. This frame is taken in the
late phase of the angiogram. Note the poorly defined, stippled central
leakage. These early and late frames are consistent with an occult
CNVM located subfoveally.
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FIGURE 3.12 Right eye, color fundus photo of exudative
AMD. Note the subretinal hemorrhage. (Courtesy Dr. C. W. Yung,

FIGURE 3.9 Same patient, 552" frame, The late frame of the Indiana University.)
anagiogram reveals central staining of the disciform scar. Note
that there 1s no leakage beyond the border of the lesion. The
early hypofluorescence and late staining are typical of the
disciform scars.

FIGURE 3.13 Left eye, color fundus photo of AMD with central
atrophy and surrounding RPE mottling. (Courtesy Dr. C. W. Yung.
Indiana University.)

FIGURE 3.10 Right eye, color photo depicting a laser scar
centered on the fovea and performed for a subfoveal CNVM.
Note the absolute atrophy centrally.

FIGURE 3.11 Right eye, posttransit fluorescein angiogram, 1715”
frame. Note the window defect centrally as a result of the laser scar.
There is obliteration of the pigment epithelium and choriocapillaris,
consequently allowing visualization of the large and deeper choroidal
vessels (arrows).
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FIGURE 3.1_4» Same eye, fluorescence angiographic finding. FIGURE 3.17 Right eye, color fundus photo. Note the 1.5 disc
Note the staining of the central atrophy and surrounding RPE area subfoveal grey-green pigment, as well as the subretinal
mottling. (Courtesy Dr. C. W. Yung, Indiana University.) hemorrhage. In addition, there is faint subretinal hemorrhage at

the nasal and inferior edge of the lesion (arrows). These features
are all consistent with a subfoveal CNVM.

FIGURE 3.15 Left eye, color fundus photo showing atrophic

changes involving the RPE. Note the underlying large choroids FIGURE 3.18 Same patient, fluorescein angiogram, 34” image.
vessels are visible. (Courtesy Dr. C. W. Yung, Indiana University.) This frame is taken during laminar venous flow, as evidenced by
the fluorescein at the peripheral edges of the veins, yielding a
striped appearance (small arrows). The arteries have already filled.
Note a 1.5 disc area region of discrete hyperfluorescence in the
subfoveal region, correlating with the findings of the color photo.
Subfoveal vessels are visible (large arrows), as well as a hypo-
fluorescent ring around the lesion, all of which is consistent with
the subfoveal classic, well-defined CNVM.

FIGURE 3.16 Fluorescein angiogram of the same eye, 1"10” frame,
showing the staining of the atrophic changes. (Courtesy Dr. C. W. Yung,
Indiana University.)
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FIGURE 3.19 Same eye, 7'55” frame. The late frames of the FIGURE 3.22 Same patient, 2’4” frame. The posttransit frame
anaiogram show intense leakage from the subfoveal lesion, of the angiogram reveals leakage from the well-defined subfoveal
confirming the presence of the subfoveal CNVM. Hemorrhages complex, consistent with the classic subfoveal CNVM measuring
block the underlying fluorescence, as noted clinically. approximately 1 disc area. There is surrounding poorly defined,

stippled hyperfluorescence (small arrows) suggestive of an occult
component. In addition, some blockage by the subretinal
hemorrhage is seen clinically (large arrows).

0:6: 21 - FA

FIGURE 3.20 Right eye, color fundus photo showing exuda-
uve AMD with a subfoveal CNVM. Note the drusen in the superior
macula, the subfoveal hemorrhage, and pigmented lesions sug-
gesting a subfoveal CNVM. FIGURE 3.23 Same patient, 621" frame. The late frame of the
angiogram confirms the leakage at the classic component located
subfoveally and also at the occult component surrounding this
complex. Consequently, this is characteristic of a mixed classic
plus occult CNVM.

FIGURE 3.21 Same patient, 27” fluorescein angiography frame,
early laminar venous flow phase. Note the well-defined 1 disc area
region of discrete hyperfluorescence and a cartwheel pattern delin-
eating the larger vessels within the CNVM (arrows).
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MYOPIA/TILTED DISC

FIGURE 3.24 Left eye, color fundus photo of myopic
degeneration. Note the peripapillary atrophy, oblique insertion
of the disc, prominent choroidal markings visible through the
attenuated RPE, and the lacquer cracks in the inferior perifoveal
region (arrows).

FIGURE 3.25 Marked peripapillary hemorrhage in tilted disc
anomaly.

CENTRAL SEROUS RETINOPATHY

Central serous retinopathy, a common disorder pre-
dominantly affecting young men who develop
neurosensory retinal detachments, has a somewhat
controversial pathogenesis. The choroidal circulation,
which provides 80% to 85% of ocular blood flow, is
difficult to study by fluorescein angiography, which
cannot delineate the choroidal circulation behind the
relatively opaque RPE. In recent years, ICG with
scanning laser ophthalmoscopy and image processing
technology has been used to study the role of the
choroid in this disorder (Prunte, 1995; Prunte,
Flammer, 1996). In one study, all 32 consecutive
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FIGURE 3.26 High myopia with typical peripapillary atrophy.
Stretched thin vessels and compromised circulation often lead
to macular degeneration. (Courtesy Dr. C. W. Yung, Indiana
University.)

FIGURE 3.27 Same patient with a chorioretinal atrophy in
the temporal macular region. (Courtesy Dr. C. W. Yung, Indiana
University.)

patients with acute or chronic recurrent central serous
chorioretinopathy showed a localized delay in
choroidal arterial filling followed by choroidal
hyperperfusion in the area of the damaged RPE
(Prunte, Flammer, 1996). These changes corresponded
to areas with pigment epithelial detachment or focal
leakage from the RPE found in fluorescein angiography.
The authors speculate that capillary or venous
congestion after ischemia in one or more choroidal
lobules might be the reason for the choroidal
hyperpermeability associated with central serous
chorioretinopathy (Prunte, Flammer, 1996).
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CENTRAL SEROUS RETINOPATHY

FIGURE 3.28 Right eye, color fundus photo of a patient with FIGURE 3.30 Fluorescein angiogram, 24” frame, showing

central serous retinopathy. classic central serous chorioretinopathy with one or more focal
leaks at the level of the RPE. In this case, the fluorescein enters
into the exudative retinal detachment, indentifying one point.

FIGURE 3.29 Same patient, left eye, color fundus photo.

FIGURE 3.31 Same patient, frames 2'16”, 5'37”, and 12"1”. Classic “smokestack” appearance of the fluorescein leak (seen only in 10%
to 15% of cases).
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MACULAR HOLE

FIGURE 3.32 Right eye, color fundus photo showing chronic
full-thickness macular hole. Note the central full-thickness retinal
detvuscence, which is circular and measures approximately 750 pm.
A surrounding cuff of subretinal fluid is present farrows). The
large size of this hole 1s consistent with the chronic full-thickness
macular hole, There can also be associated pigmented demar-
cation lines at peripheral edge of the cuff of subretinal fluid (not
shown here).

FIGURE 3.33 Red-free image from the same patient. The red-
free image confirms the findings from the color fundus photo.
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PRESUMED OCULAR HISTOPLASMOSIS
SYNDROME

FIGURE 3.34 Right eye, color fundus photo of presumed
ocular histoplasmosis syndrome (POHS). Note the peripapillary
atrophy, as well as the 700 pm subretinal pigment clumping just
inferiortemporal to the fovea associated with some RPE atrophy
(arrows). The peripapillary atrophy is typical for POHS, and the
inferior-temporal subretinal pigment clumping suggests a CNVM,
which is also commonly encountered in this syndrome.

0:0: 26 - FA

‘\mﬁi

FIGURE 3.35 Frame, 26", from the early laminar venous phase.
The well-defined, discrete 600-pm circular hyperfluorescence just
inferiortemporal to the foveal center, consistent with a CNVM.
Note the peripapillary atrophy through which the underlying
choroidal vessels (arrows) can be seen.
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- ICG

FIGURE 3.36 Same patient, 647" frame. The late frame of the FIGURE 3.39 Same patient, ICG angiogram, 24”. This post-
angiogram reveals significant leakage from the inferiortemporal transit frame highlights both the retinal and choroidal vasculature.
lesion, confirming the presence of a CNVM. There is also staining An early hyperfluorescent plague originates from the punched
of the peripapillary atrophy, as typically encountered. out spot inferior-nasal to the fovea (arrow).

0: 10: 37 -4CG

FIGURE 3.37 Same patient, 632" frame. The late frame of the FIGURE 3.40 Same patient, 10’37” frame. The late phase of
angiogram from the left eye also reveals staining of the peripap- the ICG angiogram shows a 1 disc area hyperfluorescent plaque
illary atrophy, as well as staining of some “histo spots” (arrows). inferior-nasal to the fovea. Note that the disc is hypofluorescent,

which is characteristic of a late-phase ICG angiogram.

FIGURE 3.38 POHS with choroidal neovascularization and subfoveal
hemorrhage. Note the punched out lesion (arrow) inferior-nasal to the
fovea associated with surrounding subretinal pigmentation, suggest-
ing a CNVM. Outlining this lesion is a subretinal hemorrhage, originat-
ing from the CNVM.

I
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FIGURE 3.41 Left eye, color fundus photo of POHS. Note the FIGURE 3.44 Red-free image of the same patient, The red-

prominent hard exudates, typical for chronic subretinal fluid. free image highlights the angioid streaks (small arrows). Also

(Courtesy Dr. C. W. Yung, Indiana University.) present is a crescent of hard exudates inferior to the subfoveal
fibrosis, which demarcates the edge of some shallow subretinal
fluid (large arrows).

FIGURE 3.42 Same eye, fluorescein angiography. Note the
well defined CNVM. {Courtesy Dr. C. W.Yung, Indiana University.)

FIGURE 3.45 Same patient, fluorescence angiogram of the
left eye, 1°35” frame. The posttransit frame of the angiogram
shows staining of the angioid streaks in both the peripapillar
region and the perifoveal region. There is also staining of the

ANGIOID STREAKS subretinal fibrosis, as expected.

FIGURE 3.43 Left eye, color fundus photo showing angioid streaks,
subfoveal fibrosis, and scarring caused by a prior CNVM. Note the
linear dark lesions emanating from the optic nerve (small arrows),
somewhat reminiscent of blood vessels for which this entity is named.
A collection of subfoveal fibrosis (large arrows) represents scaring
caused by prior subchoroidal neovascularization.
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STARGARDT'S DISEASE

FIGURE 3.46 Right eye, color fundus photo showing
Stargardt's disease. Note the RPE attenuation diffusely as "beaten
bronze” appearance (arrows) in the center.

FIGURE 3.47 Same patient, fluorescein angiogram, 18”
frame. The arterial phase of the angiogram reveals staining of
the RPE mottling centrally.

FIGURE 3.48 Same patient, left eye, 1°3” angiogram frame.
The posttransit frame on the left reveals similar staining of the
RPE mottling (arrows).

Common Retinal Vasculopathies

In central retinal artery occlusions, color Doppler imaging
has demonstrated absence of blood flow in the central
retinal artery, with return of flow within 1 week after the
occlusion (Williamson, Baxter, Dutton, 1993). In central
retinal vein occlusion, patients show reduced mean peak
velocities in the central retinal vein of the affected eye
compared with the fellow eye (Williamson, Baxter, 1994).
In one study, patients with the ischemic central retinal
vein occlusions showed additional reduction in mean
peak velocities; further, color Doppler imaging of the
central retinal vein was found to yield values predictive of
rubeosis (Williamson, Baxter, 1994).

The ocular ischemic syndrome can result from severe
carotid stenosis or ophthalmic artery occlusion (Lieb,
Flaharty, Sergott, et al., 1991). In carotid stenosis, color
Doppler imaging shows reduced blood velocities in the
ophthalmic and central retinal arteries in proportion to
the severity of the stenosis. In severe stenosis, reversal of
flow in the ophthalmic artery is seen, indicating collateral
perfusion via the external carotid artery. In contrast,
ophthalmic artery stenosis causes high flow velocities in
the ophthalmic artery.

In superior ophthalmic venous thrombosis, color
Doppler imaging reveals absent flow in a dilated superior
ophthalmic vein with flow through dilated collateral veins
(Flaharty, Phillips, Sergott, Stefanyszyn, Bosley, Savino,
1991).

HYPERTENSIVE RETINOPATHY

FIGURE 3.49 Hypertensive retinopathy: ischemic retinal
edema, hard perimacular exudates (white arrows), splinter
hemorrhage (black arrows), and papilledema.
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FIGURE 3.50 Hypertensive retinopathy. Note the marked
changes in the lumen of the lower temporal artery.

DIABETIC RETINOPATHY

Retinal Blood Flow in Diabetes

Blood flow parameters are altered by acute and
subacute changes in glucose levels. In patients with
insulin-dependent diabetes mellitus, those without
retinopathy who were subjected to acute elevations of
glucose for as little as 1 hour had a decrease of retinal
blood flow compared with nondiabetics (Bursell,
Clermont, Kinsley, Simonson, Aiello, Wolpert, 1996).
In keeping with the immediate retinal perfusion
reduction seen during acute hyperglycemia, decreased
total retinal blood flow in diabetics without diabetic
retinopathy has been demonstrated (Bursell, Clermont,
Kinsley, Simonson, Aiello, Wolpert, 1996; Arend,
Remky, Harris, Bertram, Reim, Wolf, 1995). However,
as the disease progresses, before vasoproliferation, bulk
retinal blood flow is typically found to be above
normal (Blair, Feke, Morales-Stoppello, et al., 1982;
Cunha-Vaz, Fonseca, de Abreu, Lima, 1978; Kohner,
Hamilton, Suanders, Sutcliffe, Bulpitt, 1975; Yoshida,
Feke, Green, et al., 1983). This result has been con-
firmed in studies utilizing both laser Doppler
flowmetry and video fluorescein angiography (Cunha-
Vaz, Fonseca, de Abreu, Lima, 1978; Kohner, Hamilton,
Suanders, Sutcliffe, Bulpitt, 1975; Grunwald, Brucker,
Grunwald, Riva, 1993; Grunwald, Riva, Sinclair,
Brucker, Petrig, 1986). In some studies, in the advanced
stages of nonproliferative retinopathy, a strong cor-
relation exists between elevation in blood flow and
degree of retinopathy (Clermont, Aiello, Mori, Aiello,
Bursell, 1997). The rise in total retinal perfusion during
preproliferative retinopathy presumably arises from
thickening of the capillary basement membrane,
secondary to elevated diacylglycerol and protein kinase
C levels, leading to occlusive angiopathy and tissue
hypoxia that increases bulk blood flow demands
(Kohner, Patel, Rassam, 1995; Dahl-Jorgensen, 1998;

section3 83

Berkowitz, Kowluru, Frank, Kern, Hohman, Prakash,
1999).

Abnormal Retinal Blood Flow Autoregulation in
Diabetes

In patients with diabetes the retina’s inability to vaso-
constrict in response Lo increased arterial blood oxygen
content is one of several lines of evidence showing that
the diseased retina lacks normal autoregulatory
responsiveness. Diabetics suffer from retinal auto-
regulatory incapacity in proportion to disease severity.
For example, when intravenous tyramine administration
is used to elevate mean arterial pressure, a 35% pressure
rise is required to increase bulk retinal flow in healthy
persons (Rassam, Patel, Kohner, 1995). In normo-
glycemic diabetics, a 25% pressure elevation increased
retinal flow; only a 15% rise in pressure was required (o
increase retinal perfusion in hyperglycemic diabetic
patients (Rassam, Patel, Kohner, 1995). Similarly, the
beta-adrenergic sensitivity of the ocular vessels of
diabetics is lower than that of control subjects
(Schmetterer, Findl, Strenn, et al., 1997). Further, using
the blue light entopic phenomenon, investigators have
demonstrated faulty retinal capillary autoregulation in
response to both isocapnic hypoxia and to intraocular
pressure elevation (Fallon, Maxwell, Kohner, 1987;
Sinclair, Grunwald, Riva, Braunstein, Nichols, Schwartz,
1982).

Retinal Capillary Perfusion in Diabetes
Progression of diabetes is associated with loss of
perifoveal capillaries (Arend, Remky, Harris, Bertram,
Reim, Wolf, 1995; Fallon, Chowiencyzk, Kohner, 1986;
Rimmer, Fallon, Kohner, 1989; Sinclair, 1991). The
perifoveal intercapillary area and foveal avascular zone
are significantly larger in diabetic patients than in
healthy people (Arend, Remky, Harris, Bertram, Reim,
Wolf, 1995; Arend, Wolf, Harris, Reim, 1995; Arend,
Wolf, Remky, et al., 1994). In addition, these avascular
areas are larger in diabetic patients with decreased visual
acuity (Arend, Remky, Harris, Bertram, Reim, Wolf, 1995;
Arend, Wolf, Harris, Reim, 1995). This process occurs at
the earliest stages of the disease, since sensitive tests of
visual acuity find reductions proportional to capillary
loss in patients with very mild retinopathy (Arend,
Remky, Evans, Stuber, Harris, 1997).

Effects of Diabetes on Retrobulbar and
Choroidal Vascular Regulation

Although diabetics clearly experience dysfunctional
retinal perfusion, deficiencies in the retrobulbar and
choroidal circulation are also apparent in this disease.
Because the retina is supplied via the central retinal
artery, defects in central retinal arterial hemodynamics
are manifest in diabetes. Color Doppler imaging reveals
decreased mean peak systolic velocity in the central
retinal artery in subjects with nonproliferative diabetic
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FIGURE 3.56 Right eye, color fundus photo showing pro-
liferative diabetic retinopathy, clinically significant macular
edema, and lipemia retinalis. Note the boat-shaped subhyaloid
hemorrhage superior to the inferior arcade. This is suggestive of
some underlying neovascularization from proliferative diabetic
retinopathy. Also note the severe and diffuse macular edema
with very dense lipid hard exudates centrally. There is exudation
of the lipids from the vessels, creating some sheathing as a
result of the hyperlipidemia (arrows), seen in the lower left-hand
corner and upper left corner of the photo.

FIGURE 3.53 Same patient, 520" frame. The late frame of the
angiogram reveals leakage inferiortemporal to the fovea and also
into the fovea, forming a somewhat petaloid appearance (arrows)
consistent with cystoid macular edema.

FIGURE 3.54 Color fundus photo of the left eye of another
NPDR patient. (Courtesy Dr. C. W. Yung, Indiana University.)

FIGURE 3.57 Same patient, 38” frame. The postlaminar venous
flow phase of the angiogram reveals scattered microaneurysms
and patchy capillary dropout (small arrows). The previously noted
subhyaloid hemorrhage blocks the underlying fluorescence
from the retinal and choroidal circulation (large arrows).

FIGURE 3.55 Fluorescein angiogram depicts microaneurysms,
most prominent superiortemporally to the fovea, as well as hypofluo-
rescent laser scars. (Courtesy Dr. C. W. Yung, Indiana University.)
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FIGURE 3.58 Frame, 1°16”. The midframes of the angiogram show
leakage from the microaneurysms (small black arrows). Also, more
intense leakage at the temporal aspect of the inferior subhyaloid
hemorrhage suggests neovascularization there (large white arrows).

FIGURE 3.61 Same patient, early 28” frame of the fluorescein
angiogram, showing staining of the laser scars. (Courtesy Dr. C.
W. Yung, Indiana University.)

FIGURE 3.59 Frame, 7°23". The late frame of the angiogram CENTRAL RETINAL VEIN OCCLUSION

reveals severe and diffuse leakage throughout the entire
posterior pole.

FIGURE 3.60 Right eye, color fundus photo showing macular
RPE changes, related to prior macular laser treatment, as well as
panretinal laser treatment, noted inferiorly. (Courtesy Dr. C W. FIGURE 3.62 Papilledema, cotton-wool spots and dilated
Yung, Indiana University.) tortuous veins, in ischemic central retinal vein occlusion.
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FIGURE 3.66 Right eye, color fundus photo showing central
retinal vein occlusion. Note the swollen hemorrhagic disc and
retinal hemorrhages that extend through the macula. There is a
notable cotton-wool spot (large arrows) inferiornasal to the
fovea and cystoid macular edema centrally (small arrows). The
retina is diffusely edematous.

FIGURE 3.63 Central retinal vein occlusion with characteristic
diffuse retinal hemorrhages, dilated and tortuous retinal veins, as
well as swollen optic nerve head.

FIGURE 3.64 Right eye, color fundus photo showing a central FIGURE 3.67 Same patient, red-free photo highlighting the
retinal vein occlusion with widespread retinal hemorrhages. clinical features noted previously, especially the hemorrhages at
{Courtesy Dr. C. W. Yung, Indiana University.) the ONH and throughout the posterior pole.

FIGURE 3.65 Fluorescein angiographic image of the same eye,
showing extensive hypofluorescent areas in the superior hemisphere,
with severe capillary dropout superiorly. (Courtesy Dr. C. W. Yung,
Indiana University.)
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BRANCH RETINAL VEIN OCCLUSION

FIGURE 3.68 Angiography frame, 26”. The angiogram shows

delayed filling of the retinal veins. Blockage by the retinal hemor-
rhage 1s seen clinically. FIGURE 3.71 Branch retinal vein occlusion including the macutar

area with hemorrhage along the occluded inferior tributary vein.

FIGURE 3.69 Same patient, 35" frame. At 35", there is early
laminar venous flow in the retinal veins, which is significantly
delayed (arrows).

FIGURE 3.72 Superior branch retinal vein occlusion with clear-
ing retinal hemorrhages and chronic macular edema manifested
by the hard exudates.

FIGURE 3.70 Left eye, color fundus photo from the same patient
reveals some vascular loops (arrow) at the optic nerve head (ONH),
suggesting a prior central retinal nerve occlusion.

|
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FIGURE 3.73 Branch retinal vein occlusion with massive intra-
retinal and epiretinal hemorrhages superiorly.

FIGURE 3.74 Ischemic branch retinal vein occlusion with
hemorrhages and cotton-wool spots.

FIGURE 3.77 Same patient. The postlaminar venous flow phase
of the angiography reveals significantly delayed filling of the inferior
temporal branch retinal vein (large arrows). Also, significant capillary
dropout is noted along the proximal distribution of the inferior
temporal vein (small arrows). More distally, in the inferiortemporal
macula, there are laser scars from prior treatment of the associated
macular edema. These laser scars show central hypofluorescence
with surrounding leakage

FIGURE 3.75 Cilioretinal shunt vessels after branch vein
occlusion.

FIGURE 3.76 Right eye, color fundus photo showing inferior-
temporal branch retinal vein occlusion with laser scars visible
inferiortemporally and hemorrhages inferiorly along the inferior
branch retinal vein occlusion.

0: 0:24 - FA
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FIGURE 3.78 Same patient, 5’66” frame. The late frame of the
angiogram shows staining of the veins, consistent with prior
occlusion-related endothelial injury. Also seen is hypofluores-
cence in the regions of capillary dropout (arrows). Some leakage
is present as well, causing some degree of macular edema.

CENTRAL RETINAL ARTERY OCCLUSION

FIGURE 3.79 Right eye, color fundus photo depicting a central retinal
artery occlusion with a visible embolus in the central retinal artery as
it branches on the optic nerve head. Note that severely attenuated
arteries (white arrows). Note the characteristic cherry red spot (black
arrows), in which the normal choroidal vascular hue is visible only at
the fovea, with the surrounding ischemia opaque retina obscuring the
normal choroidal vascular hue extrafoveally. In addition, this particular
case also depicts sparring of a ciliary retinal artery, which emerges
from the choroidal circulation and runs temporally from the optic
nerve head along the maculo-papillary bundle with preservation of
the retinal circulation along its course.

BRANCH RETINAL ARTERY OCCLUSION

FIGURE 3.80 Tributary branch retinal artery occlusion. Note the
opacified, whitened, and ischemic retina in the inferior temporal macula
along the distribution of a branch retinal artery. The artery also shows
platelet fibrin emboli farrows).
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FIGURE 3.81 Same patient, red-free image. The red-free photo FIGURE 3.84 Branch retinal artery occlusion of the right eye
highlights these features well. The emboli are readily noted within in the superior-temporal arcade. Note the prominent edema sur-
the lumina of the arteries (arrows). rounding the vessel. (Courtesy Dr. C. W. Yung, Indiana University.)

FIGURE 3.82 Same patient, 19” angiogram frame. The post- FIGURE 3.85 Angiogram of the same eye depicts an ischemic
laminar venous flow frame of the angiogram reveals nonperfusion hypofluorescent region surrounding the nonperfused branch retinal
of the branch retinal artery and associated retinal capillaries. artery. (Courtesy Dr. C. W. Yung, Indiana University.)

FIGURE 3.83 Same eye, 1'36” frame. The later frames of this
angiogram show very slow and abnormal filling of the occluded branch
retinal artery (arrow). Branch retinal artery occlusions can be complete
or incomplete. Typically, cholesterol emboli do not cause complete occlu-
sions, whereas platelet fibrin emboli cause more complete occlusions.
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FIGURE 3.86 Branch retinal arterial occlusion: the ischemic FIGURE 3.88 Occlusion of inferior temporal retinal artery (black
pale retina surrounds the occluded vessel. arrows: obliterated vessel).

FIGURE 3.87 Branch artery occlusion of the cilioretinal artery
with surrounding ischemic pale retina.
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LEUKEMIA SICKLE CELL ANEMIA

FIGURE 3.91 Sickle cell anemia with presence of neo-
vascularization and more peripheral featureless ischemic retina
containing some ghost vessels. (Courtesy Dr. C. W. Yung, Indiana
University.)

FIGURE 3.89 Note the white centered retinal hemorrhages,
known as roth spots. (Courtesy Dr. C. W.Yung, Indiana University.)

COATS’ DISEASE

VASCULITIS

FIGURE 3.92 Right color fundus photo showing Coats’
disease. Note the massive subretinal exudation throughout the
superior macula. Note the dilated and telangiectatic vessels in
FIGURE 3.90 Left eye, color fundus photo. Vasculitis caused the macular region (arrows).

by systemic lupus erythematosus. Note the diffuse cotton-wool

spots and retinal hemorrhages typical of this vasculitis process,

which has led to some ischemia. Also seen is @ small boat-

shaped subhyaloid hemorrhage in the foveal region farrow).
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RETINITIS PIGMENTOSA

FIGURE 3.93 Retinitis pigmentosa with some waxy pallor of
the optic nerve head, attenuated arteries, and diffuse RPE atrophy
and mottling. The attenuation of the vessels in retinitis pigmentosa
is thought to be secondary to the decreased metabolic demands
of the compromised retina. (Courtesy Dr. C. W. Yung, Indiana
University.)

FIGURE 3.94 Retinitis pigmentosa: typical pigmentation in
the periphery and attenuated vessels. (Courtesy Dr. C. W. Yung,
Indiana University.)

HUMAN IMMUNODEFICIENCY VIRUS

Several investigators speculate that in patients with
human immunodeficiency virus (HIV), altered hemo-
dynamics lead to retinopathy because it shares many
features of other retinal vascular diseases, such as
diabetic and hypertensive retinopathy. On fluorescein
angiography, patients with HIV retinopathy display
microaneurysms, telangiectactic vessels, and capillary
nonperfusion (Holland, Pepose, Pettit, Gottlieb, Yee,
Foos, 1983; Freeman, Lerner, Mines, 1984; Newsome,
Green, Miller, et al., 1984; Pepose, Holland, Nestor,
Cochran, Foos, 1985; Jabs, Green, Fox, Polk, Bartlett,
1989). Histopathologic findings show these patients to
have features typical of diabetic retinopathy, including
loss of pericytes, swollen endothelial cells, thickened
basement membranes, and narrowed capillary lumens
(Freeman, Lerner, Mines, 1984; Newsome, Green, Miller,
et al., 1984; Pepose, Holland, Nestor, Cochran, Foos,
1985; Glaslow, Weisberger, 1994).

Using fluorescein with scanning laser ophthal-
moscopy and digital image processing technology, direct
objective measurement of retinal blood flow in these
patients is possible. In one recent study, arteriovenous
passage (AVP) time to assess the macrocirculation and
perifoveal capillary blood flow velocity (CFV) to assess
the microcirculation were measured in 23 HIV-infected
patients and 23 control subjects (Yung, Harris, Massicotte,
1996). No significant difference was seen in AVP time
between HIV-positive patients and the control group.
However, a significant decrease was noted in the peri-
foveal CFV between the HIV-infected patients and the
control group. The authors speculate that a decrease in
CFV, which is also seen in patients with diabetic retinopa-
thy, may lead to ischemia and subsequent ischemia-
related retinal changes found in HIV retinopathy, diabetic
retinopathy, and hypertensive retinopathy.

FIGURE 3.95 Left eye, color fundus photo of HIV retinopathy,
characterized by cotton-wool spots, intraretinal hemorrhages,
and microaneurysms. (Courtesy Dr. W. Yung.)
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FIGURE 3.96 Advanced cytomegalovirus retinitis in an AIDS
patient. Note the active white retinitis and surrounding associated
hemorrhages. (Courtesy Dr. W. Yung.)

Common Optic Neuropathies

GLAUCOMA

FIGURE 3.97 Marked venous dilation in glaucoma at the FIGURE 3.99 Splinter hemorrhage in glaucoma (arrow).
neuroretinal im (arrows at the 1 and 8 o'clock positions).

FIGURE 3.100 Focal ischemic pallor of the disc (upper tem-

_ poral quadrant).
FIGURE 3.98 Intrapapillary hemorrhage (9 o’clock) and splinter

nemorrhage (12 o’clock position).
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ATROPHY

FIGURE 3.101 Sectorial optic disc pallor (upper pole of disc).

FIGURE 3.103 Left eye, color fundus photo showing optic nerve
atrophy. Note the severe optic disc pallor. There is also attenuation
of the retinal arteries and some vascular sheathing (arrows).

ANTERIOR ISCHEMIC OPTIC NEUROPATHY

-30°
Kelat . Empfindlichkelt dB

FIGURE 3.102 Corresponding visual field of Figure 3.103, FIGURE 3.104 Acute ischemic papilledema (acute anterior
showing complete loss of lower hemifield. ischemic optic neuropathy [AION]).
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FIGURE 3.105 Massive pale papilledema in acute AION.

FIGURE 3.106 Fluorescein angiography, 7°36” frame showing
ischemic optic neuropathy. This patient, who presented with a
sudden visual field defect, was found to have a swollen optic disc
superiorly in the left. The late frame of the fluorescein angiogram
reveals sectorial leakage at the disc superiorly. This sectorial
swelling and leakage of the ONH is typical of ischemic optic
neuropathy and leads to altitudinal field defects. These sectorial
defects result from the distribution of the vasculature to the
ONH.

section 3 97

PAPILLEDEMA

FIGURE 3.107 Left eye, color fundus photo showing
papilledema. Note the swollen nerve fiber layer surrounding the
disc, which is obscuring many of the retinal vessels as they
cross over the disc margin.

OTHER OPTIC NEUROPATHIES

FIGURE 3.108 Micropapilla: “crowded disc” with impairment
of papillary blood flow.
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FIGURE 3.109 Micropapilla: crowded disc with marked retinal

venostasis and papilledema. FIGURE 3.112 Right eye, color fundus photo showing choroidal

metastasis of lung carcinoma. Note the creamy subretinal mass
just superior to the fovea.

- ICG

FIGURE 3.110 Drusen of the disc which may impair papillary

I fl isual fi A .
igod Siow-endieause Wtusl Boldidctocts FIGURE 3.113 Same patient, 57” ICG angiography frame

reveals hypofluorescence caused by the lesion, as seen clinically.
This confirms the absence of an intrinsic choroidal vasculature
and is consistent with a metastatic lesion, as opposed to a
choroidal melanoma or choroidal hemiangioma, which can exhibit
an intrinsic vasculature sometimes well seen on ICG angiography.

FIGURE 3.111 Severe optic nerve head drusen.
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Despite the technical limitations of existing techniques,
measurement of blood flow has been useful in diag-
nosing various diseases and ophthalmic pathologic
conditions. As blood flow assessment improves—
including differentiation of various vascular beds and
assessment of other parameters, such as oxygen tension
and metabolic measurements—the diagnostic efficacy
of the measurements is sure to increase. Advances in
the areas of hemodynamic, oxygen, and metabolic
measurements are already undenway.

In this section a new blood flow measurement
technique and several oximetry measurement tech-
niques are discussed. These measurement techniques
are currently in use in academic clinical settings; how-
ever, they are not yet commercially available.

Neuroretinal Rim Blood
Flow Evaluation

Accurate quantification of ocular blood flow is of
increasing importance in studying glaucoma. Distur-
bances in blood supply to the optic nerve head are
believed to be linked to disease progression.

As discussed in an earlier section, the confocal
scanning laser Doppler flowmetry with the Heidelberg
Retina Flowmeter (HRF; Heidelberg Engineering,
Heidelberg, Germany) is a noninvasive technique that
allows blood flow measurement in these specific areas.
In most published studies, single HRF images con-
taining both peripapillary retina and neuroretinal rim
tissue have been acquired. The Doppler signal pro-
duced by the temporal peripapillary retina is much
higher than in the rim, as measured by direct current
(DC) values within the HRF image. (Direct current re-
fers to the signal strength produced by the HRF's photo-
detector and is proportional to the intensity of reflected
light.)

Previous studies showed that HRF measurements are
affected by different DC levels; therefore, measure-
ments in the neuroretinal rim area may provide in-
accurate data because of improper sensitivity settings
for the weaker rim signal. To accurately assess flow in
the neuroretinal rim, the image of the neuroretinal rim
area should be taken separately from the peripapillary

Future Techniques

retinal area with an appropriately higher sensitivity
setting and without producing pixels with excessively
high DC values in other areas of the image.

A second important issue regards the region of
interest, which must be accurately defined. Biomor-
phometric measurements of intrapapillary and para-
papillary parameters have been performed for many
years by planimetry and scanning laser tomography.
Scanning laser tomography allows a three-dimensional
quantification of optic nerve head tissue (Figure 4.1).

Bartz-Schmidt and coworkers developed a method
to describe and quantify neuroretinal rim measure-
ments and glaucomatous rim loss, using the Heidelberg
Retina Tomograph (HRT) (Bartz-Schmidt, Weber, Hein-
mann, 1994) (Figure 4.2). Their aim was to normalize
the papillar parameters to make individual mea-
surements comparable with standardized ones, based
on a collective of healthy individuals. In addition, a
calculation of a rim-to-disc area ratio in 36 sectors of
10° (Figure 4.3) around the rim provided a generalized
view of glaucomatous damage as cumulative
distribution curves (Figure 4.4) similar to those
previously described in perimetry. This important ap-
proach has also been criticized because of its loss of
localized information. Clinicians are certainly inte-
rested not only in general information about the
papillar morphology but also in localized changes over
time, as in the occurrence of rim notching. In response
to this need, the same group developed a technique of

16
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reprojecting these curves (Figure 4.5), within the topo-
graphy of individual optic nerves, which ultimately
allows for the localized and precise quantification of
neuroretinal rim tissue damage over time (Figure 4.6).
This approach has not been broadly implemented be-
cause of its technical complexity; it is only partly used
in a program developed in Cologne, Germany, by the
Laboratory of Biomorphometry and Retinal Perfusion
Analysis (LBRPA) for its own clinical evaluation pur-
poses and scientific approaches.

Researchers first described an approach of neu-
roretinal rim blood flow measurements with HRF using
morphologic definitions by means of scanning laser to-
mography (Jonescu-Cuypers, Chung, Kagemann,
2001). This combination with morphologic quan-
tification and quality assessment of papillar parameters
has been pursued in order to better define the tissue
border of interest, that is, the neuroretinal rim. An
accurate definition of the area to be measured is par-
ticularly important to allow subsequent measurements
of the same tissue over time. In this way, follow-up
measurements of blood flow within the retinal tissue
are more reliable. Figure 4.7 shows a scanning laser re-
tinal tomographic image of the papilla of interest. In Fi-
gure 4.7, the contour line (green) defines the optic disc
border as the outer edge of the neuroretinal rim.

The limit defining the inner edge of the neuroretinal
rim can be achieved by using the HRT software to cal-
culate stereometric parameters, depending on the defi-
nition of the standard reference plane (50 pm under the
mean contour line height in the sector —4° to —10°).

Using the standard reference plane and depending
on the drawn contour line, the optic disc can be rep-
resented as a colored image describing the optic disc to-
pography as follows: red for the cup area and blue plus
green for the neuroretinal rim (Figure 4.8). In this way,
the inner edge of the rim can be defined as the tran-
sition between the blue-green and the red surface.

At this time, no existing digital technique can trans-
pose HRT topography data to HRF flow maps; thus a
method has been created to transfer the borders of the
defined areas. Using a transparent overlay, the HRT-
defined inner and outer edges of the rim, as well as the
vessel contours, are drawn manually (Figure 4.9). Then
the resulting template (Figure 4.10) is overlaid on the
equivalent HRF images of the same subjects, adjusting
the areas of interest (see Figures 4.11 to 4.13).
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FIGURE 4.2 Figure reprinted from Bartz-Schmidt KU,
Sengersdorf A, Esser P et al. The cumulative normalised rim/
disc area ratio curve. Graefes Arch Clin Exp Ophthalmol 1996;
234:227-31.

FIGURE 4.3 Figure reprinted from Bartz-Schmidt KU,
Sengersdorf A, Esser P et al. The cumulative normalised rim/
disc area ratio curve. Graefes Arch Clin Exp Ophthalmol 1996;
234:227-31.

FIGURE 4.4 Figure reprinted from
Bartz-Schmidt KU, Sengersdorf A,
Esser P et al. The cumulative nor-
malised rim/disc area ratio curve.
Graefes Arch Clin Exp Ophthalmol
1996; 234:227-31.
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Images of identical tissue locations (shaded area, in
this example) of the neuroretinal rim, identified by vas-
cular landmarks and the contour line (transferred from
HRT images), are selected to quantify the microcircula-
tion of the neuroretinal rim.

HRF images are acquired using the standard 10° x 2.5°
measurement field, with each two-dimensional image
consisting of 256 pixels x 64 lines. The images of each
examined papilla must be obtained first, following a con-
ventional setting, which has the optic nerve head in the
center of the image with photodetector sensitivity optimi-
zed for the strong signal from the temporal peripapillary
retina. Flanagan et al. described a method to accurately
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FIGURE 4.5 Figure reprinted from
Bartz-Schmidt KU, Sengersdorf A,
Esser P et al. The cumulative nor-
malised rim/disc area ratio curve.
Graefes Arch Clin Exp Ophthalmol
1996; 234:227-31.

FIGURE 4.6 Figure reprinted from
Bartz-Schmidt KU, Sengersdorf A,
Esser P et al. The cumulative nor-
malised rim/disc area ratio curve.
Graefes Arch Clin Exp Ophthalmol
1996; 234:227-31.
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focus on the peripapillary retina, allowing the correct setting
for HRF measurements that use only 400 pm of depth.

Because of its weak signal, the conventional acqui-
sition method produces an image with a dark rim area
(Figure 4.11). The setting then must be altered with signal
capturing optimized on the rim by increasing the
sensitivity. (Increasing sensitivity is a procedure to
provide proper signals from the dark rim area; Figure
4.12.) Once the level of increased sensitivity is reached,
the temporal rim margin must be moved tangent to the
lateral image border to avoid the overpowering signal
from the temporal peripapillary retina, thereby removing
overilluminated areas (Figure 4.13).
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FIGURE 4.7 Image courtesy of Christian P Jonescu-Cuypers,
Hak S Chung, Larry Kagemann, Yoko Ishii, Drora Zarfati, Alon Harris.
Br J Ophthalmol 2001;85:304-309.

FIGURE 4.8 Image courtesy of Christian P Jonescu-Cuypers,
Hak S Chung, Larry Kagemann, Yoko Ishii, Drora Zarfati, Alon Harris.
Br J Ophthalmol 2001;85:304-309.

This method provides an accurate and reproducible
flow measurement of the neuroretinal rim area through
proper sensitivity settings for the weak rim signal, align-
ment, and removal of the strong temporal signal from the
image. For further analysis, it is also important to use the
correct technique of pixel evaluation, specifically the
pointwise analysis.

As mentioned earlier, no technique for automatic
combined measurements is available yet, but the
LBRPA is developing corresponding technical app-
roaches that will be available in the near future.

Laser Speckle Flowmetry

Hlumination of the fundus with a coherent light source
produces a number of interference phenomena. The
Nerve Fiber Layer Analyzer or GDx (Laser Diagnostic
Technologies, Inc., San Diego, CA), for example, uses a
coherent light source combined with birefringence of the
fundus to measure the thickness of the nerve fiber layer.
Interferometry, as discussed previously, uses the inter-
ference pattern that is created by light reflected from the

FIGURE 4.9 Image courtesy of Christian P Jonescu-Cuypers,
Hak S Chung, Larry Kagemann, Yoko Ishii, Drora Zarfati, Alon Harris.
Br J Ophthalmol 2001;85:304-309.

V

FIGURE 4.10 Image courtesy of Christian P Jonescu-Cuypers.
Hak S Chung, Larry Kagemann, Yoko Ishii, Drora Zarfati, Alon Harris.
Br J Ophthaimol 2001;85:304-309.

FIGURE 4.11 Image courtesy of Christian P Jonescu-Cuypers,
Hak S Chung. Larry Kagemann, Yoko Ishii, Drora Zarfati, Alon Harris.
Br J Ophthalmol 2001;85:304-308.

fundus and anterior surface of the cornea to measure the
amplitude of fundus pulsation within the cardiac cycle.
A laser speckle flowmeter has been developed to
quantify the rate of variation in the speckle pattern as a
surrogate for the measurement of volumetric retinal
blood flow. The speckle phenomenon is observed as a
speckled pattern of light, which is scattered from the
fundus when illuminated by a coherent source. The
pattern varies rapidly within the cardiac cycle. The rate
of pattern variation depends on the magnitude of reti-
nal blood flow. Variations in the speckle pattern are
quantified point by point throughout the fundus, and a
flow map is created. Earlier photographic methods
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FIGURE 4.12 Image courtesy of Christian P Jonescu-Cuypers,
Hak S Chung, Larry Kagemann, Yoko Ishii, Drora Zarfati, Alon Harris.
Br J Ophthalmol 2001;85:304-309.

FIGURE 4.13 Image courtesy of Christian P Jonescu-Cuypers,
Hak S Chung, Larry Kagemann, Yoko Ishii, Drora Zarfati, Alon Harris.
Br J Ophthalmol 2001;85:304-309.

FIGURE 4.14 Image courtesy of Dr. Yasuhiro Tamaki.

using the speckle phenomenon could display the dis-
tribution of velocity in the retina; however, despite the
advantage of producing a distributive description of re-
tinal blood velocities, it only allowed a semiquantita-
tive estimation of retinal microcirculation and could
not follow time course changes.

Recently, researchers have described an improved ap-
paratus for noncontact two-dimensional measurement
of the microcirculation in the optic nerve head (Figure
4.14) (Tamaki, Araie, Kawamoto, 1994). Their ap-
paratus consists of a Topcon TRC-WT3 fundus camera,
equipped with an 808-nm diode laser (Figure 4.15).
Normalized blur is calculated for each pixel within a
0.62 x 0.62 mm area of the retina. Normalized blur is
cqual to the average reflected intensity divided by the
absolute difference between average intensity and a 98-
point floating average (Figure 4.16). A normalized blur
map has been created from speckle originating within
the optic nerve head tissue in Figure 4.17. Note the
high signal obtained from blur within the vessel com-
pared with the surrounding tissue.
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Image courtesy of Dr. Yasuhiro Tamaki.
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Laser speckle flowmetry is a noninvasive technique
that can measure a blood velocity parameter, albeit in
arbitrary units (Figure 4.18). Furthermore, the tech-
nique has been proven to have reproducible measure-
ments. The two greatest disadvantages of the technique
are that (1) the technology is not commercially avai-
lable and (2) the meaning of the raw normalized blur
measurement is not clearly understood (Figure 4.19).

The technique is appropriate for the measurement of
change over time if the optics are not significantly alte-
red. The effect of a progressive cataract on laser speckle
measurements is unknown.

Digital Spectral Retinal Oximetry

Noninvasive oxygen measurement is based on optical
methods that detect the ratio of oxygenated (red) to
deoxygenated (blue) hemoglobin in red blood cells. As
evidenced by their different colors, oxygenated and
deoxygenated hemoglobin possess different optical
characteristics. Measurement involves passing two
wavelengths of light through (or reflecting from them)
the tissue of interest. The ratio between the resulting
light intensities represents oxygen tension.

The optical characteristics of blood are objectively
quantified. The definitive work describing the optical
characteristics of blood was published in 1970 in a
book by Van Assendelft called Spectrophotometry of He-
moglobin Derivatives. The work measures the extinction
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FIGURE 4.17 Image courtesy of
Dr. Yasuhiro Tamaki.
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FIGURE 4.18 FIGURE 4.20
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coefficient, which is the success or failure of light of
every frequency to pass through blood (Figure 4.20).
Figure 4.21 provides the equation relating the intensity
of light going into the blood column, the light leaving
the blood, the thickness (1), and the extinction
coefficient (p). The penetration of light also depends
on the frequency of the light and whether the blood is
oxygenated or deoxygenated. Specific extinction coeffi-
cients for both oxygenated (HbO,) and deoxygenated
(Hb) hemoglobin can be graphed as a function of light
frequency (Figure 4.22). Wavelengths of interest are
located in the spectrum from 450 to 650 nm. The graphs
show that light at 558nm, for example, passes more
casily through oxygenated blood since the HbO, graph
is lower at that wavelength. There are wavelengths such
as 586 nm where HbO, and Hb have identical effects on
light. These are defined as isosbestic wavelengths.

To measure the red/blue blood ratio, two wave-
lengths of light are passed through (or bounced off) the
tissue of interest. One color of light is at an isosbestic
wavelength, and the other is at a wavelength such as 558
nm where there is a large difference in the absorption of
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FIGURE 4.24

light between red and blue blood (see Figure 4.22).
Reflected light is measured. The log of the ratio between
the original light intensity and the reflected light inten-
sity is defined as the optical density (OD). To convert an
8-bit grayscale image 1o an OD image, for example, the
new value of each pixel is equal to log (255/pixel).

It may seem curious to discuss a grayscale image
when four “colors” are being quantified. The Glaucoma
Research and Diagnostic Center has developed a reti-
nal oximeter that measures multiple wavelengths of
light from a fundus image (Figure 4.23). Each “color”
of interest is actually a 5-nm-wide band of colors sur-
rounding a carefully chosen wavelength of interest. The
gold-colored addition at the top of the camera is the
heart of the system. A custom-made optics package di-
vides a single image into four images, and filters out
wavelengths of interest (Optical Insights; LLC, Santa Fe;
Figure 4.24). The intensity of reflected light at each of
these four wavelengths is quantified by a single charge-
coupled-device pho-todetector (Figure 4.25). The
intensity of each of the four colors is assigned a value in
between 0 (black, or no intensity) and 255 (equal to
the intensity of the in-cident light) and displayed as a
grayscale image (see Figure 4.25).

The ratio between two wavelengths is used to create
an optical density ratio (ODR) image or map. The ODR
is sensitive to changes in oxygen saturation in blood
within retinal vessels. An ODR map is shown in Figure
4.26. In this image, darker areas contain higher concen-
trations of oxygenated hemoglobin. Experiments with
three and four wavelengths are currently underway, in
an effort to increase the sensitivity of the system.

Previously, blood flow measurements have acted as
surrogates for direct measurements of metabolism, pro-
viding an indication of oxygen delivery to the retina.
This system has the advantages of being noninvasive
and performing measurements of oxygen saturation
within blood. If measurements of oxygenated hemo-
globin saturation within arterial and venous blood are
combined with retinal blood flow measurements, volu-
metric oxygen delivery to retinal tissue will be possible
(Figure 4.27). The greatest disadvantage of the system is

e e e ———————
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FIGURE 4.25

.

FIGURE 4.26

that the measurement depends on light intensity. Inten-
sity is subject to many sources of noise within the hu-
man eye, such as cataract, floaters, and so on. These
noise sources vary among eyes, necessitating custo-
mized system calibration for each patient (Figure 4.28).

Ischemia is a known pathophysiologic factor in a
number of eye diseases, such as diabetic retinopathy,
anterior ischemic optic neuropathy, and various vein
and artery occlusion diseases. In diseases such as age-
related macular degeneration and glaucoma (the two
leading causes of blindness in the United States), epide-
miology studies have found vascular risk factors asso-
ciated with the disease, but the role of ischemia is

Pros

= Non-invasive

- Measurement of oxygen
saturation in blood

- Combination of arterial and
venous measurements allows
calculation of oxygen extraction

- Combined with blood flow, allows
Calculation of oxygen delivery

FIGURE 4.27

Cons

- Requires an accurate light
intensity measurement

- Difficult to calibrate

- Best four image oxymetery
calculation not yet known

FIGURE 4.28

unknown. This is because, previously, no noninvasive
technology was capable of fundus oximetry.

The application of oximetry measurements to study
basic ophthalmic disease processes, as well as the phar-
maceutical effects of existing topical medications on re-
tinal oxygen tension, is of immense interest to govern-
ment funding agencies and pharmaceutical companies
alike.

Magnetic Resonance Oximetry

Magnetic resonance oximetry measurements are based
on the principle that oxygen is a paramagnetic com-
pound and directly influences the spin-lattice rela-
xation rate (1/T,) (Figure 4.29). The T, relaxation time
is a function of many factors besides local oxygen
tension. To eliminate other factors, such as flow, that
can affect the observed T,, measurements are limited to
the posterior vitreous near the retina. Oxygenation of
the posterior vitreous near the retina is used as a
measure of inner retinal oxygenation.

To highlight the potential application of magnetic
resonance imaging (MRI) retinal AP0, measurement to
study a wide range of experimental models of retino-
pathy, representative high-resolution T,-weighted cross
sections of eyes in vivo are presented in Figure 4.30.

.

_—
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FIGURE 4.29 Image courtesy of Dr. Bruce Berkowitz.
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FIGURE 4.30 Image courtesy of Dr. Bruce Berkowitz. Figure
reprinted from Berkowitz BA, Kowluru RA, Frank RN, Kern TS,
Hohman TC, Prakash M. Subnormal retinal oxygenation response
precedes diabetic-like retinopathy. Invest Ophthalmol Vis Sci.
1999,40:2100-2105.

Image A is a newborn mouse (P17, 3.5 g eye diameter
2.5 mm, 50 pm? in-plane resolution, 1-mm slice thick-
ness). Image B was obtained from an adult mouse
(24 g, eye diameter 3 mm). Image C is the eye of a new-
bomn rat (P14, 24 g, diameter 3 mm), and image D is the
eye of an adult rat (300 g, diameter 6 mm). These images
took either 2 (Figure 4.30 A-C) or 8 (Figure 4.30 D)
minutes to collect and are presented to scale. Acquisition
parameters are presented elsewhere. Note the retina-
choroid complex (seen as a white line in the posterior
region of the eye; arrow in Figure 4.30) as it extends from
superior to inferior ora serrata.

APo,: Simply obtaining an image of the eye during
room air breathing alone cannot be used to measure re-
tinal oxygenation from an MRI (Figure 4.31). Many
factors affect the baseline preretinal vitreous water sig-
nal and its relaxation properties. Instead, the increase
in partial oxygen pressure in the vitreous over the room
air value (APo,) during a hyperoxic inhalation
challenge is detected as an increase in the signal
intensity on a T,-weighted image (Figure 4.32). To
quantify the change in oxygen tension, the baseline and
carbogen images are subtracted and the resulting
changes are converted to APo, on a pixel-by-pixel basis
(Figure 4.33). Carbogen gas (95% 0,/5% CO,) is used
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FIGURE 4.31 Image courtesy of Dr. Bruce Berkowitz.

Room Air Carbogen

FIGURE 4.32 Image courtesy of Dr. Bruce Berkowitz.

FIGURE 4.33

Image courtesy of Dr. Bruce Berkowitz.

clinically to prevent the retinal vasoconstriction
produced during 100% oxygen breathing and is thought
to produce a larger oxygenation response than pure
oxygen inhalation. Research has confirmed that carbogen
breathing does result in a roughly 50% improvement in
retinal oxygenation compared with 100% oxygen
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breathing in the Sprague-Dawley rat (Berkowitz, 1996).
Thus, subtle differences in the ability of the retina to
oxygenate are more readily determined during carbogen
breathing than during 100% oxygen breathing. The
MRI measured Po, is similar to those that derived from
oxygen electrode measurements during a hyperoxic
inhalation challenge in normal rats.

The major advantages and disadvantage of this tech-
nique are listed in Figures 4.35 through 4.37. The fMRI
approach is not only accurate but, importantly, the
AP0, measurement is readily translatable from precli-
nical to clinical swudies. Figure 4.34 shows a represen-
tative T, weighted image of a human eye (pixel size
0.39 mm?). The white line in the posterior region of
the eye represents the retina/choroid complex. Images
were collected during room air and oxygen breathing
(10 min) and analyzed as discussed above (Figure
4.33). Note that brighter colors indicate greater
oxygenation responses. These images demonstrate
proof-of-concept and may help motivate future clinical
evaluation of MRI retinal oxygenation measurements
and its association with retinopathy.

Po,: An additional technique using '’F nuclear mag-
netic resonance spectroscopy and a nontoxic per-
fluorocarbon (PFC) droplet was developed to measure
baseline Po,. Figure 4.38 shows a baseline Po, image,
created by '’F magneltic resonance spectroscopy, and a
PFC droplet, which is used to measure oxygen tension.
The preretinal vitreous Po, is measured from the (T,)"!
of a small (0.3 pl) PFC droplet, such as perfluoro-15-
crown-5-ether, injected onto the surface of the retina
several days before the examination. This procedure
allows the eye 1o recover from the surgery. However, if
necessary, the droplet can be injected into the preretinal
vitreous on the day of the experiment. Note that
patients following vitrectomy with a PFC vitreous
substitute may have some residual droplets that can
also be studied. Similar to the previous method, 1/T, is
a function of oxygen tension; however, in this
technique, the T, must be corrected for the PFC

FIGURE 4.34 Image courtesy of
Dr. Bruce Berkowitz.

Pros

- Accurate
- Non-invasive
- Wide applicability
(rodent to human)
- Does not require a perfluorocarbon
droplet

FIGURE 4.35

Pros

- Not affected by media opacities

- Simultaneously measures the retinal
oxygenation response from superior
to inferior ora serrata

FIGURE 4.36

temperature. To accurately estimate the preretinal
vitreous Po,, temperature from the droplet is measured
independently using !'F NMR spectroscopy as
previously described. High-resolution MRI is used to
determine the droplet diameter and position in the
vitreous (regardless of the presence of cataracts). Figure
4.38 is a representative MRI (90 pm in plane
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Cons

- Does not measure baseline PO,

NMGURE 4.37

0.3 ul droplet

FIGURE 4.38 Image courtesy of Dr. Bruce Berkowitz. Figure
prmted from Berkowitz BA, Kowluru RA, Frank RN, Kern TS,
riotman TC, Prakash M. Subnormal retinal oxygenation response
precedes dabetic-hike reunopathy. Invest Ophthalmo!l Vis Sc
1999 40 21002105

resolution, 1-mm slice thickness) of a 0.3-pl PFC drop-
let on the retina of a control adult rat eye. The PFC
droplet does not contain any protons and shows up as
4 “black hole” on a proton image. As previously de-
monstrated, the "F measurement of Po, is accurate
when compared with oxygen electrode measures. This
technigue s widely applicable in preclinical research
{higure 4.40). However, data acquisition requires a
diop of PHC, and the spatial resolution is limited
(higure 4.41). In addition, clinical application is ethi-
cally limned 10 a relatively small patient population
(those that have residual PEC droplets after surgery).
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FIGURE 4.39 Image courtesy of Dr. Bruce Berkowitz

Pros

- Accurate

- Non-destructive

- Wide applicability (rodent to
Human)

- Not affected by media opacities

FIGURE 4.40

Cons

- Requires a perfluorocarbon
droplet

- Needs temperature correction

- Limited spatial resolution

FIGURE 4.41

Conclusion

Although preliminary data is available, thorough vali-
dation of each of these techniques is necessary before
their data merit acceptance. The more specific the mea-
surement, the more difficult the validation becomes.
For example, assessing the true accuracy of the HRE as
discussed in Section 2, would require a capillary model
containing human blood, flowing through 10- to 15-
pm diameter tubes surrounded by the axons of the
nerve fiber layer. The HRF is affected by the optical
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characteristics to the tissue being measured; therefore,
known flow rates would be required in a controlled
environment identical to that of the fundus. Despite the
fact that technology has advanced to the point of being
able to create and construct a scanning laser Doppler
flowmeter, we still cannot construct a 10-pm diameter
capillary tube in which blood will not clot. The ideal
flow phantom (a device mimicking blood flow of a
known quantity with physical characteristics identical to
human tissue) for the HRF cannot yet be built. Similar
issues exist in the validation of the various oximetry
techniques. Autofluorescence of retinal pig-ments, the
various absorption spectra of pigments in the fundus,
and variable yellowing of the lens with age all act to
create sources of noise and error that must be taken into
account before precise validation and calib-ration of
spectral oximetry can be completed.

Validating our measurements is just the first step.
Only then may clinical scientists begin taking these
measurements in the highly variable environment of
the healthy eye. From there, the study of injury, disease,

medication, surgical procedures, and growth may pro-
gress. Ultimately, longitudinal data may provide the
most meaningful insights into the complex interplay of
hemodynamics, metabolism, and ocular health. How-
ever, little or no longitudinal data has yet to be ob-
tained from even the oldest of the technologies dis-
cussed in Section 2. Longitudinal oximetry mea-
surements are most likely years away.
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A

ACE. see Angiotensin-converting enzyme (ACE)

Aclera, 611.12

Age-related cye disease study (AREDS), 71

Age-related macular degeneration (AMD), 42, 50,
71-77

in Color Doppler imaging (CDI1), 67

AMD. see Age-related macular degeneration (AMD)

Angiography. see Fluorescein angiography; Heidelberg
retina angiography (HRA)

Angioid streaks, 81f3.43-3.45

Angiotensin-converting enzyme (ACE), 10

Anterior cilairy artery. see Arteria ciliaris anterior(s)

Anterior ischemic optic neuropathy, 96f3.105-3.107,
97{3.108

Anterior optic nerve, vasculature of, 4-5

Anteriovenous passage time (AVP), 37

Aorta (arcus aortae), 1{1.1

AREDS. sce Age-related eye disease study (AREDS)

Arteria and vena centralis retinal, 3f1.6

Arteria carotis communis, 1f1.1

Arteria carotis exteria, 1f1.1

Arteria carotis intema, 2f1.3

Arteria carotis interia, 1f1.1

Arteria carotis interna, 1f1.2

Arteria centralis retinae, 2f1.3, 2f1.4, 2f1.5

Arteria cerebri anterior, 1f1.2

Arteria cerebri media, 1f1.2

Arteria cerebri posterior, 1f1.2

Arteria ciliaris anterior(s), 1, 2f1.3, 3f1.7, 911.18

Arteria ciliaris posterior. see Posterior ciliary artery

Arteria ciliaris posterior longa, 2 1.3

Arteria ciliaris posterior longus. see Long posterior
ciliary artery

Arteria dorsalis nasi, 2f1.3

Arteria ethmoidalis anterior, 2f1.3

Arteria lacrimalis, 2f1.3

Arteria ophthalmica, 1f1.2, 2f1.3

Arteria pericallosa, 1f1.2

Arteria subclavia, 1f1.1

Arteria supratrochlearis, 2f1.3

Arteria vertebralis, 1f1.1

Aneriae ciliaris posterior brevis. see Short posterior
ciliary arteries (SPCAs)

Anteriae insulares, 111.2

Index

Arteriacthmoidalis posterior, 2 f1.3
Arteriola nasalis retinae inferior, 4f1.9
Arteriola nasalis retinae superior, 4f1.9
Arteriola temporalis retinae inferior, 41.9
Arteriola temporalis retinae superior, 4f1.9
Arteriole, 11f1.21

Atrophy, 96f3.105

AVP time. see Anteriovenous passage time

B

Beaver dam eye study, 71

Branch retinal artery occlusion, 90f3.79-3.80,
913.82-85, 923.86-3.88

inferior temporal, 89f3.76

Branch retinal vein occlusion, 883.67-3.72,
89f3.73-3.77, 89f3.75, 90f3.78

Bruch's membrane, 14{1.40, 14f1.43

Bulbus oculi, 2f1.4

C

Camera vitrea bulbi, 9f1.18

Cameration, 17f1.56

Canon laser blood flowmeter (CLBF), 25-32

Capillary blood flow velocity (CFV), 94

Carotid stenosis, 82

Cavemous sinus. see Sinus cavemosus

CDI. see Color Doppler imaging (CDI); Color doppler
imaging (CDI)

Central artery, 12f1.31, 13f1.32

Central retinal artery and vena, 6f1.12, 6f1.13, 7f1.14,
7f1.15, 8f1.16

Central retinal artery (CRA), 1, 3, 4, 5

Central retinal vein, 2f1.4, 5f1.11, 13f1.34

Central serous chorioretinopathy, 78f3.30

Central serous retinopathy, 77-79, 78f3.28

Central vena, 12f1.31

CFV. see Capillary blood flow velocity (CFV)

Choriocapillaris, 8f1.17

Chorioidea. see Choroid

Choroid, 2f1.5, 3, 3f1.7, 4f1.8, 7f1.14, 11f1.23,
12f1.26, 14f1.41, 14f1.43

vasculature of, 6-7, 8f1.17

Choroidal hemodynamics, 45-52

Choroidal neovascular membrane (CNVM), 71,
80f3.36
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Choroidal neovascularisation (CNV), 14(1.42
Choroidal peripapillary atrophy, 76f3.26, 76f3.27
Ciliary arteries, 8

Ciliary body, 11f1.21

Ciliary processes, 121.29, 1211.30
Cilioretinal artery, 8

Circle of Hallis and Zinn, 7(1.15
Circulus arteriosus iridis major, 311.7

Circulus arteriosus iridis minor, 31.7

Circulus iridis major, 9f1.18

Circulus iridis minor, 911.18

CLBE see Canon laser blood flowmeter (CLBF)

CNV. see Choroidal neovascularisation (CNV)
CNVM. see Choroidal neovascular membrane (CNVM)
Coat's discase, 933,93

Coloboma, 8

Color Doppler imaging (CDI), 31, 61-70

Comea, 911,18, 121.28

Conjunctiva, 121,28

Comea, 3, 23

CRA. see Central retinal artery (CRA)

D
DC. see Direct current (DC) values
Diabetes

abnormal retinal blood flow autoregulation in, 83
cross section of the retina in, 151.48
laser treatment on blood flow in retinopathy, 84
retinal blood flow in, 83
retinal capillary perfusion in, 83
retrobulbar and choroidal vascula regulation and,
83-84
Diabetic retinopathy, 83-86
in Color Doppler imaging (CDI), 67
Digital spectral retinal oximetry, 103-106
Direct current (DC) values, 99
Doppler principle, 26
Dye dilution
analysis, 36-40
curves, 47-4912.127-136

|

Endothelins, 10

Epipapillary vessesls, 5, 6f1.13

External carotid artery, 1

Exudative AMD, 71, 74(3.12, 7613.20

Eyve
fetus (age of ten weeks), 1611.50
histologic images of the, 10-117
with retinopathy of prematurity, 15f1.47

F

FA. see Fluorescein angiography (FA)
Facial artery, 1

Fluorescein angiography (FA), 33-44

Foveal avascular zong, 83
Fundus angiograms. see Heidelberg retina angiography
Fundus pulsation, 23

G
Glaucoma, 95f3.98-3.101, 9613.102-3.104
in Color Doppler imaging (CDI), 67

Glaucoma Research and Diagnostic Center (GRDC),
45

Goldmann applanation tonometer, 19, 22f2.13

GRDC. see Glaucoma Research and Diagnostic Center
(GRDCQ)

H

Haller and Zinn circle, 5

Heart to the eye, vasculature from, 1-3
Heidelberg retina angiography (FRA), 33, 43, 45
Heidelberg retina flowmeter (HRF), 54-60, 99-102
Heidelberg retina tomograph (HRT), 99-100
HIV. see Human immunodeficiency virus (HIV)
HRA. see Heidelberg retina angiography (HRA)
HRE see Heidelberg retina flowmeter (HRF)

HRT. see Heidelberg retina tomograph (HRT)
Human immunodeficiency virus (HIV), 94-98
Hypertensive retinopathy, 82f3.49, 83f3.50

I

ICG. see Indocyanine green angiography (ICG)

Imaging devices, 33-44

Indocyanine green angiography (ICG), 45-52,
45f2.116

Inferior ophthalmic vein (IOV), 7

Interferometry, 23-25

Internal carotid artery, 1

Intraocular pressure (IOP), 19, 25

IOP. see Intraocular pressure (IOP)

10V. see Inferior ophthalmic vein (IOV)

Iris, 7, 11f1.21

Ischemic branch retinal vein occlusion, 89f3.74

L
Laboratory of Biomorphometry and Retinal Perfusion
Analysis (LBRPA), 100, 102
Lacrimal arteries, 1
Lamina cribrosa region, 5, 6f1.12, 7f1.15
Laminar region, 5
Laser devices
Canon laser blood flowmeter (CLBF), 25-32
Doppler flowmetry (LDF), 52-54, 72
speckle flowmetry, 102-103
Laser Doppler flowmetry (LDF). see Laser devices
Lateral palpebral, 1
LBRPA. see Laboratory of Biomorphometry and Retinal
Perfusion Analysis (LBRPA)
LDE see Laser Doppler flowmetry (LDF)
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Lcukemia, 92f3.89, 933.90

Long posterior ciliary artery (LPCA), 1, 31.6
LPCA. see Long posterior ciliary artery (LPCA)
lymphocytic infiltration, 17f1.55

M

Macroancurysm, 16f1.51

Macula, 51.10

Macular hole, 78(3.28-31, 7913.32-3.33
Maculopapillary bundle, 8

Magnetic resonance imaging (MR1), 106-108
Magnetic resonance oximetry, 106-109
Maryland Waterman survey, 71

Medial palpebral, 1

Microancurysms, 85{3.57, 8613.58

MRL see Magnetic resonance imaging (MRI)
Musculus rectus lateralis, 9f1.18

Mypoic degeneration, 773.24

N

Neovascularizatrion, 15{1.48

Neuroretinal rim blood flow evaluation, 99-102

Nonexudative AMD, 71, 72

Nonproliferative diabetic retinopathy (NPDR), 83-84,
8613.60

Nontoxic perfluorocarbon (PFC) droplet, 108

Normal tension glaucoma (NTG), 41, 42, 50

in Color Doppler imaging, 67

NPDR. see Nonproliferative diabetic retinopathy
(NPDR)

NTG. see Normal tension glaucoma (NTG)

(0]
OA. see Ophthalmic artery (OA)
Ocular ischemic syndrome, 82
Oculo-oscillodynamography device (OODG), 25
QD. see Optical density (OD)
ODR. see Optical density ratio (ODR)
ONH. see Optic nerve head (ONH)
OODG. see Oculo-oscillodynamography device
(OODQG)
Ophthalmic artery (OA), 1, 7
Optic nerve, 1, 2f1.4, 4, 11f1.22
cross section of, 12f1.31, 14f1.39
longitudinal section of, 13f1.32, 13f1.34, 13f1.35,
17(1.59
Optic nerve head (ONH), 2f1.5, 5f1.10, 6f1.12, 9,
9f1.19, 13f1.33
advanced glaucoma and, 13f1.36
glaucomatous cupping of, 13f1.37, 14{1.38
partial atrophy of, 17f1.59
Optical density (OD), 105
Optical density ratio (ODR), 106
Outer choroid vessels, 81.17

Index 127

P i
Papilla, longitudinal section of, 17{1.59
Papilledema, 973.109-3.112, 98(3.113-3.115
PCA. see Posterior ciliary artery (PCA)
Perifoveal capillaries/anticapillaries area, 83
Peripapillary branch retinal vein occlusion, 88f3.72
Peripapillary retina, 4
Periphlebitis, 17f1.55
Pial system, 5, 8f1.16
Pigment epithilium, 4f1.8
POBE. see Pulsatile ocular blood flow device (POBF)
POHS. see Presumed ocular histoplasmosis syndrome
(POHS)
Posterior ciliary artery (PCA), 1, 3f1.6, 6f1.12, 8f1.16,
67
Pre-laminar region, 5, 6f1.12
Presumed ocular histoplasmosis syndrome (POHS),
79(3.34-3.35, 80(3.36-3.40, 81f3.41-3.42
Proliferative diabetic retinopathy, 85f3.56
Pulsatile ocular blood flow device, 20f2.1
Oculo-oscillodynamography device vs., 25
Pulsatile ocular blood flow device (POBF), 19-23
Pulsatility measurement devices, 19
interferometry, 23-25
Pulsatile ocular blood flow (POBF), 19-23

R
Rectus muscle, 3
Retina, 1, 411.8, 71.14, 11f1.23, 14f1.42
branch vein occlusion of, 15f1.46
cross section of, 15f1.47, 151.48, 15f1.49, 16f1.51
macroneurysm in, 16f1.51
peripapillary, 4
regular pattern of, 15f1.45
vasculature of the, 3-4
Retina capillaries, 3, 5(1.10
Retina Choroid, 6f1.12
Retinal blood flow
in diabetes, 83
Retinal circulation, innervation and, 8-9
Retinal hemodynamics. see Heidelberg retina
angiography; Scanning laser ophthalmoscope
Retinal parental vena, thrombotic, 16f1.53, 16f1.54
Retinal pigment epithelial layer, 3
Retinal pigment epithelium (RPE), 14f1.40, 14f1.42,
71
Retinal vasculopathies, 82-94
Retinal vessel analyzer (RVA), 70
Retinitis pigmentosa, 94f3.94-3.95
Retinopathy, hemorrhagic, 16f1.52
Retinopathy of prematurity (ROP), 15f1.47
Retro-laminar region, 5, 6f1.12
Retrobulbar and choroidal vascular regulation,
diabetes and, 83-84

DPugc quét bang CamScanner


https://v3.camscanner.com/user/download

128 Index

Rodenstock SLO 101, 45

ROPD. see Retinopathy of prematurity (ROP)
RPE. see Retinal pigment epithelium (RPE)
RVA. sce Retinal vessel analyzer (RVA)

S
Scanning laser ophthalmoscope (SLO), 33-36
vs. Heidelberg retina angiography (HRA), 43
Sclera, 1, 711.15, 8f1.16, 9f1.18, 14{1.43
Scleral canal, 1211.26, 1211.27
Short ciliary arteries, 1111.22
Short posterior ciliary arteries (SPCAs), 1, 211.3, 311.6,
7(1.15
giant cell arteritis of, 17f1.58, 17f1.60
Sickle cell anemia, 9313.92
Sinus cavemosus, 911.19
SLO. see Scanning laser ophthalmoscope (SLO)
SOV. see Superior ophthalmic vein (SOV)
SPCAs. see Short posterior ciliary arteries (SPCAs)
Stargardt's disease, 8213.46-3.48
Superficial nerve fiber layer region, 4-5, 6{1.12
Superior ophthalmic vein (SOV), 7
Supraorbital, 1
Sympathetic nerves, 8

T

Temporal artery biopsy
cross section of, 17f1.57

Temporal nerve fiber layer, 5

A%

Vascular endothelial growth factor (VEGF), 10

Vascular tone, factors affecting, 10

Vasculitis, 9313.91

VEGE see Vascular endothelial growth factor (VEGF)

Vena angularis, 8, 91.19

Vena centralis retinae. see Central retinal vein

Vena ophthalmica inferior, 9f1.19

Vena ophthalmica superior, 9f1.19

Venae vorticosae, 9f1.19

Venula nasalis retinae inferior, 4f1.9

Venula nasalis retinae superior, 4f1.9

Venula temporalis retinae inferior, 4f1.9

Venula temporalis retinae superior, 41.9

Vitreous cavity. see Camera vitrea bulbi

Volumetric blood flow measurement. see Canon laser
blood flowmeter (CLBF); Laser Doppler
flowmetry (LDF)o

Vortex veins. see Venae vorticosae
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